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ABSTRACT

In 1985, the Nuclear Energy Agency-Committee on Reactor Physics (NEACRP) es
tablished a working group on shielding assessment of transportation packages Following
the initial distribution of a set of six problems, discussions were held at the Organization
for Economic Cooperation and Development (OECD) Headquarters in Pans, France, in
June/July 1986, May 1987, May 1988, and February/March 1990 The U S contribution
to the working group is documented in this report

The results from this effort permit the evaluation of a number of approximations and
effects that must be considered in a typical shielding analysis of a transportation cask
Among the effects reported here are the performance of multiple cross section sets, the com
parison of several source generation codes, and multidimensional versus one dimensional
(ID) analyses
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1 INTRODUCTION

Under the auspices of the Nuclear Energy Agency—Committee on Reactor Physics
(NEACRP), a working group on shielding assessment of transportation packages was
formed in 1985 Initially a set of six problems was drawn up and distributed to the work
ing group participants Following preliminary computations by the various participating
countries, the initial working group meeting was held in June/July 1986 at the Headquar
ters for the Organization for Economic Cooperation and Development (OECD) located in
Paris, France Subsequent meetings were held m May 1987 and May 1988 to distribute
and discuss solutions to the initial set of six problems At the 1988 meeting, an experi
mental benchmark was approved for analysis by each of the participants The next phase
of the international effort will be the inclusion of direct calculational and experimental
intercomparisons

The U S contributions to the working group prior to 1990 were provided by the au
thors of this report and are documented herein Section 2 of this report briefly describes
the set of six problems that compnsed the initial work effort The sensitivity of selected
problem solutions to various input cross section sets and the subsequent cross section h
brary selection are discussed in Sect 3 Details of the methods used and a discussion of
the results for problems 1-4 and 5-6 are given in Sects 4 and 5, respectively Section 6
summarizes the findings of this study

2 PROBLEM SET DESCRIPTION

Specifications for the original six problem set were described in the document
NEACRP L 290 issued to the program participants Several amendments have been issued
since the original release This section briefly describes the six problems For completeness,
a condensed version of NEACRP L 290 is included as the Appendix

2 1 PROBLEM SETS 1-4

The concept behind the definition of problems 1-4 is to begin with a simple cask
geometry and add additional details for each subsequent problem Problem 1 consists of
three subcases case la is a 38 cm thick cylindrical shaped cast iron cask body with a dry
homogeneous fuel region of 40 cm radius, case lb adds a 6 cm thick polyethylene neutron
shield recessed withm the outer radius of the cast iron shield body, and case lc is identical
to case la except the cavity is water filled

Problem 2 consists of two subcases case 2a adds to the case la shield a total of 60
polyethylene cylindrical rods placed as shown in Fig A 1 in the Appendix, and case 2b
places 35 5 cm thick by 8 cm high epoxy cast resm rings axially withm the outer radius of
the shield body (see Fig A 2) In both problem 2 subcases the cavity region is dry

Problem 3 is identical to problem 2 with the addition of 35 radial cooling fins placed
axially along the outer cask body (see Fig A 3) Case 3a was not analyzed because
the difficulty in modeling both cylindrical rods withm the shield and radial cooling fins
external to the shield was beyond the scope of this project The placement of the cooling
fins/neutron absorber rings for case 3b is shown m Fig A 4 in the Appendix

Problems 1-3 have a common approximation that the fuel, structural materials, and
water/void are homogeneously mixed and smeared over the entire cavity region Problem
4 examines the effect of cavity heterogeneity by including the basket and explicit assembly
model in the calculations The two subcases for problem 4 consist of a dry (4a) and a wet



(4b) cask cavity The shield for both subcases is the same as case la (this is a change from
the original specification and was issued as an addendum to NEACRP L 290 and is not
included in the Appendix to this document)

Radial dose results at a point along the cask axial midplane at the cask surface and
1, 2, and 10 m away were requested Doses averaged over the cavity height at the same
locations radially were also desired for companson In the axial direction, point and
surface averaged doses were required along the cavity centerhne at the cask surface and 1,
2, and 10 m away for both the top and bottom ends of the cask

In all problems described above, the neutron and fission product gamma sources were
specified in the problem definition The total neutron source rate was 1 0 x 109 n/s, the
total fission product gamma source rate was 50 x 1016 g/s The formula to compute the
individual spectra is given in Table A 19 in the Appendix (see Sect 4 1 for a discussion of
the spectra)

2 2 PROBLEM SETS 5 AND 6

The basic specifications for problems 5 and 6 are identical with the exception that
the fuel in problem 5 was UO2 and a mixed oxide (MOX) fuel was used for problem 6
In NEACRP L 290 the problem was described as a cylindrical iron cask with additional
neutron shield and no predefined source The Appendix provides information concerning
operating histories and fuel composition (Table A 17) and characteristics of the model fuel
assembly (Table A 16) to permit the calculation of the radiation (neutron and photon)
sources in the spent fuel at a cooling time of 2 years An axial burnup distribution was
also given in Table A 17 of NEACRP L 290 to be used in determining the effect of axially
dependent burnup versus an average burnup (40 GWd/MTU) for the fuel assembly After
the 1987 meeting, it was decided that the earlier problems (1-4) had provided adequate
information concerning the shielding calculations and that problems 5 and 6 should em
phasize the calculation of sources from the spent fuel assembly At that time the simplified
cask model of problem 1 was chosen for those who wished to perform dose calculations
using their predicted sources The first results for problems 5 and 6 were presented at the
May 1988 meeting Fairly good agreement was observed for the neutron sources, however,
differences as large as factors of 2 7 were noted for the photon sources These large differ
ences and the propensity of data for problems 1-4 led the working group to concentrate
primarily on the calculation of radiation sources

3 CROSS-SECTION LIBRARY INTERCOMPARISON/SELECTION

Due to the benchmarknature of the problems to be solved and the wide range of cross
section libraries available for use, a detailed investigation1 was performed to compare the
various multigroup libraries and then select the onemost appropriate The original thrust
of the study was to provide a relative comparison of the dose results obtained using several
different broad group cross section hbranes The hbranes were selected and/or generated
to investigate the importance of the available resonance self shielding, the energy collapsing
spectrum, and the parent fine group data (eg , ENDF/B IV versus ENDF/B V data)
However, in an effort to better understand the initial results, analyses using the parent
fine group libraries were also performed along with calculations using point cross section
data



The selection criteria for the broad group cross section library to be used in the re
mainder of the analysis focused on the library that gave both good agreement with the
point data and good agreement with the parent fine group results

3 1 COMPUTATIONAL TOOLS

All of the analyses in the intercomparison study were performed using the SCALE
modular code system 2 BONAMI S (Bondarenko method for cross section hbranes with
f factors) and NITAWL S (Nordheim treatment for cross section hbranes with reso
nance parameters) were used for the problem dependent resonance processing while
XSDRNPM S was used for a 1 D radial analysis of the radiation transport via discrete
ordmates techniques The XSDOSE module of SCALE was used to provide the cask sur
face dose based on the XSDRNPM S angular flux and the flux to dose conversion factors
of ANSI/ANS 6 11 1977 The code parameter data were identical for all the compara
tive analyses performed with the multigroup hbranes The broad group calculations were
S16P3, and the fine group calculations were S8P3

The analyses using XSDRNPM S were performed to provide a consistent comparison
of the multigroup cross section libraries The model chosen for analysis was problem la
as given in the Appendix In an effort to provide a comparison with point cross section
data, the problem was also analyzed using the MCNP Version 3b code3 as obtained from
the Radiation Shielding Information Center (RSIC) at Oak Ridge National Laboratory
(ORNL)

3 2 CROSS-SECTION LIBRARIES

Table 1 provides a brief description of the 17 multigroup libraries used for the 1 D
cylindrical shielding analysis Four broad group libraries distributed by RSIC and routinely
used for spent fuel shielding analyses served as the basis for this study the 47n 20g
BUGLE 80 library,4 the 22n 21g FCXSEC library,5 the 27n 18g library from the SCALE
system,2 and the 22n 18g CASK library 6 These four hbranes are, respectively, la, 2a, 3a,
and 4 of Table 1 Variations of these broad group hbranes (lb le, 2b 2c, 3b 3d of Table 1)
were also created from parent fine group libraries to better determine the effect of the data
origin (ENDF/B IV or ENDF/B V), the available resonance shielding, and the collapsing
spectrum on the final dose

The library descriptions provided in Table 1 should be carefully studied to distm
guish the subtle differences between libraries Identical collapses using the 171n 36g
VITAMIN C library7 (ENDF/B IV data), the 174n 38g VITAMIN E library8 (ENDF/B V
Mod 3 data), and the 227n 44g CSRL V9 fine group hbranes (ENDF/B V Mod 1 data)
were performed to study the effect of the data origin on the broad group library results
All the broad group libraries except la, 2a, and 4 contain Bondarenko factors (hbranes
created from VITAMIN C or VITAMIN E) or resonance parameters (libraries created from
CSRL IV10 or CSRL V) for all materials such that the resonance self shielding can be han
died in a problem dependent fashion by the BONAMI or NITAWL codes prior to input
to XSDRNPM Compansons with library la, which has no resonance self shielding for
the shield materials used in this analysis, provide a means to determine the importance
of the resonance self shielding The effect of different collapsing spectra was studied by
using (1) the generic spectra (typically fission 1/E Maxwelhan for neutrons and flat for
photons) provided with the fine group library, (2j the concrete spectra reported in ref 4,
and (3) iron spectra obtained from fine group 1 D analyses of the cask



Table 1 Multigroup cross section libraries used for shielding analysis

Cross section

library Description
la 47n 20g group collapsed from 171n 36g VITAMIN C library with concrete spectrum-

ENDF/B IV data Concrete materials only have been processed by BONAMI This is
the BUGLE-80 library

lb 47n 20g group collapsed from 171n 36g VITAMIN C library with concrete spectrum-
ENDF/B IV data AH resonance materials have Bondarenko factors

lc 47n 20g group collapsed from 174n 38g VITAMIN E library with concrete spectrum-
ENDF/B V (Fe Mod 3) data All resonance materials have Bondarenko factors

Id 47n 20g group collapsed from 174n 38g VITAMIN E library with iron cask spectrum-
ENDF/B V (Fe Mod 3) data All resonance materials have Bondarenko factors

le 47n 20g group collapsed from 174n 38g VITAMIN E library with iron cask spectrum-
ENDF/B V (Fe updated Mod 3) data All resonance materials have Bondarenko data

2a 22n 21g group collapsed from 171n 36g VITAMIN C library with fusion/fission 1/E-
Maxwellian weighting for neutrons flat weighting for photons-ENDF/B IV data (con
verted from RSIC ANISN Library) All materials have been resonance processed via
BONAMI and a0 values of 0 1 1000 and 108 are provided This is the FCXSEC
library

2b 22n 21g group collapsed from 171n 36g VITAMIN C library with concrete spectrum-
ENDF/B IV data All resonance materials have Bondarenko factors

2c 22n 21g group collapsed from 171n 36g VITAMIN C library with fusion fission 1/E-
Maxwelhan weighting for neutrons and flat weighting for photons All resonance ma
terials have Bondarenko factors

3a 27n 18g group collapsed from 218n ENDF/B IV library Gamma data created in 18
group format Fission 1/E-Maxwelhan weighting for neutrons and flat weighting for
photons

3b 27n 18g group collapsed from 227n 44g CSRL-V hbranes with fission 1/E-Maxwelhan
weight function for neutron groups flat weight for photons-ENDF/B V (Fe Mod 1)
data All resonance materials contain resonance parameters

3c 27n 18g group collapsed from 227n 44g CSRL V libraries with iron cask spectrum-
ENDF/B V (Fe Mod 1) data All resonance materials contain resonance parameters

3d 34n 18g group collapsed from 227n 44g CSRL V libraries with iron cask spectrum-
ENDF/B V (Fe Mod 1) data All resonance materials contain resonance parameters

4 22n 18g group CASK library assorted data sources Neutron cross sections collapsed
from 104 group structure using weighting spectrum for uranium/water mixture

5 227n 44g CSRL V libraries processed through AMPX II from ENDF/B V data Bon
darenko factors provided for unresolved resonance region

6 174n 38g VITAMIN E library processed through MINX (neutron) and AMPX (gam
mas) from ENDF/B V data

7 218n CSRL IV library processed with AMPX from ENDF/B IV data with a fission
1/E-Maxwelhan weighting function

8 218n CSRL IV library processed same as Library 7 but Fe crosssections have 1/E £ j1
stainless steel weight



In addition, shielding analyses with the VITAMIN E, CSRL V, and 218n CSRL IV
hbranes (5-8 of Table 1) were performed to provide a comparison with their broad group
counterparts These comparisons indicate the adequacy of the collapsing procedure used
Resonance self shielding was performed in a problem dependent fashion for each of the
analyses unless otherwise noted

3 3 RESULTS AND DISCUSSION

Table 2 provides the dose rates obtained from 1 D analyses of the case la cask model
using the multigroup cross section libraries of Table 1 The energy distributions of the
neutron and gamma dose rates are shown in Figs 1-2, respectively The plots were
obtained from the analytic results with library lb and show that the bulk of the neutron
dose occurs between 0 1 and 1 MeV while the primary gamma dose is concentrated m
the 0 2 to 3 MeV range (due primarily to the 2 1 MeV line source) The neutron and
gamma ray results are discussed in the following subsections

3 3 1 Neutron Results

The first five hbranes of Tables 1 and 2 all have the 47n 20g energy group structure of
the BUGLE 80 library The 50% increase between the neutron doses obtained without and
with resonance shielding for iron (libraries la and lb, respectively) indicates the importance
of adequate resonance shielding for this problem Intercompanson of the neutron doses
obtained with hbranes lb, lc, and Id show that the ENDF/B IV results are about 8%
higher than the ENDF/B V (Fe, Mod 3) results (lb versus lc) while use of an iron weighting
spectrum (library Id) versus a concrete weighting spectrum (library lc) has little effect on
the surface doses The dose results with libraries lc-ld agree to 8% or better with those
obtained using the parent fine group library (library 6)

The second set of broad group libraries (libraries 2a-2c) in Table 2 have the 22n 21g
energy group structure of the FCXSEC library Library 2a is the FCXSEC library and
differs from library 2c only in the resonance treatment Library 2c was processed using
resonance shielding appropnate to this specific problem, while library 2a was processed by
picking background cross section values that were closest to the actual values The concrete
weighting function used in the collapse for library 2b is the only thing that distinguishes
library 2b from library 2c Libraries 2a and 2c were collapsed using a fusion fission 1/E
Maxwelhan spectrum The dose values from hbranes 2a and 2c are very high relative to
the other results in Table 2, but are in general agreement with each other In contrast,
the results from library 2b are in much better agreement with the other results in Table 2
This library shows the dramatic errors that can result from using a broad group structure
combined with an inappropriate collapsing spectrum

The third set of broad group libraries (hbranes 3a-3d) in Table 2 is based on the 27n
18g group structure with library 3d having seven high energy neutron groups in place of
the one (6-20 MeV) found in the others The libraries 3b-3d are all in very good agreement
with each other as well as the neutron dose value obtained with the parent 227 44g CSRL V
library (library 5) The broad group CSRL V libraries (libraries 3b-3d) agree to withm 3%
with the fine group results The cross sections for library 3a are based on ENDF/B IV and
were collapsed to the 27n 18g group structure by a fission 1/E Maxwelhan spectrum The
agreement between neutron doses obtained with the corresponding ENDF/B V hbranes
(libraries 3b-3d) is only fair with the 3a results about 20% higher than the results based
on ENDF/B V Companng the neutron dose results from library 3a with those obtained
with the parent fine group library (library 7) shows the broad group results to be nearly
70% higher' This difference indicates an inadequacy (for this problem) of the collapsing



Table 2 Radial surface doses (//Sv/h) from a cast iron cask
model using a 1 D discrete ordinates code and various

multigroup cross section hbranes

Case la Fixed source results

Cross-section

library0 Neutron

Primary
gamma

Secondary
gamma

la (47n 20g
BUGLE-80)

368 522 47

lb (47n 20g) 543 522 45

lc (47n 20g) 505 514 44

Id (47n 20g) 513 341 43

le (47n 20g) 519 341 43

2a (22n 21g
FCXSEC)

1401

2b (22n 21g) 578 418 43

2c (22n 21g) 1501 449 38

3a (27n 18g
SCALE)

620 417 41

3b (27n 18g) 504 411 41

3c (27n 18g) 518 267 4 1

3d (34n 18g) 518 267 4 1

4 (22n 18g
CASK)

596 416 42

5 (227n 44g
CSRL V)

502 280 -

6 (174n 38g
VITAMIN E)

548 398 -

7 (218n CSRL-IV)
1/E collapse
for Fe

368 —

__

8 (218n CSRL IV)
1/E ET
collapse for Fe

491

See Table 1 for library description
Dry cask model with 38 cm of iron shielding
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spectrum used to generate the library 3a cross sections This inadequacy is the same
problem seen in libraries 2a and 2c, however, the extent is lessened due to energy group
bounds (see Ref 1 for a complete discussion)

The ENDF/B IV 218n fine group results shown in Table 2 (libraries 7 and 8) differ
appreciably and provide insight into some of the other differences between the various
hbranes The neutron dose results for library 7 are almost identical to those for library
la, which contains no resonance processing However, library 7 does contain resonance
processing One problem is that ENDF/B IV files represent iron cross sections with res
onance parameters up to only 60 keV, well below the energy for which resolved data are
now available ENDF/B V extends this range up to 400 keV, which does cover most of
the resonances Since the CSRL hbranes were processed from ENDF/B data to include
resonance parameters for self shielding in the resolved resonance region only, the low (60
keV) cutoff of the iron resonance region in ENDF/B IV (hbranes 7 and 8) caused no iron
self shielding to be taken into account for the energy levels important to this problem
The effect is clearly seen in the result for library 7, which shows no effect from resonance
processing Library 8 provides dose results for the identical data and group structure,
however, the iron cross sections were generated with a 1/E Ey weighting corresponding to
stainless steel This is pseudo-resonance processing, and hence, the results from library 8
correspond much closer to the CSRL V (ENDF/B V) results

The VITAMIN C and VITAMIN E hbranes are not particularly affected by the change
in the iron resonance region The processing method used for these fine group hbranes
first uses the resonance parameters to construct the point cross section profile in the given
resonance energy range Then, using the point profile over the entire energy spectrum,
f factors are developed for use in resonance shielding via the Bondarenko technique 78 The
inclusion of resonance self shielding above the 400 keV ENDF/B V cutoff is felt to be the
cause for the results from VITAMIN E (library 6) being slightly higher than those from
CSRL V (library 5)

The neutron dose results using library 4 are somewhat higher than most of the others
It should be noted that the cross sections were collapsed using 104 fine group ENDF/B II
data and a weighting spectrum for a uranium/water mixture Little more about the details
of this library has been documented and therefore an explanation of the causes of this
difference will not be attempted

Neutron dose results obtained by the MCNP code and both ENDF/B IV and
ENDF/B V point cross section hbranes were also included in the cross section study The
use of a three dimensional (3 D) method and point cross sections allows a standard to mea
sure the performance of the remaining cross section libraries The surface averaged doses
were 641 /zSv/h using the ENDF/B IV point data and 589 ^Sv/h using the ENDF/B V
data Both of these results are higher than any of the fine group results The best fine
group to point data agreement is for library 6 with a 7% difference seen (approximately a
7% factor should also be added to account for the peak versus surface averaged effect

3 3 2 Gamma Doses

Surface dose results for primary gamma rays are given in column 2 of Table 2 for most
of the hbranes included in the neutron results The mechanisms involved in the gamma
transport are not as complex as those of the neutrons and, thus, the gamma dose differences
seen in Table 2 are almost entirely due to differences in weighting spectra and broad group
boundary selection For example, a 50% decrease in the dose rates from libraries la-lc is
seen when using hbranes Id and le, which utilized a collapsing spectrum corresponding



to the fine group cask calculation (1 e , cask spectrum in the iron cask body) The results
using libraries la-lc are in good agreement with each other and were produced with broad
group libraries collapsed from the fine group libraries with a calculated concrete spectrum
In comparison with the parent fine group results of library 6, the iron weighted broad
group libraries (libraries Id and le) provide results that agree to within 15% while the
results from the concrete weighted hbranes la-lc are nearly 30% high

The gamma dose results obtained with hbranes 2b and 2c are m good agreement,
indicating that the concrete and flat weighting spectra produce cross sections that are
very nearly the same The parent fine group library result is not given in the table,
however, these results agree quite well with VITAMIN E results (library 6), which is the
ENDF/B V version of the parent library

The gamma cross sections of libraries 3c and 3d are identical, and, thus, the gamma
dose results shown in Table 2 are identical The agreement with their fine group counter
part, library 5, is also very good Both of these libraries were collapsed from the CSRL V
227n 44glibrary using the calculated spectrum from the fine group iron cask analysis The
results obtained with hbranes 3a-3b are in agreement with each other (both were collapsed
with a flat weighting), but are about 50% higher than the results obtained with hbranes
3c-3d and the parent fine group library (library 5) Again this difference is due to the
differing weights assumed in the collapse It can also be seen that the gamma results using
library 4 (22n 18g) are in good agreement with those using libraries 3a-3b

Somewhat surpnsing is the degree of discrepancy shown in Table 2 between the gamma
doses from the fine group libraries (l e , libraries 5 and 6) Better agreement between fine
group calculations was expected and, hence further investigation was warranted The
conclusion derived from this investigation was that the VITAMIN E gamma library does
not represent an adequate "fine group" library for the source defined in this problem It
was noted earlier that the 2 1 MeV line source is the major contnbutor to the dose for this
problem (confirmed by calculations with QAD CGGP and MCNP using individual line
source data) A review of the group structure indicates that in the energy range from 2-
2 5 MeV, the CSRL V library has four groups while the VITAMIN E library has only two
groups The QAD CGGP and MCNP results using individual line sources gave gamma
dose results of 294 /xSv/h and 279 6 ± 6% /L/Sv/h, respectively [For direct comparison
to the peak doses shown in Table 2, a factor of about 1 03 (see Sect 4 2) should be
included in the surface averaged values from MCNP ] These compare well with the dose
results from the CSRL V library but are about 30% lower than the result obtained with
the VITAMIN E library

The discussion above illustrates that in this problem the energy group containing the
2 1 MeV gamma line is very important Comparison of the VITAMIN E derived (47n
20g BUGLE) and CSRL V denved (27n 18g SCALE) libraries shows differences of 30%
between libraries with similar flux weighting The consistently lower gamma dose results
from the 27n 18g library are due to the fact that the SCALE library structure has a group
width (2-2 25 MeV) that is able to define the line source at 2 1 MeV better than that in
the BUGLE structure (2-2 5 MeV group width) This variation in gamma results due to
the energy bounds about 2 1 MeV was confirmed by additional QAD CGGP runs using
the BUGLE gammagroup structure (502 /iSv/h) and the SCALE gammagroup structure
(358 /iSv/h) However, it was suspected that the dominance of the 2 1 MeV gamma line
was not entirely representative of realistic spent fuel sources For this reason, the problems
using libraries 3a and 3c were rerun using the spent fuel radiation source generated for
problem 5 (see Sect 5 2 2) The approximately 58% difference seen between the hbranes
3a and 3c results was reduced to 26% with the more realistic source This suggests that



the differences seen in Table 2 for the gamma results would be smaller if a more realistic
spent fuel source had been used in the problem definition

3 3 3 Library Selection

With the conclusion of the investigation of the various multigroup cross section h
braries, it was evident that none of the publicly available broad group libraries (la, 2a,
3a, and 4) were appropnate to use for the ensuing benchmark work The most expedient
option was to generate an appropnate broad group library from the available fine group
hbranes In comparison to the MCNP dose results obtained with ENDF/B V point cross
section data, the VITAMIN E library provides the best neutron doses while the CSRL V
library provides the best gamma doses Without funding to produce a library with the
best features of both existing libraries, the library labeled 3c in Table 2 was selected to
be used for the remaining multigroup calculations This library has the advantage in that
both neutron and gamma results agree reasonably well with both the MCNP results and
the fine group results The resulting library has 27n and 18g groups (see Tables 3-4) and
is based on ENDF/B V data The broad group library was processed by collapsing the
CSRL V 227n and 44g group library using an iron cask spectrum The total microscopic
cross sections for selected materials from this library are given in Tables 3-4 along with
the dose conversion factors for the 27n 18g groups

4 PROBLEMS 1-4 ANALYSIS

The goal of the analysis of problems 1-4 is to examine in successively increasing detail
the accurate modeling of existing shipping cask designs The initial problem consists of
three subcases that examine the effects of wet and dry cavities and the presence of a simple
neutron shield The second problem set requires the modeling of two different geometrically
complex neutron shields The third problem set is identical with the second but adds outer
cooling fins to the shield body The fourth problem set utilizes the simple shield of problem
1 with a detailed modeling of the cavity (i e , explicit basket with assemblies)

4 1 SOLUTION METHODOLOGY AND ASSUMPTIONS

Analyses were performed with several different computer programs and cross section
hbranes In particular, the tools utilized were QAD CGGP11 (primary gamma only),
DORT,12 MCNP Version 3,3 and twoshielding analytic sequences developed for the SCALE
system2-SASl and SAS4 QAD CGGP is a point kernel code with built in attenuation
and buildup factor data The code DORT is an updated version of the multigroup discrete
ordinates transport code DOT The MCNP code utilizes the Monte Carlo method along
with point cross section data The SASl and SAS4 sequences are new additions to the
SCALE system and have only recently (February 1990) become available via the release
of SCALE 4 Basically, SASl is a convenient module for problem dependent cross section
preparation and subsequent 1 D discrete ordinates shielding analysis via the XSDRNPM S
code For detector points exterior to the cask, SASl employs the XSDOSE module to
integrate the outgoing angular flux over the finite cask height and obtain the scalar flux
at a detector point The SAS4 sequence prepares the cross sections and uses 1 D adjoint
results from XSDRNPM S to automatically prepare biasing parameters for a subsequent
Monte Carlo cask analysis with MORSE SGC/S

As noted above, the analyses were performed with a variety of different cross section
hbranes The DORT, SASl, and SAS4 analyses were performed with the 27n 18g group
library selected in Sect 3 and based on ENDF/B V cross sections The iron neutron cross
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sections that were utilized were collapsed from the 227 fine group using cast iron spectrum
weighting The MCNP calculations were done with the point (continuous energy) cross
section library provided with MCNP Version 3b and based on ENDF/B V The QAD
CGGP analyses were done using the available built in attenuation coefficients and log log
interpolation methods

As a point Monte Carlo code, it was possible to input the neutron source spectrum for
MCNP using the specified analytic function and input the photon sources at their discrete
energy levels (the QAD CGGP calculations also used this technique) However, for the
multigroup codes, the analytic function for the neutron source spectrum was integrated to
provide groupwise values while the discrete gamma ray line data were binned into energy
groups by conserving the total photon energy (see next paragraph for discussion of why
this approach was taken) For example, the intensity I9 of photon particles at energy E9
was altered to a new intensity Iavg at group average energy Ea„3 by the formula Ia„s =
IgEig/Eiavg Discrete line sources located on group boundaries were split between the higher
and lower energy groups The multigroup neutron and gamma ray sources are included in
Table 5

The primary gamma dose rates are, in most cases, sensitive to whether the multigroup
analyst attempts to conserve the number of photon particles or the photon energy For
the BUGLE library and the SCALE 27n 18g library discussed in Sect 3, dose differences
of 15% and 9% were seen between the particle conserved and the energy conserved source
results The particle conserved source results were higher for this problem, however, lower
results are possible depending on the relation between the dominant line source s energy
with respect to the mean energy of the group The general tendency should be to exacer
bate the dose overprediction or underprediction (relative to a calculation with line sources
or fine multigroups) due to the broad groups as seen in Sect 3

The geometry model for problem set 1 is shown in Fig 3 A P3S8 quadrature set was
utilized in the DORT analysis while a P3S16 was used in the SASl cases For the SASl
analyses, a 1 cm mesh size was used in the cavity while a 0 5 cm mesh size was used in
the cask body The radial and axial meshes used for DORT neutron analyses were about
4 cm in the cavity and about 1 cm in the cask body with finer mesh spacing used near
boundaries The radial mesh spacing for fission product gamma ray calculations was 4 cm
in the cavity and 1 0 cm in the cask body (select calculations were performed for 0 5 cm
mesh to insure agreement with 1 D cases) An auxiliary code called FALSTF13 was used
with DORT to evaluate doses exterior to the cask using a sum of last flight contributions
from collision sights in the shield Use of FALSTF eliminates the problem with ray effects
in the void region outside the cask model

Both cases 2a and 2b require a fairly complex geometrical description that can only
be precisely modeled in two or three dimensions Case 2a is essentially 3 D, while case
2b can be modeled quite well in two dimensions Both cases were analyzed using the
combinatorial geometry in SAS4 (3 D) Case 2a was analyzed in two dimensions using
DORT R 6 geometry This effectively gives only midplane values and these will be reported
as such Figure 4 gives the geometry model in which 15 6 intervals were used along with
appropriately chosen r intervals to describe the off centered polyethylene cylindrical rods
It is only necessary to model two half rods while specifying reflected boundary conditions
on the first and last 8 intervals to model the entire azimuthal area The r intervals in the
cavity were 1 cm apart with a 0 5 cm mesh used in the shield except as needed to model
the polyethylene rods The DORT code was then utilized in R Z geometry to analyze case
2b The r mesh was identical to earlier R Z runs except a 0 5 cm mesh was used in the
epoxy material The axial intervals were changed to give either a 2 5 cm or 3 0 cm mesh

14



Table 5 Neutron and gamma ray groupwise sources

Group Neutron Group Gamma
no source no source

1 1768 x 10"-2 1

2 1912 x io--1 2 —

3 2 223 x 10"-1 3 —

4 1273 x 10"-1 4 —

5 1666 x io--1 5 —

6 1758 x 10"-1 6 134 x 1012
7 8 472 x 10"-2 7 2 55 x 1014
8 1285 x 10"-2 8 5 71 x 1012
9 2 830 x 10"-4 9 —

10 6 900 x 10"-5 19 912 x 1014
11 - 11 3 86 x 1014
12 - 12 3 40 x 1016
13 — 13 152 x 1016
14 - 14 —

15 — 15 —

16 — 16 —

17 — 17 —

18 — 18 —

19 —

20 —

21 —

22 —

23 —

24 —

25 —

26 —

27 —

RADIUS cm

Fig 4 DORT R 9 geometry model
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to correspond to the axial epoxy strip boundaries SASl was also used to analyze case 2a
in an approximate manner The approach taken was to form two concentnc polyethylene
rings centered at radii of 60 cm and 68 5 cm The width of each ring was chosen to conserve
the polyethylene volume

An analysis was not attempted for case 3a, however, case 3b was analyzed using a
method similar to that used in case 2a A DORT R Z model was constructed that consisted
of half of one fin and half of the accompanying 8 cm high epoxy resin section with top
and bottom reflected boundary conditions (see Fig 5) The results should therefore be
applicable to the cask section near the axial midplane Surface averaged solutions were
not attempted for this problem

ORNL DWG 90M 10361

reflected boundary

cavity

reflected boundary

Fig 5 Problem 3b approximate DORT model

For cases 4a and 4b, both a simplified 1 D model using SASl and a more complex
model using SAS4 were analyzed The 1 D model consisted of an inner ring of dry (wet
for case 4b) source material with the volume corresponding to one assembly, followed by a
1 cm thick ring of basket material, the remaining four assemblies (and water for case 4b)
were then smeared to occupy all the remaining cavity area except for a 1 cm thick ring of
basket material on the innershield wall The SAS4 geometry modeled the basket explicitly

16



while homogenizing the fuel assemblies in the basket Case 4a was also modeled in SAS4
with an explicit pin by pin assembly model

4 2 RESULTS AND DISCUSSIONS

Each problem set will be discussed separately with emphasis placed on the internal
consistency, or lack thereof, between the various solutions to each problem The comparison
of these results with those of other countries will not be attempted in this document since
the primary aim is to disseminate the U S results for analysis and comparison among the
working group participants

4 2 1 Problem Set 1 Results

AID cylindrical model should provide a good representation of a long slender cask for
calculation of sidewall doses Thus, the 1 D model for this problem (H/D = 3) is expected
to compare well with the multidimensional model that represents the finite height of the
cask The sidewall surface doses given m Table 6 show excellent agreement between the
1 D SASl values and the 2 D DORT values An interesting effect can be observed by
comparing these 1 D values (using a 0 5 cm mesh in the shield) with the 2 D values (using
a 10 cm mesh in the shield) The two neutron cases with a homogeneous shield (la and
lc) give essentially identical results, while the two material shield (lb) results are about
15% different A similar effect is also seen for the fission product gamma results When
the DORT mesh is refined to 0 5 cm, each of these cases then agrees well with the fine
mesh 1 D results Thus, for fission product gammas transported through heterogeneous
shields the mesh needs to be finer for a given degree of accuracy

The QAD CGGP results shown in Table 6 indicate that for this problem the point
kernel technique performs quite well The QAD CGGP results are, in general, 15-20%
high compared to the discrete ordinates values In this instance, the QAD CGGP result
that compares best with the discrete ordinates results is that for the multiregion shield
This result is most likely fortuitous since the approximations withm QAD CGGP are less
accurate for multiregion shields

The DORT, SAS4, and MCNP results for the sidewall surface averaged doses allow
for several different comparisons to be made First, the results labeled DORT avg give
the 2 D discrete ordinates solution averaged over the cavity height The SAS4 avg results
utilize the same multigroup cross sections as the DORT avg case but employ the Monte
Carlo method Both methods give results that agree to 10% or better The MCNP
fission product (FP) gamma results similarly agree to within 10% For the neutrons, the
agreement is only about 20%, with the point cross sections giving higher results than the
multigroup cross sections The most likely cause is the better representation of the iron
neutron cross section minima with the point cross section data Lack of an appropriate
multigroup cross section library for this problem (see Sect 3 3) thus appears to induce a
20% error in the neutron dose with the multigroup codes

The results for the cask lid and bottom surface doses follow somewhat similar trends
as those of the surface sidewall The FP gamma results are all very consistent as was seen
before The agreement between the multigroup discrete ordinates and Monte Carlo results
continues to be good The MCNP neutron results are somewhat confusing in that the 20%
trend seen at the sidewall surface is not maintained In fact, the agreement at the bottom
is much better (2% between the DORT and MCNP) and much worse at the top (60%
difference between DORT and MCNP) A simple explanation would be the reversals of the
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Table 6 Summary results of model problem 1'

Surface doses (^Sv/h)
Neutron FP gamma Capture gamma

a b c a b c a b c

Sidewall
QAD - - - 296 1336 203 - - -

SASl 517 53 7 47 1 268 1300 185 41 40 6 0 30

DORT 518 45 8d 47 2 240d lies'* 166d 41 49 9 0 30

DORT avg6 485 40 1 45 8 233 1134 162 3 81 45 8 0 29

SAS4-avg 476(4)c 51 3(2) 48 0(4) 260(3) 1244(5) 193(3) 3 53(4) 38 5(3) 0 30(5)
MCNP avg 589(2) - - 279(6) - - - - -

Lid
QAD - - - 35 6 35 6 22 8 - - -

DORT 413 412 47 0 36 7 36 7 25 8 28 28 0 26
DORT avg 313 312 36 1 31 4 23 1 16 4 2 19 2 18 0 20

SAS4-avg 304(6) 284(5) 37 0(10) 26 6(7) 24 5(8) 17 7(7) 2 31(16) 2 45(11) 0 19(13)
MCNP avg 524(6) - - 29 0(8) - - - - -

Bottom
QAD - - - 382 382 245 - - -

DORT 541 541 61 5 403 403 287 39 39 0 38
DORT avg 410 410 47 4 291 267 190 3 11 3 08 0 30
SAS4 avg 352(7) 385(10) 41 3(8) 325(10) 252(7) 183(9) 2 78(8) 2 74(13) 0 28(16)
MCNP avg 422(7) — — 316(10) — — — - —

Dosses at 1 m foSv/h)
Neutron FP gamma Capture gamma

a b c a b c a b c

Sidewall
QAD - - - 128 577 87 6 - - -

SASl 161 17 8 14 7 102 493 70 5 132 115 0 10
DORT 156 14 2 14 4 93 9 453 65 0 1 28 11 8 0 10
SAS4 155(6) 18 0(3) 15 1(5) 113 6(11) 437(11) 68 6(9) 1 30(12) 10 8(4) 0 09(12)
SAS4-avg 106(4)

198(2)
15 3(3) 10 7(4) 69 4(3) 332(5) 52 1(3) 0 83(3) 7 45(2) 0 07(5)

MCNP - - 111(8) - - - - -

Lid
QAD - - - 14 1 14 1 9 23 — - —

DORT 47 3 47 1 5 50 7 02 7 02 4 97 0 37 0 37 0 035
SAS4 49 1(5) 44 8(5) 6 43(13) 9 19(6) 7 75(5) 6 45(7) 0 38(13) 0 33(7) 0 034(17)

SAS4-avg 24 2(5) 21 8(5) 3 19(15) 2 95(8) 3 03(10) 1 99(7) 0 21(14) 0 17(9) 0 020(18)
MCNP 81(4) - - 9 27(7) - - - - -

Bottom
QAD - - - 140 140 914 - — _

DORT 618 615 7 16 77 6 77 6 55 1 0 53 0 52 0 052
SAS4

SAS4 avg
56 1(7)
28 7(8)

57 0(8)
27 5(8)

6 75(8)
3 20(8)

94 0(7)
26 0(8)

78 9(7)
21 8(6)

56 1(7)
15 2(7)

0 51(11)
0 26(15)

0 44(12)
0 23(12)

0 045(12)
0 025(16)

MCNP 73(4) — — 98 4(8) — — — - -
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Table 6 (continued)

Dose attenuation at 1 m

Neutron FP gamma Capture gamma
a b c a b c a b c

Sidewall
QAD — — - 0 432 0 432 0 432 - - -

SASl 0 311 0 331 0 312 0 381 0 379 0 381 0 322 0 283 0 333

DORT 0 301 0 310 0 305 0 391 0 388 0 392 0 312 0 236 0 333

SAS4 0 305 0 307 0 305 0 424 0 341 0 347 0 341 0 257 0 290

SAS4-avg 0 223 0 298 0 223 0 267 0 267 0 270 0 235 0 194 0 233

MCNP 0 315 - - 0 386 - - - — —

Lid
QAD - — - 0 396 0 396 0 405 - - -

DORT 0 115 0 114 0 117 0 191 0 191 0 193 0 132 0 132 0 135

SAS4 0 122 0 119 0 133 0 296 0 199 0 232 0 129 0 106 0 138

SAS4 avg 0 0796 0 0768 0 0862 0 111 0 124 0 112 0 0909 0 0694 0 105

MCNP 0 117 - - 0 273 - - - — —

Bottom
QAD - - - 0 366 0 366 0 373 - - -

DORT 0 114 0 114 0 116 0 193 0 193 0 192 0 136 0 133 0 137

SAS4 0 121 0 112 0 126 0 209 0 207 0 203 0 146 0 128 0 127

SAS4 avg 0 0815 0 0714 0 0775 0 0800 0 0865 0 0831 0 0935 0 0839 0 0893

MCNP 0 131 - - 0 225 — — — — —

Doses at 2 m (/iSv/h)
Neutron FP gamma Capture gamma

a b c a b c a b c

Sidewall
QAD — — - 814 366 55 8 - - -

SASl 89 6 10 2 8 18 61 8 298 42 8 0 75 5 97 0 05

DORT 815 8 35 7 61 55 6 266 38 5 0 68 5 67 0 05

SAS4 82 2(5) 10 5(3) 8 09(4) 57 5(8) 292(10) 41 6(8) 0 62(9) 5 62(7) 0 05(12)
SAS4 avg 59 0(5) 8 45(3) 6 00(4) 41 9(3)

67 0(6)
201(5) 31 2(3) 0 47(3) 3 98(3) 0 04(6)

MCNP 104(1) - - — — — — —

Lid
QAD — - - 6 06 6 06 3 94 - - -

DORT 14 7 14 6 171 2 50 2 50 177 0 12 0 12 0 011

SAS4 15 4(5) 14 0(5) 2 04(14) 3 39(6) 3 03(4) 2 42(6) 0 11(6) 0 10(8) 0 011(19)
SAS4 avg 11 2(6) 10 6(6) 1 48(14) 1 86(9)

3 37(6)
2 06(13) 1 34(8) 0 10(18) 0 08(14) 0 008(19)

MCNP 26(4) - - - — — — —

Bottom
QAD - - - 58 2 58 2 37 8 - - -

DORT 19 2 19 1 2 23 27 3 27 3 19 3 0 17 0 17 0 017

SAS4 17 6(7)
12 4(7)

17 6(8)
13 1(8)

2 10(8)
1 49(8)

35 9(8) 29 0(6)
14 6(7)

20 8(8) 0 16(10)
0 13(27)

0 15(13)
0 11(16)

0 013(12)
0 015(23)SAS4 avg 17 3(11) 10 4(9)

MCNP 24(4) — — 35 5(7) — — *~ —
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Table 6 (continued)

Dose attenuation at 2 m

Neutron FP gamma Capture gamma
a b c a b c a b c

Sidewall
QAD
SASl
DORT

SAS4
SAS4-avg
MCNP

0 173

0 157

0 162

0 124

0 165

0 190

0 182

0 179

0 165

0 174

0 161

0 164

0 125

0 275

0 231

0 232

0 215

0 161

0 233

0 274

0 229

0 228

0 228

0 162

0 275

0 231

0 232

0 210

0 162

0 183

0 166

0 163

0 133

0 147

0 114

0 134

0 103

0 167

0 167

0 161

0 133

Lid
QAD
DORT

SAS4

SAS4 avg
MCNP

0 0356

0 0384

0 0368

0 0376

0 0354

0 0373

0 0373

0 0364

0 0423

0 0400

0 170

0 0681

0 1090

0 0699
0 0994

0 170

0 0681

0 0778

0 0841

0 173

0 0686

0 0869

0 0757

0 0429

0 0374

0 0433

0 0429

0 0321

0 0327

0 0423

0 0445

0 0421

Bottom
QAD
DORT

SAS4

SAS4-avg
MCNP

0 0355

0 0379

0 0352

0 0431

0 0353

0 0346

0 0340

0 0363

0 0392

0 0361

0 152

0 0677

0 0798

0 0532

0 0811

0 152

0 0677

0 0762

0 0579

0 154

0 0672

0 0752

0 0568

0 0436

0 0457

0 0468

0 0436

0 0435

0 0401

0 0447

0 0367

0 0536

Doses at 10 m (fj,Sv/h)
Neutron FP gamma Capture gamma

a b c a b c a b c

Sidewall
QAD
SASl

DORT

SAS4

MCNP

8 00

6 67

6 68(5)
8 5(1)

0 99

0 85

1 02(3)

0 73

0 64

0 67(4)

117

7 44

6 01

6 88(7)
7 5(5)

50 7

35 1

28 0

23 5(6)

8 06

5 15

4 17

4 86(6)

0 067

0 055

0 049(7)

0 47

0 41

0 38(4)

0 005

0 004

0 004(8)

Lid
QAD
DORT

SAS4

MCNP

0 66

0 70(5)
12(4)

0 66

0 63(5)
0 077

0 094(15)

0 39

0 13

0 19(5)
0 26(6)

0 39

0 13

0 18(4)

0 25

0 09

0 13(5)
0 005

0 005(9)
0 005

0 005(7)
0 001

0 001(21)

Bottom
QAD
DORT

SAS4

MCNP

0 87

0 80(7)
11(4)

0 86

0 80(7)
0 10

0 10(8)

3 59

141

1 91(7)
1 88(6)

3 59

141

1 59(6)

2 30

0 99

1 09(7)
0 008

0 007(12;
0 008

0 006(14)
0 001

0 001(15)
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Table 6 (continued)

Dose attenuation at 10 m

Neutron FP gamma Capture gamma
a b c a b c a b c

Sidewall
QAD
SASl
DORT

SAS4
MCNP

0 0155

0 0129

0 0131

0 0135

0 0184
0 0186

0 0174

0 0155

0 0136

0 0135

0 0395

0 0278

0 0250

0 0257

0 0261

0 0379

0 0270

0 0240

0 0183

0 0397

0 0278

0 0251

0 0246

0 0163

0 0134

0 0129

0 0116

0 00822

0 00906

0 0167

0 0133

0 0129

Lid
QAD
DORT

SAS4
MCNP

0 00160

0 00175

0 00174

0 00160

0 00168

0 00164

0 00195

0 0110

0 00354

0 00611

0 00767

0 0110

0 00354

0 00462

0 0110

0 00349

0 00467

0 00179

0 00170

0 00179

0 00160

0 00385

0 00405

Bottom
QAD
DORT

SAS4

MCNP

0 00161

0 00172

0 00198

0 00159

0 00157

0 00163

0 00187

0 00940

0 00350

0 00424
0 00430

0 00940

0 00350

0 00418

0 00939

0 00345

0 00394
0 00205

0 00200

0 00205

0 00174

0 00263

0 00282

Case a = dry fuel 38 cm solid cast iron shield
Case b = dry fuel 32 cm cast iron with 6 cm polyethylene
Case c = wet fuel 38 cm solid cast iron shield
Calculations with SASl DORT and SAS4 performed using 27n 18g group cross sections (ENDF/B V)
QAD used built in attenuation data and log log interpolation

avg indicates dose is averaged overcavity height for the sidewall doses and over cavity diameter for
axial doses Otherwise point detectors are used and located at the axial midplane for the sidewall doses
and at the radial center for the axial doses

Number in parentheses indicates percentage standard deviation

Upon rerunning with a finer spatial mesh agreement with the SASl results is obtained
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top and bottom MCNP results, however, upon close examination of the calculations, no
reversal in the geometry model or the dose results was seen

For dose calculations off the cask surface, 1 m, 2 m, and 10 m, the comparisons among
the various codes remain very nearly the same There are some exceptions and/or points
that need to be discussed, however

1 The QAD CGGP and SASl results, while very accurate on the surface,
should tend to become more and more conservative14 at larger distances
This trend is seen with the QAD CGGP values being, in general, more con
servative than the SASl values

2 The MCNP and the nonaveraged SAS4 dose attenuation values are the ra
tios of a point dose at locations off the surface to a pseudo point dose at
the surface The procedure to produce these pseudo point doses is to scale
the surface averaged Monte Carlo doses by a ratio of the DORT point to
DORT average doses This scaling is necessary since point detectors were
not included at the surface in the Monte Carlo calculations

3 The SAS4 averaged doses and attenuations at locations off the surface tend
to be low compared to other sets of results This anomaly is due to the larger
surface averaging area employed by SAS4 The larger area (1 m is added to
both top and bottom distances) increases the number of particles (improving
statistics) contributing to the dose, but yields a lower attenuation factor
This effect can be quantified by comparing the dose attenuation factors for
average and point values, and appears to be about 30% for neutrons and
nearly 50% for gammas

4 2 2 Problem Set 2 Results

The results for problem set 2 are given in Table 7 Calculations performed for this
problem included 1 and 2 D discrete ordinates and 3 D Monte Carlo each with multigroup
cross sections The 1 D model for case 2a was performed to estimate the magnitude of
the approximation, since the problem is clearly 3 D in nature The 2 D approximation
for case 2a is shown in Fig 4, followed by plots of the azimuthal variation of the dose in
Figs 6-8 Direct comparisons for the results presented in Table 7 are limited since QAD
CGGP and MCNP calculations were not performed for this problem It is clear from the
results that the 1 D model underestimates the average azimuthal dose by some 40% for
both neutrons and FP gammas The results labeled DORT avg are obtained by averaging
over the azimuthal direction and are not directly averaged over the axial direction The
DORT avg values compare very well with the SAS4 avg values although they are not
directly comparable since the SAS4 avg values are averaged over both the azimuthal and
axial directions Some spurious results are seen where the SAS4 peak gamma ray doses are
lower than the average, however, this can be attributed to the large gamma ray standard
deviations at some of the point detector locations

4 2 3 Problem Set 3 Results

Only a select set of calculations was performed for problem set 3 Case 3a was not
analyzed and case 3b was analyzed only with the 2 D DORT code The model utilized in
these calculations is shown in Fig 5 The infinite height approximation was used, which
gives essentially peak or near midplane results Also, only surface doses were calculated
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Table 7 Summary results of model problem 2

Doses at specified location (/zSv/h)

Code
Neutron FP gamma Capture gamma

Dose location [ a b | a b 1 a b

Surface sidewall
SASl
DORT

DORT avg"

34 3

46 2 167

50 1 186

385

999 652

533 584

39

39

34

22 1

19 6

SAS4 avg 47 0(3)6 188(2) 532(2) 601(2) - -

1 m

SASl

DORT

SAS4

SAS4 avg

10 8

63 3

14 9(7) 68 4(6)
12 3(4) 46 1(2)

147

230

127(23) 216(15)
141(2) 162(2)

1 4

5 58

2 m

SASl
DORT

SAS4

SAS4 avg

60

34 8

8 0(5) 37 1(4)
6 7(4) 26 0(2)

88 9

139

80 2(17) 138(12)
84 6(2) 97 7(2)

0 84

2 78

10 m

SASl

DORT

SAS4

0 56

3 14

0 72(4) 3 21(4)

10 7

15 4

8 77(17) 15 8(11)

0 08

0 22

Dose attenuation at specified location

Code

Neutron FP gamma Capture gamma
Dose location a b a b a b

1 m

SASl

DORT

SAS4

SAS4 avg

0 315

0 379

0 323 0 410

0 262 0 245

0 382

0 353

0 127 0 331

0 265 0 270

0 359

0 252

2 m

SASl
DORT
SAS4

SAS4 avg

0 175

0 208
0 173 0 222

0143 0138

0 231

0 213
0 0803 0 212

0 159 0 163

0 215

0 126

10 m

SASl

DORT

SAS4

0 0163

0 0188

0 0156 0 0192

0 0278

0 0236

0 00878 0 0242

0 0205

0 0100

"Averaged over 0 not over Z for case a
Number in parentheses indicates percentage standard deviation
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Table 8 Summary results of model problem 3b

Doses at specified locations (//Sv/h)

Dose location Code Neutron FP gamma Capture gamma

Surface sidewall

DORT"

DORT avg6
156 481 131

133 325 12 3

"Peak doses at or near axial midplane
*Doses averaged over Z near axial midplane only, does not account

for axial leakage
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since the results thus far have shown the relationship between surface doses and attenuation
at dose locations away from the surface Table 8 gives both the peak doses on the cask
surface and the dose averaged over a typical fin axial region (both the fin and epoxy
regions) Plots of the axial variation of the dose over one of these fin regions is given in
Figs 9-11 The location of peak doses seen in Figs 9-10 is quite interesting and appears
to be due to "streaming" between the neutron absorber and the tapered cooling fin While
not completely ruled out, the peak location is not believed to be caused by numerical
instabilities

4 2 4 Problem Set 4 Results

The final problem set of this series deals primarily with the amount of modeling detail
required for the cask basket and assemblies to assure accurate dose results Both cases 4a
(dry basket) and 4b (wet basket) were analyzed using a 1 D approximate model Selected
calculations were performed for a cast iron shield body (SAS4 only) and a steel cask
body (SAS4 and SASl) since the original specifications were for a steel cask body, but
were later modified to specify a cast iron body The 3 D results shown in Table 9 include
models with pin by pm and homogenized assemblies withm the basket model Only case 4a
was analyzed for both pin by pin and homogeneous assembly descriptions The pm by pm
neutron results are about 15% higher than the homogeneous assembly results The pin by
pm gamma results are some 44% higher than those for a homogeneous assembly However,
the pin by pm calculations were performed with the standard SCALE 27n 18g library
(library 3a in Table 1), while the homogeneous assembly calculations were performed with
the modified 27n 18g library (library 3c in Table 1) From Table 2 it can be seen that
library 3a yields neutron/gamma doses 20 and 56% higher than those from library 3c
Applying these corrections results in pin by pin values for neutron/gammas of 5 and 8%
lower than the homogeneous results These trends are in agreement with a previous study1
where neutron/gamma differences of 5 and 15% were seen

The only difference in problems 4a/b and problems la/c is the explicit modeling of
the basket in problem 4 This allows a direct comparison of the effect of basket smearing
For the dry cases, la and 4a, the neutron dose results appear to be higher for the explicit
basket than for a smeared basket The difference is only about 5%, which is still somewhat
surprising since it is generally assumed that basket smearing will overpredict the dose
This dose overprediction by basket smearing is seen for the neutron wet case (lc versus
4b) as well as both the wet and dry gamma cases

5 PROBLEMS 5 AND 6 ANALYSIS

Model problems 5 and 6 are unique m that they require the user to calculate the
neutron and photon source strengths and spectra The sources m the previous problems
are specified in Table A 19 of NEACRP L 290 (attached as the Appendix) This phase of
the shielding benchmark problem introduces an additional level of complexity and should
serve to identify problem areas concerning the calculation of sources

5 1 SOLUTION TECHNIQUES

The basic computational tool used for these problems was the Shielding Analysis
Sequence 2H (SAS2H) of the SCALE code system 2 This sequence uses the point de
pletion code ORIGEN S2 to calculate burnup and decay and to produce the radiation
source strengths and spectra Another popular depletion code, ORIGEN2,15 was used
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Fig 10 Neutron induced gamma equivalent dose rate axial distribution
on the cask outer surface (problem 3b) All dimensions in mm
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Fig 11 Fission product gamma equivalent dose rate distribution
on the cask outer surface (problem 3b) All dimensions in mm
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Table 9 Summary results of model problem 4

Doses at specified location (//Sv/h)

Code

Neutron FP gamma Capture• gamma

Dose location a b a b a b

Surface sidewall
SAS1° 1183 61 7 136 79 6 10 8 0 44

SAS4 avg6 507(2)c 35 8(3) 205(5) 118(4) - -

SAS4-avga - -
64 5(6) - - -

SAS4-avg<i 484(3) - 189(10) - - -

lm

SASl" 368 19 2 51 5 30 2 3 53 0 14

SAS4 162(4) 12 5(8) 73 6(12) 57 0(10) - -

SAS4-avg 109(1) 7 17(3) 52 2(5) 29 3(4) - -

SAS4° - - 21 2(13) - - -

SAS4-avga - - 16 2(5) - - -

SAS4</ 175(6) - 80 6(9) - - -

SAS4-avg<* 104(3) - 48 2(10) - - -

2m

SASla 204 10 7 31 3 18 3 199 0 08

SAS4 79 9(3)
59 1(1)

5 76(8)
3 91(3)

41 6(10)
31 1(5)

32 1(9)
17 5(4)

- -

SAS4-avg - -

SAS4° - - 14 3(11) - - -

SAS4-avga - - 9 70(6) - - -

SAS4d 87 6(4) - 54 0(8) - - -

SAS4 avgrf 56 6(3) - 28 7(11) - - -

10m

SAS1° 18 3 0 95 3 83 2 24 0 18 0 007

SAS4 5 89(3) 0 40(6) 4 07(8) 2 82(8) - -

SAS4" - - 1 51(12) - - -

SAS4'' 5 44(4) - 3 44(8) - - -

Dose; attenuation at specif ed location

Code

Neutron FP gamma Capture gamma

Dose location a b a b a b

lm

SASl 0 311 0 311 0 379 0 379 0 327 0 318

SAS4 avg 0 215 0 200 0 255 0 248 - -

SAS4 avg° - - 0 251 - - -

SAS4 avgrf 0 216 - 0 255 - - -

2m

SASl 0 172 0 173 0 230 0 230 0 184 0 182

SAS4 avg 0 117 0 109 0 152 0 148 - -

SAS4 avga - - 0 150 - - -

SAS4-avg<i 0 117 - 0 152 - - -

10m

SASl 0 0155 0 0154 0 0282 0 0281 0 0167 0 0159

Cask material is 1 4541 material instead of cast iron for all others the cask material is cast iron

Avg indicates case is averaged over cavity height
cNumber in parentheses indicates percentage standard deviation

Indicates pin by pin assembly model all others use a homogeneous assembly model Includes a
factor to account for use of different cross-section library (see Sect 4 2 4)
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to calculate the average burnup case for problem 5 for comparison This section briefly
describes the methodologies and data used by each of these codes

5 11 SAS2H/ORIGEN-S

Figure 12 illustrates the basic calculational procedure used by SAS2H to produce cross
section data, calculate spent fuel sources, and subsequently use this data in a shippmg
cask shielding analysis The sequence SAS2H starts with data describing a particular fuel
assembly including compositions, temperatures, geometry, and time dependent specific
power A standard cross section library is specified, in this case the SCALE 27n 18g
shielding library2 was used This is the standard SCALE 27n 18g library, not the special
purpose library used in analysis of problems 1-4 BONAMI S and NITAWL S are then
used to perform resonance self shieldingtreatments for nuclides with the appropnate data
Cell weighted cross sections are computed for a fuel pin cell (PART A)usingXSDRNPM S
A second unit cell (PART B) is defined as to be representative of the fuel assembly The
PART B model has an assembly guide tube or other non fuel type rod at its center and is
surrounded by a region of the cell weighted fuel Cross sections are computed for this larger
unit celland the sequenceinvokes COUPLE to update the ORIGEN S working library with
these cell weighted data ORIGEN S uses these cross section data to compute the number
densitiesof the various nuclides in the fuel as a function of time and the process is repeated
for eachstep in the specified power history (specific power and exposure times) In the final
pass, after COUPLE has updated the ORIGEN S working library, an ORIGEN S depletion
case using these burnup dependent, time dependent cross sections is used to calculate the
discharge composition of the fuel assembly and a decay only subcase is used to predict the
composition for the cooling time at which the fuel is to be loaded and shipped This final
composition is used in the determination of neutron and gamma sources to be applied in
the final shipping cask analysis

In the shielding analysis, cell weighted cross sections for the fuel zone in the shipping
cask are calculated using the BONAMI S, NITAWL S, XSDRNPM S sequence These fuel
zone cross sections are used m the shipping cask model and the XSDRNPM S calculated
fluxes are then used in XSDOSE to obtain dose rates

5 12 ORIGEN2

The 0RIGEN2 and ORIGEN S (used in SAS2H) codes use the samebasicmatrix expo
nential expansion method and numerical scheme as the original ORIGEN16 code released
in 1973 The primary differences between ORIGEN S and ORIGEN2 are the cross section
and fission product yield data used by the two codes Both codes use essentially identical
decay data (half lives, branching ratios, etc ) and photon data (energies and intensities of
gamma and x ray spectra

0RIGEN2 uses specific burnup dependent cross section and fission product yield h
braries developed by performing multigroup reactor physics and depletion calculations
for specific reactor models These libraries include a uranium fueled PWR using a once
through fuel cycle at a typical burnup (33 GWd/MTU) nd at an extended burnup (50
GWD/MTU) 17 The average burnup for problems 5 nd 6 was given as 40 GWd/MTU
The library recommended for problem 5 is the PWR library with extended burnup as
there is no provisionfor reactor problems where the burnup exceeds the library maximum
The 33 GWd/MTU library has also been used to illustrate the differences that can be
expected as a result of improper cross section data
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The 0RIGEN2 calculations were performed only for problem 5 and include neutron
and photon source strengths and photon spectra Neutron spectra are not calculated by
ORIGEN2

5 2 RESULTS

This section summarizes the results for the UO2 fuel (problem 5) using both the
SAS2H/0RIGEN S sequence and the 0RIGEN2 code Two different cross section libraries
were used for the 0RIGEN2 calculations and those results are compared The results for
the mixed oxide fuel (problem 6) using the SAS2H/0RIGEN S sequence are also given
All results are for a two year cooling time

5 2 1 Neutron Sources

The results of the neutron source analysis for problem 5 are summarized in Tables
10-14 and Fig 13 A comparison of neutron source strengths for an average burnup of
40 GWd/MTU is given in Table 10 The neutron production rates from spontaneous fission,
(a,n) reactions, and the total source for five fuel assemblies are given in units of n/s Both
ORIGEN2 results predict higher neutron source strengths than the SAS2H/ORIGEN S
result, with ORIGEN2/ORIGEN S ratios of 1 04 and 1 14 for the 33 and 50 GWd/MTU
cases Tables 11-12 show the contribution to the total neutron source from several 1m
portant nuclides Table 11 contains the SAS2H/ORIGEN S results, and the ORIGEN2
results using the 33 GWd/MTU and the 50 GWd/MTU hbranes are given in Table 12
The contribution of each nuclide is given as n/s for five fuel assemblies, and also as the
percentage of total More than 99% of the total neutron source is produced by the nuclides
specified in Tables 11 and 12

The problem specification included a study based on axial distributed burnup Neu
tron source strengths as a function of axial peaking factor are given in Table 13 for the
SAS2H/ORIGEN S sequence (the ORIGEN2 calculations were performed for the average
burnup case only) Figure 13 shows how the various axial peaking factors (in brackets) are
distributed along the length of the fuel rod The percentage of the total neutron source
produced in each section of the fuel rod is also given The sources given in Table 13 are
weighted by the appropriate fractional rod height and summed to yield a burnup dependent
source strength of 2 099 X 109 n/s This value is significantly (>55%) higher than the neu
tron source strength reported in Table 10 for an average burnup (1 e , axial peaking factor
equal to 1 0)

SAS2H/ORIGENS also calculates the energy spectrum of the neutron source, which is
given in Table 14 The group structure given in this table corresponds to the first seven
groups of the 27 neutron groups in the SCALE 27n 18g shielding library used for these
calculations Groups 8 through 27 contain no source neutrons

The neutron results for the MOX used in problem 6 are given in Tables 15-18 and
Fig 14 Neutron source strengths at the average burnup (40 GWd/MTU) are given in
Table 15 (Only the SAS2H/ORIGEN S sequence was used to calculate problem 6 ) The
contributions from both spontaneous fission and (oj,n) production are given Essentially
all source neutrons are produced by the nuclides listed in Table 16 where the contribution
by each nuclide is given as both n/s and percentage of total neutron source Table 17
gives the MOX neutron source strengths as a function of axial peaking factors The
distribution along the rod height of the neutron source as a percentage of total is illustrated
in Fig 14 The total neutron source strength calculated using axially dependent burnup
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Table 10 Problem 5 (UO2) Results for five fuel assemblies,
comparison of neutron source strength at average burnup

SAS2H

ORIGEN26
ORIGEN2c

Spontaneous
fission
(n/s)

1 3185E9a

1 5040E9
1 371E9

(n/s)

3 0675E7

3 6540E7
3 364E7

"Read as 1 3185 x 109
6Using 50 GWd/MTU library
cUsing 33 GWd/MTU library

Total
(n/s)

1 3490E9

1 5400E9
1 405E9

Table 11 Problem 5 (U02) Contribution to neutron source strength
from important nuclides for five fuel assemblies (SAS2H)

Nuclide source strength
Nuclide n/s %

238pu
1 155E7a 0 856

239pu
5 303E5 0 039

240pu
5 805E6 0 430

242pu
2 688E6 0 199

241 Am 1 245E6 0 092

243Am 5 829E4 0 004

242Cm 5 285E7 3 918

243Cm 2 238E4 0 002

244Cm 1 265E9 93 773

246Cm 7 450E6 0 552

248Cm 6 400E4 0 005

250 Cf 4 130E4 0 003
252Cf

2 490E6 0 1846

"Read as 1 155 x 107
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Table 12 Problem 5 (UO2) Contribution to neutron source strength
from important nuclides for five fuel assemblies (0RIGEN2)

50 GWd/MTU 33 GWd/MTU
Nuclide (n/s) (n/s)

238pu 1 300E7° 1 2573E7
239pu 5 928E5 5 233E5
240pu 6 088E6 6 378E6
242pu 2 794E6 2 550E6

241Am 1 551E6 1 277E6

243Am 6 606E4 6 039E4

242Cm 5 922E7 5 249E7

243Cm 1 205E5 1 019E5

244Cm 1 449E9 1 321E9

246Cm 7 587E6 7 314E6

248Cm 2 636E4
250Cf 1 461E4
252Cf 5 337E5

"Read as 1 300 x 107

Table 13 Problem 5 (U02) Results for five
fuel assemblies (SAS2H)

Neutron source strength (n/sec)
Axial

peaking Spon fission (a,n) Total

0 18 1 4550E6a 8 1050E5 2 2655E6

04 2 2825E7 3 8245E6 2 6650E7

06 1 3570E8 9 2550E6 1 4495E8

08 4 9580E8 1 7915E7 5 135E8

10 1 3185E9 3 0675E7 1 3490E9

12 2 8295E9 4 8375E7 2 8780E9

132 4 1590E9 6 1600E7 4 2205E9

"Read as 1 4550 x 106
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Table 14 Problem 5 (U02) Neutron source spectra for
five fuel assemblies (SAS2H)

Group energy limits
Group (MeV) (n/sec)

1 20 00 - 6 43 2 48E7a
2 6 43 - 3 0 2 85E8
3 3 00 - 1 85 3 15E8
4 1 85 - 1 4 176E8
5 1 40 - 0 9 2 38E8
6 0 90 - 0 4 2 60E8
7 0 40 - 0 1 5 09E7

Total 135E9

"Read as 2 48 x 107

Table 15 Comparison of neutron source strength at average burnup

Average burnup
Axially dependent burnup

"Read as 4 858 x 109

Spontaneous
fission a,n
(n/s) (n/s)

4 858E9a 9 625E7
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Table 16 Problem 6 (MOX) Contribution to neutron source strength
from important nuclides for five fuel assembhes

Nuclide source strength

Nuclide n/s

238pu
1 674E7"

239pu 1 151E6
240pu

2 077E7
242pu 6 859E6

241 Am 4 997E6

243Am 1 754E5

242Cm 2 314E8

243Cm 5 612E4

244Cm 4 625E9

246Cm 3 225E7

248Cm 4 400E5
250Cf

2 850E5
252 Cf

1 665E7

°Read as 1 674 x 107

%

0 338

0 023

0 419

0 138

0 101

0 004

4 671

0 001

93 359

0 651

0 009

0 006

0 336

Table 17 Problem 6 (MOX) Results for five fuel assemblies

Neutron source strength (n/s)
Axial

peaking Spon fission (a,n) Total

0 18 1 2430E8a 1 855E7 1 4285E8

04 5 5300E8 3 240E7 5 8550E8

06 1 3625E9 4 941E7 1 4120E9

08 2 7405E9 7 065E7 2 8115E9

10 4 8580E9 9 625E7 4 9545E9

12 7 8900E9 1 264E8 8 0150E9

132 1 0240E10 1 467E8 1 0390E10

"Read as 1 2430 x 108
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Table 18 Problem 6 (MOX) Neutron source spectra
for five fuel assemblies

Group energy limits
Group (MeV) (n/s)

1 20 00 - 6 43 9 15E7a

2 6 43 - 3 0 105E9

3 3 00 - 1 85 115E9

4 1 85 - 1 4 6 45E8

5 1 40 - 0 9 8 75E8

6 0 90 - 0 4 9 57E8

7 0 40 - 0 1 187E8

Total 4 95E9

aRead as 9 15 x 107
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is 6 035 x 109 n/s, ~22% higher than the value calculated at the average burnup Table
18 gives the total neutron source spectrum for five MOX fuel assemblies

5 2 2 Photon Sources

Results from the analysis of the photon sources in the UO2 fuel of problem 5 are given
m Tables 19-24 and Fig 15 A comparison of photon source strengths at average burnup
for five fuel assemblies, includmg the results from the SAS2H/ORIGEN Ssequence and the
two ORIGEN2 cases, is given in Table 19 Contributions to the photon source strength
(7/s) from actimde and fission product nuclides are given, as well as the total photon
production rates The ORIGEN2 calculations show very small (<2%) differences between
the results using the 33 GWd/MTU library and those using the 50 GWd/MTU library
Tables 20 and 21 give the contribution to gammasource strength from important nuclides
for five assemblies at average burnup The SAS2H/ORIGEN S results are given in Table
20 in units of 7/s and as a percentage of the total photon source Greater than 96% of the
total photon source predicted by ORIGEN S is produced by the nuclides listed in Table
20 Table 21 gives the results from the ORIGEN2 calculations using the 50 GWd/MTU
library in units of 7/s, MeV/s, and grams The 33 GWd/MTU results are given only in
units of grams for comparison In the ORIGEN2 cases, the nuclides in Table 21 account
for >98% of the total photon source

Photon source strengths as a function of axial peaking factors (burnup) are given in
Table 22 The axial variation m burnup was evaluated with only the SAS2H/ORIGEN S
sequence The total photon source strength for problem 5 calculated using these axially
dependent burnups is 1 069 x 1017 which is ~2 3% higher than the value at average burnup
(see Table 19) Figure 15 shows the variation of axial peaking factors (in brackets) along
the length of a fuel rod as well as the percentage of total photon source produced in each
of the axial regions

Table 23 gives the photon source spectra in the 18 energy group structure of the
SCALE 27n 18g shielding library as calculated by the SAS2H/ORIGEN S sequence The
group structure used in the ORIGEN2 cases and given in Table 24 is fixed by ORIGEN2
itself and cannot be altered Therefore, a direct comparison of spectra by energy group
is possible only between the two ORIGEN2 cases This comparison reveals that the two
hbranes perform similarly in predicting photon source spectra

The photon results for the MOX fuel of problem 6 are given in Tables 25-28 and
Fig 16 Only the SAS2H/ORIGEN S sequence was used to predict photon sources in
problem 6 Photon source strengths at average burnup are given in Table 25 for five MOX
fuel assemblies Contributions from both actimde and fission product nuclides are noted
Table 26 shows the contnbution from individual nuclides, which account for >96% of the
total gamma source The results based on axially dependent burnup are given in Table 27
and Fig 16 The total photon source calculated from these data for five fuel assembhes
is 1 116 x 1017, <2% higher than the source strength calculated at the average burnup
Table 28 gives the photon source spectrum for five MOX fuel assembhes

5 2 3 Dose Calculations (Problem 5)

The neutron and photonsource spectracalculated for problem 5 at average burnupand
axial dependent burnup using the SAS2H/ORIGEN S sequence were used in conjunction
with the caskmodelofproblem la to predict doserates on the caskmidplaneat the surface
The dose calculations were performed using the 2 D discrete ordinates code, DORT, using
a source corresponding to the one shown in Table 23, but in the SCALE 27n 18g group
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Table 19 Problem 5 (UO2) Results for five fuel assemblies,
companson of photon source strength at average burnup

Actmides Fission products Total
(7/s) (7/s) (7/s)

USA

SAS2H

ORIGEN26

0RIGEN2C

2 160E14a

2 389E14

2 174E14

1 025E17

1 086E17

1 070E17

1 0450E17

1 1026E17

1 087E17

°Read as 2 160 x 1014

6Using 50 GWd/MTU library
cUsing 33 GWd/MTU library

Table 20 Problem 5 (UO2) Contribution to gamma source strength
from important nuclides for five fuel assemblies (SAS2H)

Nuclide

90Sr
90y

95Nb

106Rh
110m^_

125Sb
125mrn

134Cs

137Cs
137mBa

144Ce
144pr

154Eu

155Eu

"Read as 1 124 x 1015

Nuclide source strength

(7/s) %

1 124E15" 1076

7 109E15 6 803

1 275E14 0 122

2 658E16 25 435

4 450E13 0 043

3 383E14 0 324

1 670E14 0 160

2 161E16 20 679

1 441E15 1379

9 365E15 8 962

5 580E15 5 340

2 444E16 23 388

2 052E15 1964

4 195E14 0 401

42



Table 21 Problem 5 (UO2) Contribution to gamma source strength
from important nuclides for five fuel assemblies

(0RIGEN2 cases)

Nuclide source strength 50 GWd/MTU 33 GWd/MTU
Nuclide 7/s MeV/s grams grams

90Sr 1 202E15" 3 582E13 1 29E03 1 32E03
90y 7 377E15 4 891E14 3 24E1 3 31E1

95Nb 1 010E14 8 345E13 7 53E2 7 54E2

106Rh 3 033E16 5 116E15 1 10E4 107E4
110m^_ 2 488E14 1 975E14 4 09E 1 3 95E 1

125Sb 1 325E15 3 824E14 2 31E01 2 28E01
125mrp 2 865E14 7 676E12 3 24E 1 3 18E 1

134Cs 2 231E16 1 470E16 1 97E02 1 88E02

137Cs 1 575E15 4 690E13 3 10E03 3 1E03
137mBa 1 037E16 5 606E16 4 74E 14 4 74E4

144Ce 5 175E15 3 565E14 1 39E02 1 39E02
144pr 2 487E16 2 391E15 5 86E3 5 89E3

154Eu 2 311E15 1 326E15 1 07E02 1 05E02

155Eu 5 182E14 3 755E13 3 58E01 3 30E01

"Read as 1 202 x 1015

Table 22 Problem 5 (U02) Results for
five fuel assemblies (SAS2H)

Axial

Photonl source strength (7/s)

peaking Actinides Fission products Total

0 18

04

6 850E12"

3 425E13

1 360E16

3 345E16

1 389E16

3 413E16

06

08

10

7 600E13

1 355E14

2 160E14

5 400E16

7 750E16

1 025E17

5 509E16

7 903E16

1 045E17

12 3 215E14 1 290E17 1 315E17

132 3 990E14 1 460E17 1 489E17

"Read as 6 850 x 1012
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[1 2] 28 7827

[1 32] 28 1407

[1 2] 10 7937

[1 0] 5 7777

[0 8] 2 2187

[0 6] 1 6017

[0 4] 1 0197

,„ , FlS \5 , Problem 5 Axially distributed photon source as a percentage of total
(Values in brackets are axial peaking factors )
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Table 25 Problem 6 (MOX) Comparison of photon source
strength at average burnup

Actinides Fission products Total

(7/s) (7/s) (7/s)

Average burnup 6 800E14"
Axially dependent burnup

"Read as 6 800 x 1014

1 075E17 1 096E17

1 116E17

Table 26 Problem 6 (MOX) Contribution to gamma source
strength from important nuclides for five fuel assemblies

Nuclide source strength

Nuclide n/s %

90Sr 4 350E14" 0 397
90y 4 212E15 3 843

95Nb 1 180E14 0 108

106Rh 3 936E16 35 912
llOm^g

4 314E14 0 394

125Sb 1 036E15 0 945
125mnn

2 480E14 0 226

134Cs 1 944E16 17 737

137Cs 1 449E15 1322
137mBa 9 475E15 8 645

144Ce 4 865E15 4 439
144pr

2 126E16 19 398

154Eu 2 531E15 2 309

155Eu 6 075E14 0 554

"Read as 4 350 x 1014
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Table 27 Problem 6 (MOX) Results for five fuel assemblies

Photon source strength (7/s)
Axial

peaking Actimdes Fission products Total

0 18 1 9450E14" 1 615E16 1 658E16
04 3 0450E14 3 785E16 3 869E16
06 41605E14 5 950E16 6 075E16
08 5 4000E14 8 250E16 8 418E16
10 6 8000E14 1 075E17 1 096E17
12 8 4000E14 1 330E17 1 356E17
132 9 4500E14 1 495E17 1 525E17

"Read as 1 9450 x 1014

Table 28 Problem 6 (MOX) Photon source spectra
for five fuel assemblies

Group energy limits
Group (MeV) (7/s)

1 0 00 - 0 02 3 21E16"
2 0 02 - 0 04 1 35E16

3 0 04 - 0 07 7 74E15
4 0 07 - 0 10 4 68E15
5 0 10 - 0 14 5 36E15

6 0 14 - 0 20 3 11E15
7 0 20 - 0 40 3 65E15
8 0 40 - 0 90 3 58E16
9 0 90 - 1 35 2 90E15

10 1 35 - 1 80 4 67E14

11 1 80 - 2 20 1 64E14
12 2 20 - 2 60 2 16E13
13 2 60 - 3 00 3 53E12

14 3 00 - 3 50 5 90E11

15 3 50 - 4 00 4 47E8
16 4 00 - 4 50 109E8
17 4 50 - 5 00 6 30E7

18 5 00 - 6 00 5 70E7
Total 1 096E17

"Read as 3 21 x 1016
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structure (the source in Table 23 is in a slightly different group structure) This source
was smeared over the cavity region corresponding to the active fuel height The cross
section set used m the calculations corresponded to library 3c described in Table 1 The
dose results in Table 29 are axial midplane values at the radial sidewall surface and include
both an average burnup and an axially variable burnup case The ratio of the photon dose
rates for the axial dependent to the average case is 1 37 This corresponds very closely to
the midplane peaking factor of 1 32 (see Fig 15) confirming the expected linear variation
of the photon source with burnup The expected nonlinear behavior of the neutron source
with burnup is also seen in Table 29 In practical situations, this nonlinear behavior of the
neutron source may or may not be important The cask body for this problem contains no
neutron shield, which is nontypical for many spent fuel casks Also, the doses reported are
midplane surface doses, where the peak to average effects are expected to be maximum

5 3 DISCUSSION

In a previous study18 comparing radiation spectra from selected point depletion codes,
it was determined that the effect of bremsstrahlung radiation on photon dose rates can be
significant Calculations were performed using ORIGEN S in which bremsstrahlung were
included and then neglected The two data libraries used in the calculations were identical
but for bremsstrahlung radiation The photon spectra with and without bremsstrahlung
are repeated in Table 30 for a typical PWR, 33 GWd/MTU case with 5 years of cooling
Large differences are seen below 0 45 MeV, however, these differences should not contribute
to the dose Thesource energy range that dominates the dose isfrom 1to 2 5 MeV (as seen
in Sect 3 3) In this range, source differences of7 to 27% are seen when bremsstrahlung is
neglected Dose results from Ref 18 are repeated in Table 31 for a PWR with an exposure
of33 GWd/MTU at cooling times of2, 5, and50 years These results show that neglecting
bremsstrahlung radiation consistently underpredicted the photon dose rates by 10 to 30%

Comparing radiation sources can be encumbered if different energy group structures
are used in the different calculations This dependence on group structure may be seen
from the SAS2H/ORIGEN S results alone The output includes separate tables for the
photon spectrum as a function of time for (1) "light elements, cladding, and structural
materials," (2) "fission products," and (3) "heavy metals and their daughters " The total
source for each tables is given in units of 7/s and MeV/S These tables use the stan
dard ORIGEN S Photon Yield Library energy group structure Additionally, at the end
of the SAS2H/ORIGEN S output, a summary table for the "Gamma Source Spectrum
for Gamma Lines (SAS2)" is given that includes the contributions from light elements,
actinides, and fission products The group structure for this table is that of the cross
section library used in the SAS2 calculation-m this case, that of the 27n 18g shielding
library Tables 32 and 33 give the photon source strengths as a function of axial peaking
factor for a single fuel assembly in both units of photons/s and MeV/s The column head
ing "DETAILED TABLES" indicates the result from summing the contributions from the
separate tables for light elements, fission products, and actinides in the ORIGEN S photon
yield library group structure The source from the summary table where the spectrum is
given in the SCALE cross section library group structure is under the column heading
"SUMMARY TABLE " The comparison in units of photons/s appears to be quite bad
(>25%) for most cases whereas the comparison of MeV/s is in very good agreement It is,
in fact, a single calculation that is compared, simply in different units and group structures
for each axial peaking factors, and therefore the results must be in agreement A simple
way of avoiding confusion is to compare the source strengths in terms of MeV/s rather
than particles/s
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Table 29 Problem 5 (U02) Axial midplane dose
rate results using cask model la

Source

Radial surface

dose rate (^Sv/h)

type Neutron Photon

Average
Axial dependent

1515"

4120"

403

553

Neutron doses are scaled by 1/(1—k) to account for source
neutron multiplication, k was estimated to be 0 35 by 1 D
transport analysis

Table 30 Compansons with and without bremsstrahlung,
(photons/s/eV) at 5 year cooling time

Energy ORIGEN S
(MeV) no bremsstrahlung ORIGEN S ORSNB/ORS

0 000-0 020 4 0206E+09" 1 5735E+11 0 026
0 020-0 030 1 0681E+10 7 3393E+10 0 146
0 030-0 045 2 5993E+10 5 8679E+10 0 443
0 045-0 070 1 3083E+09 2 2380E+10 0 058
0 070-0 100 1 6962E+09 1 3751E+10 0 123
0 100-0 150 3 7858E+09 9 6919E+09 0 391
0 150-0 300 1 9951E+08 2 4028E+09 0 083
0 300-0 450 4 1070E+08 1 4069E+09 0 292
0 450-0 700 2 0098E+10 2 0400E+10 0 985
0 700-1 000 3 6347E+09 3 7333E+09 0 974
1 000-1 500 4 1018E+08 4 3800E+08 0 936
1 500-2 000 1 4682E+07 2 0000E+07 0 734
2 000-2 500 9 8024E+06 1 0820E+07 0 906
2 500-3 000 2 0164E+05 3 0850E+05 0 654
3 000-4 000 1 4533E+04 1 9223E+04 0 756
4 000-6 000 4 9670E+00 4 9650E+00 1000
6 000-8 000 5 7195E 01 5 7000E 01 1003
8 000-11 000 4 3860E 02 4 4000E 02 0 997

"Read as 4 0206 x 109
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Table 31 Photon dose rates illustrating effect of
bremsstrahlung radiation (//Sv/h)

Cooling time ORIGEN S
(year) ORIGEN S (no bremsstrahlung) %diff

2

5

50

1172 64

214 90

4 82

1008 52

194 34

3 47

14 00

9 57

28 01

Table 32 Problem 5 Comparison of photon source strength for one assembly

Axial Photons/s MeV/s
peaking

Detailed tables Summary table Detailed tables Summary table

0 18 2 778+15 2 039+15 5 866+14 5 827+14
04 6 826+15 5 129+15 1 643+15 1 630+15
06 1 102+16 8 459+15 2 899+15 2 885+15
08 1 581+16 1 224+16 4 420+15 4 404+15
10 2 090+16 1 640+16 6 175+15 6 153+15
12 2 630+16 2 085+16 8 104+15 8 082+15
1 32 2 978+16 2 363+16 9 332+15 9 305+15

Table 33 Problem 6 Comparison of photon source strength for one assembly

Axial Photons/s MeV/s
peaking

Detailed tables Summary table Detailed tables Summary table

0 18 3 316+15 2 474+15 7 196+14 7 162+14
04 7 738+15 5 866+15 1 858+15 1 851+15
06 1 215+16 9 313+15 3 130+15 3 122+15
08 1 684+16 1 309+16 4 615+15 4 603+15
10 2 196+16 1 715+16 6 294+15 6 274+15
12 2 712+16 2 147+16 8 135+15 8 108+15
132 3 050+16 2 416+16 9 303+15 9 278+15
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In summary, it is recommended that attention be given to the effect of bremsstrahlung
radiation on predicted dose rates and that a comparison of sources in units of MeV/s will
yield results unbiased by group structure

6 SUMMARY AND CONCLUSIONS

This work summanzes the U S contribution to problems 1-6 of the OECD Working
Group on Shielding Assessment of Transportation Packages Problems 1-6 constitute the
first phase of study by the working group with primary focus on a series of computational
benchmarks emphasizing various geometrical complexities These benchmarks begin with
simple smeared cavities and single material shields and add model complexities of neutron
shields, wet cavities, cylindrical polyethylene rods in the shield, epoxy strips in the shield,
cooling fins, explicit basket and pin models, and realistic versus theoretical sources For
the majority of these cases, multiple codes were used to obtain both accurate results and
approximate results, allowing intercomparison of U S methods as well as companson with
other countries' methods

The initial U S effort was aimed at an understanding of the various cross section
hbranes available for use An intercomparison was performed with some 17 different sets
of cross sections to analyze their strengths and weaknesses for these problems (problem la
was chosen as the model for the intercompanson) In all cases, the response of interest was
the cask sidewall surface dose, with all calculations performed by the SASl/XSDRNPM
1 D transport package A summary of findings includes

1 ENDF/B V results were some 8% lower than ENDF/B IV results for neu
trons and about the same for gammas

2 ENDF/B IV based hbranes that were resonance processed with the NITAWL
code (particularly libraries 3a and 7 in Table 2) contain essentially no iron
resonance processing in important energy regions due to the ENDF/B IV
resonance region specification

3 An underprediction of the neutron dose of nearly 50% is seen if resonance
processing is omitted

4 For broad group analysis of deep penetration through iron shields, the
method of fine to broad group collapse (l e , the weighting function) is very
important to both neutron and gamma dose results Differences of factors
of 2-3 are possible with inappropriate choices of broad group bounds and/or
weighting functions

5 For the gamma dose results of problems 1-4, the gamma line source at
2 1 MeV is dominant causing high sensitivity to the broad group structure
around 2 MeV Appropriate weighting functions or a fine energy gamma
group structure can eliminate this sensitivity

6 The extreme dominance of the 2 1 MeV gamma line source (specified for
problems 1-4) is somewhat nontypical The sources for problems 5-6 (cal
culated to be appropriate for a specified spent fuel burnup) exhibit reduced
sensitivity to weighting functions and broad group energy structures
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7 Energy versus particle conservation in converting gamma line sources to
group sources was found to produce dose differences of 9-15% with the en
ergy conservation technique the most accurate in comparison to point energy
calculations (both QAD and MCNP)

8 A general trend of a 10-20% underprediction in the neutron doses via multi
group versus point calculations was seen This is felt to be due to inaccurate
representation of the iron cross section minima in the rapidly varying reso
nance region

In addition to a description of the energy group structure, discrete ordinates transport
codes (DORT, XSDRNPM) require a spatial mesh to describe the problem geometry For
the cases analyzed, both the neutron and gamma doses appear to be sensitive to the mesh
size, with differences of 10-20% seen when the mesh size is doubled Specifically, a mesh
size of 1 cm in the shield (4 cm appears to be sufficient in a smeared cavity) was adequate
for neutron doses in an iron only shield For cases where a neutron shield material (epoxy
or polyethylene) was present, a 0 5 cm mesh was necessary for accurate results For gamma
doses, a 0 5 cm mesh in the shield was necessary regardless of the shield configuration

The appropnateness of 1 D approximations for multidimensional geometries is another
consideration in a shielding analysis As stated earlier, the use of multiple models of varying
complexity allowed a number of conclusions to be made regarding the validity of various
simplifying geometry assumptions The first geometrical complexity addressed concerns
the location of doses to be calculated One dimensional transport results for both neutron
and gamma doses at the sidewall surface are generally of benchmark quality when the H/D
for the cask is greater than 1 The H/D for these problems was about 3 with excellent 1 D
to multidimensional agreement at the sidewall surface For dose locations at the cask axial
midplane but away from the surface, the expected slightly conservative results (conservative
with respect to multidimensional calculations, no experimental results are available) are
seen with about a 20% overprediction at 10 m from the cask surface The QAD point
kernel (gamma only) results similarly agree quite well with multidimensional calculations
on the cask sidewall surface, but are up to a factor of 2 conservative at dose locations 10 m
from the cask surface The point kernel methods also perform quite well on the cask top
and bottom with very similar results as seen for the cask sidewall Transport calculations
in one dimension were not performed for the cask top and bottom since previous experience
has shown that benchmark quality calculations were not straightforward where a buckling
correction was required

Additionally, 1 D approximations for the fuel/basket region and cylindrical polyethy
lene rods in the shield were evaluated with respect to multidimensional dose results For
gamma doses, the smeared basket cases for both wet and dry cavities produced higher (con
servative) values than the explicit basket cases The neutron dose results for a smeared
basket were conservative only in the wet cavity case For a dry cavity, the smeared neu
tron dose results were about 5% lower than the explicit results An apparent conclusion
is that for a basket with appreciable shielding (l e , water for neutrons, high z material
for gammas) a smeared basket model should result in conservative doses A common
approximation made when analyzing discrete assemblies in a shipping cask (using multi
dimensional codes) is to homogenize the discrete pins into a smeared assembly This is
generally assumed to be valid when a shielding only calculation is being performed (l e ,
this assumption is not generally valid for cnticality calculations) The results presented
herein again confirm this approximation For cylindrical polyethylene rods in the shield,
smearing into rings while conserving polyethylene volume appears to underestimate both
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neutron and gamma doses The neutron doses in problem 2 were underestimated by ~35%,
the gamma doses were nearly a factor of 3 too low

Multidimensional calculations were performed using a 2 D discrete ordinates method
(DORT) and two 3 D Monte Carlo codes (SAS4/M0RSE and MCNP) The cross sections
in SAS4/M0RSE are groupwise as are those of DORT, while MCNP utilizes point cross
sections Since both DORT and SAS4 used groupwise cross sections, agreement between
the two independent methods generally indicates a quality solution, whereas further agree
ment with MCNP indicates adequate cross section processing as well In general, the SAS4
and DORT agreement is quite good, generally within the SAS4 standard deviations Com
paring SAS4 and DORT versus MCNP also provides very good agreement for the gamma
doses, but the groupwise neutron doses from SAS4 and DORT are about 20% lower than
those based on point cross section values (MCNP)

A finding of importance for certain geometries that produce rapidly varying surface
doses (e g , problem 2a with cylindrical polyethylene rods in the shield) is that the discrete
ordinates method has the capability to model this variation quite readily in most cases,
whereas the Monte Carlo method is quite cumbersome in duplicating such results For
example, the dose profiles (or even peak dose rate) in Figs 8 and 9 would be extremely
difficult to predict with Monte Carlo since results are normally averaged over a surface
roughly comparable to the entire axis plotted

The axial variation of the neutron and gamma sources should be accounted for in the
accurate determination of shipping cask dose rates Results shown herein confirm the linear
dependence of the photon source with burnup, hence the average burnup photon dose rate
values can be scaled with the peak axial burnup ratios to produce peak dose rates This
procedure should yield accurate results at the cask surface and conservative results away
from the surface The neutron generation rate is nonlinear with burnup as shown in Table
29 However, the dominance of the neutron doses as seen there is somewhat nontypical
since the cask model analyzed had no neutron shield Also, no calculations were performed
away from the surface where the peak to average effects should be smaller If peak neutron
dose rates at the surface are important, the neutron source should be calculated carefully
in light of the findings herein Further work is needed for specific recommendations at
off surface locations

An additional finding with respect to the generation of spent fuel sources is that
bremsstrahlung effects can be significant for shielding problems of this nature The primary
U S depletion codes, ORIGEN S and ORIGEN2, both take into account bremsstrahlung,
however, a number of popular codes in the United States and abroad do not Also, an
important point to consider when intercompanng gamma source spectra is to compare
based on MeV/s rather than solely on particles/s

As mentioned earlier, all comparisons made to date in the OECD working group's
activities have been to other calculations The next phase of study will compare calcu
lations with experimental results and should allow additional confirmation of the various
calculational techniques studied thus far
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APPENDIX *

NEACRP L 290
Condensed

An FRG Proposal for an International Intercomparison of
Codes for Radiation Protection Assessment

of Transportation Packages

INTRODUCTION

In June 1979, the Committee on the Safety of Nuclear Installations (CSNI) convened
a meeting to investigate the possibility of setting up international projects on fuel cycle
safety Most Nuclear Energy Agency (NEA) members expressed their interest mexchang
ing information and experience on various aspects of spent reactor fuel transportation
Special points of interest were cnticality, heat transfer, and shielding code intercompar
ison This proposal suggests a procedure for shielding code comparison and verification
and includes a recommended set of problems This final version includes comments on the
draft proposal made by the working group participants

Shielding analysis for radioactive material shippmg casks requires the solution ofsome
problems by more or less specialized calculational techmques developed for this purpose
The computation of the neutron and gamma ray source term (absolute value and local
distribution, respectively), the complex geometry (e g, of a fuel assembly consisting of a
bundle of distinct rods that allow for streaming effects), presence of neutron absorbmg
materials in the cask wall, and different types of cooling fins at the cask surface are some
examples for the problems mentioned above

As outlined in previous papers, "packages approved by national authorities for trans
port of fissile materials, including spent fuel, may not be accepted for international ship
ment unless the certification process m the originating country is examined and approved
by the other countries in which the transport will occur " Therefore, an international m
tercomparison of shielding calculational techniques used in licensing of spent fuel shippmg
casks should be beneficial to cask designers and licensing authorities in the international
community Special care should be taken in the intercompanson to use the methods that
are standard practice in the participating countries

This proposal suggests a procedure for accomplishing such an intercomparison exercise
under the aegis of the Nuclear Energy Agency Committee on Reactor Physics (NEACRP)
The proposal is based on the concept that it is necessary to validate calculational tech
niques against actual experimental data as well as comparing results among several codes
applied to the same basic problem For that purpose, it would be useful if the participants
contribute experimental data with respect to their special knowledge In this manner, con
sistent and accurate measurements should be obtained when the assessment procedures
are completed

* This Appendix represents a condensed and edited version of NEACRP L 290, which
was originally issued in 1986 A full copy of NEACRP L 290 can be obtained from the
OECD/NEACRP Secretariat
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This comparison and verification would be accomplished by the calculation by each
participating country of a series of problems important to package certification procedure
Code results would be made available to all the participants and reports of all the results
issued

PROCEDURE

To carry out this exercise, it is proposed that a working group be established, comprised
of specialists from the interested participating countries This group would be concerned
with

1 Selection of standard problems, including

— use category (spent fuel storage, spent fuel transport, fresh
fuel, plutomum, high active waste),

— parameters of transport package to be benchmarked (general
constructional design, cask inventory, materials, construction
details), and

— basic quantities (fission spectrum, flux to dose conversion fac
tors to be used)

2 Compilation of available experimental data for related configurations due to
special national contacts of the participants

3 Analysis of calculations and preparation of a report on the intercomparison
results

SPECIFIC PROPOSAL FOR AN INTERNATIONAL STANDARD
PROBLEM EXERCISE IN SHIELDING CODE BENCHMARKING

The most stringent regulatory requirement governing the shield design of a shippmg
cask are the dose rate limits for normal operation conditions of the International Atomic
Energy Agency (IAEA) transport regulations In the case of a spent fuel storage facility,
an additional restriction can arise when the national authorities set a limit for the envi
ronmental radiation exposure The most important quantities to be checked for are the
mean value of the dose rate at the cask body surface and in some given distances A point
of some additional interest, especially for cask handling and maintaining, is the dose rate
profile along the cask body For a given transportation package to be licensed, some points
have to be considered that can affect the calculational result

— arrangement of radiation sources in the basket (e g , streaming effects in rod
bundles, inhomogeneities m source density),

— basic parameters of the radioactive material (e g , for spent fuel, composition
of fresh fuel, irradiation history, reactor type), and
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— constructional details (wet or dry cask, material composition, basket and
cask body construction, location of neutron absorbmg materials, coolingfins,
instrumentation holes)

In principle, most of these effects can be treated by exact three dimensional (3 D)
modeling of the cask as a whole Because this is time consuming and expensive, the
problem is simplified for treatment by less sophisticated methods But these simplifications
have to be performed carefully to avoid misleading results

Having these margins in mmd, we suggest dividing the standard problem exercise into
two main parts

— First, deal with the influence of different geometrical models on the calculated
dose rate

— Second, check the different methods for determining the neutron and gamma
source strength as an essential input data quantity for the following shielding
calculation This part is understood to be only a starting point, which can
be followed by some other problems of interest

The main ideas in setting up the proposal were

— Because of different calculational models, start with a set of three rather
simple problems to arrive at a basis of consensus

— Add just one complexity in a subsequent problem (leaving dimensions and
materials unchanged in all model problems)

— Choose package conditions that require at least a minimum of neutron shield
ing (preferably choosing a dry cask containing spent LWR fuel)

— Use input data that are as realistic as possible (not giving a detailed de
scription of the fuel assembly top and bottom fittings because these data are
usually unknown to the shield designer)

A general view is given showing the main features of the different model problems
Each of them is discussed in detail in the following sections

The nomenclature and basic quantities used can be found in Tables A 1 and A 2,
respectively
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Table A 1 Nomenclature

Symbol Explanation

<> average value
n neutron

7 gamma ray

E particle energy
^(E) scalar flux density
DF(E) flux to dose conversion factor
D dose rate
S(E) total macroscopic cross section
d distance measured from the cask surface
z axial coordinate
r radial coordmate
p density
T temperature
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Table A 2 Basic quantities to be used for the calculation

Avogadro's No 0 602252 x 1024

Neutron Flux To Dose Rate Conversion Factors Polynomial Coefficients
In Analytic Fit - In DFa(E) = A + BX + CX2+DX3

DF„ (E) = (rem/hr)/(n/cm2 s), E = neutron energy in MeV, and X = In E*

Neutron Energy
(MeV) A B C D

2 5-08 to 1 0-07 -1 2514 +01
10-07 to 1 0-02 -1 2210 +01 1 7165-01 2 6034-02 1 0273-03
0 01 to 0 1 -8 9302 7 8440-01
01 to 0 5 -8 6632 9 0037-01
05 to 10 -8 9359 5 0696-01
10 to 2 5 -8 9359 -5 5979-02
25 to 5 0 -9 2822 3 2193-01
50 to 7 0 -8 4741 -1 8018-01
70 to 10 0 -8 8247
10 0 to 14 0 -1 1208+01 10352
14 0 to 20 0 -9 1202 2 4395-01

Gamma Ray Flux to Dose Rate Conversion Factors Polynomial
Coefficients m Analytic Fit - In DF3(E) =A + BX + CX2+DX3

DFg(E) = (rem/hr)/(photons/cm2 s), E = Photon energy in MeV, and X = In E*

Photon Energy
(MeV) A B C D

0 01 to 0 03 -2 0477+01 -1 7454
0 03 to 0 5 -13626+01 -5 7117-01 -10954 -2 4897-01
0 5 to 5 0 -1 3133+01 7 2008-01 -3 3603-02
5 0 to 15 0 -1 2791+01 2 8309-01 1 0873-01

*Taken from ANSI/ANS 6 1 1 1977
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General View of Model Problems

PART 1 Geometric Modeling

Model problem

Attribute 1 2 3 4 5-6

Predefined source Yes Yes Yes Yes No

Neutron shield No/Yes Yes Yes Yes Yes

Cooling fins No No Yes Yes No

Detailed basket No No No Yes Yes

Wet/dry cask Dry/Wet Dry Dry Dry/Wet Dry

PART II Source Term

Attribute

Type of reactor

Type of fuel

Axially varying source

Model problem

PWR PWR

U02 MOX

Yes Yes

GENERAL REMARKS ON OUTPUT NEEDS

In general, we suggest the reported results be kept to a minimum, that is,

— dose rate at the lateral cask surface and at a distance of 1, 2, and 10 m,
measured from the surface and fin tips, respectively,

— dose rate at the lid surface and at a distance of 1, 2, and 10 m, and

— dose rate at the bottom surface and at a distance of 1, 2, and 10 m

The dose rates should be reported as surface averaged values as well as a function
of position if these data are available from the calculation Furthermore, the dose rate
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contributions of source neutrons, source gammas, and capture gammas should be reported
separately All values should be given in SI units, preferably ^Sv/h

In addition, surface averaged scalar fluxes as a function of energy should be reported
for the surface of the sidewall

On an additional sheet of paper, a short but complete description of the computational
method used should be given It should show

— a short overall description of the method,

— codes,

— cross section libraries,

— energy, angular, and spatial mesh, if appropriate, and

— any additional assumptions made by the user

During the companson of results, it may be necessary for participants to provide
additional information to detect the causes of possible discrepancies
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MODEL PROBLEM 1
CYLINDRICAL IRON CASK WITH HOMOGENEOUS SOURCE

Model problem 1 is a set of three simple basic problems, intended to ensure a basis of
consensus Essentially, it consists of a cylindrical cask with a homogeneous source of given
strength It is split into the following three subcases to obtain a basis check for as wide a
range of applications as possible

Case a pure cast iron shield
no neutron absorbing or moderating materials
source region dry

Case b double layer shield containing 6 cm of polyethylene on the outer surface
source region dry

Case c pure cast iron shield as in case a
source region containing 30 wt % of water

A full description of the model characteristics is provided in Tables A 3 through A 5

Table A 3 Characteristics of model problem 1, case a"

Material Assignment

Region Material6

Source region Homogeneous source (dry)
Sidewall Cast iron
Cask bottom Cast iron
Cask hd 1 4313
Cooling fins None
Neutron shield None

Source Description

Source characteristic Volume distributed fixed source
Source region Identical with cask cavity
Total source strength 1 0 x 109 n/s 5 0 xlO16 g/s

(Subcntical neutron multiplication
not to be taken into account)

Energy distribution See Table A 19
Spatial distribution Constant in the whole source region,

zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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Table A 4 Characteristics of model problem 1, case b"

Region

Material Assignment

Material6

Source region
Sidewall
Cask bottom
Cask hd
Cooling fins
Neutron shield

Homogeneous source (dry)
Cast iron plus 6 cm of polyethylene
Cast iron
14313
None

Polyethylene, set within the outer
diameter of 156 cm

Source Description

Source characteristic
Source region
Total source strength

Energy distribution
Spatial distribution

Volume distributed fixed source
Identical with cask cavity
10xl09n/s 5 0xl016g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant in the whole source region,
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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Table A 5 Characteristics of model problem 1, case c"

Region

Material Assignment

Material6

Source region
Sidewall
Cask bottom
Cask lid
Cooling fins
Neutron shield

Homogeneous source (wet)
Cast iron
Cast iron
14313
None
None

Source Description

Source region
Total source strength

Energy distribution
Spatial distribution

Identical with cask cavity
1 0 x 109 n/s 5 0xl016g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant m the whole source region,
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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MODEL PROBLEM 2
AS MODEL PROBLEM 1A WITH REALISTIC NEUTRON

MODERATOR DESIGNS ADDED

Model problem 2 consists of the same cask as used in model problem la with additional
neutron moderator material Because at least two completely different philosophies exist
on the best way to reduce the neutron dose rate, we suggest splitting model problem 2 as
follows

Case a cylindrical polyethylene rods located m circular holes
inside the cask wall serve as neutron moderator (see Fig A 1)

Case b stripes of epoxi cast resin are fixed on the outer surface
of the sidewall, set within the outer diameter of 156 cm (see Fig A 2)

For the sake of simplicity, we assume the moderating material extends over the full
height of the cask A description of the two subcases of model problem 2 is provided in
Tables A 6 and A 7, respectively Because the addition of neutron moderating material
should not affect the top and bottom dose rate to a great extent, these results can be omit
ted The description of the computational methods used should report only the changes
made relative to model problem la

Table A 6 Characteristics of model problem 2, case a"

Region

Material Assignment

Material6

Source region
Sidewall
Cask bottom
Cask lid
Cooling fins
Neutron shield

Homogeneous source (dry)
14541

14541

14313
None
Polyethylene
Location as shown in Fig A 1

Source Description

Source characteristic
Source region
Total source strength

Energy distribution
Spatial distribution

Volume distributed fixed source
Same as cask cavity
10xl09n/s 5 0xl016g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant in the whole source region,
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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Fig A 1 Characteristics ofadditional neutron shield Case a polyethylene within the
cask wall (dimensions given in cm)
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Table A 7 Characteristics of model problem 2, case ba

Region

Material Assignment

Material6

Source region
Sidewall
Cask bottom
Cask hd
Cooling fins
Neutron shield

Homogeneous source (dry)
Cast iron
Cast iron
14313
None

Epoxi cast resin, set withm the
outer diameter of 156 cm
Location as shown in Fig A 2

Source Description

Source description
Source region
Total source strength

Energy distribution
Spatial distribution

Volume distributed fixed source
Identical with cask cavity
10xl09n/s 5 0xl016g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant in the whole source region,
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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Fig A2 Characteristics of additional neutron shield Case b epoxi cast resm at
outer surface, set withm the outer diameter of 156 cm (dimensions given in mm)
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MODEL PROBLEM 3
AS MODEL PROBLEM 2 WITH COOLING FINS ADDED

Model problem 3 is identical to model problem 2, but cooling fins are added Because
of the different constructions of the neutron moderator model, problem 3 should also be
split into two subcases

Case 3a neutron moderating material inside the cask wall

Case 3b epoxi cast resin serving as neutron absorber located in
between the fins at the outer surface of the sidewall

A full description of the model characteristics is provided in Tables A8 and A9,
respectively The description ofthe computational methods should be reduced to a listing
of the changes relative to model problem 2

Table A 8 Characteristics of model problem 3, case a"

Region

Material Assignment

Material6

Source region
Sidewall
Cask bottom
Cask lid
Cooling fins

Neutron shield

Homogeneous source (dry)
14541
14541

14313
See Fig A3
Total number 35
Midplane of the first fin on the top
level of cask cavity
Polyethylene
Same location as in problem 2a

Source Description

Source characteristic
Source region
Total source strength

Energy distribution
Spatial distribution

Volume distributed fixed source
Identical with cask cavity
10xl09n/s 5 0xl016g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant in the whole source region,
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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Fig A 3 Characteristics of cooling fins Case A neutron shield within the cask wall,
the midplane ofthe first fin is located on the level ofthe cask cavity top (dimensions given
in mm)
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Table A 9 Characteristics of model problem 3, case b"

Region

Material Assignment

Material6

Source region
Sidewall
Cask bottom
Cask hd
Cooling fins

Neutron shield

Homogeneous source (dry)
Cast iron
Cast iron
14313
See Fig A 4
Total number 35
Midplane of the first fin on the top
level of cask cavity
Epoxi cast resin
Same location as m problem 2b

Source Description

Source characteristic
Source region
Total source strength

Energy distribution
Spatial distribution

Volume distributed fixed source
Identical with cask cavity
1 0 x 109 n/s 5 0xl016g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant in the whole source region,
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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Fig A 4 Characteristics of cooling fins Case b neutron shield in between the fins,
set within the outer diameter of 156 cm (dimensions given in mm)
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MODEL PROBLEM 4
MODEL PROBLEM 3 WITH DETAILED MODELING OF

BASKET AND FUEL ASSEMBLIES

Model problem 4 is identical to model problem 3, but the homogeneous volumetric
source is replaced by a detailed stainless steel basket containing five fuel assemblies A
drawing of the basket and the model assembly can be seen in Figs A5 and A6, respec
tively A list of the geometry data of basket and assembly is given m Tables A 15 and
A16, respectively To reduce the number of calculations, we do not distinguish two differ
ent neutron moderation techniques Because of the existence of dry and wet casks, model
problem 4 consists of two subcases again

Case a dry basket

Case b wet basket

A full description of their characteristics is provided in Tables A 10 and A 11, re
spectively Because of the fact that exact descriptions of the top and bottom fittings for
a particular fuel assembly usually are not available, we only give their total length and
masses in Tables A 15 and A 16 To ensure the compatibility of the different results, we
suggest modeling the fittings to be homogeneous over their length This yields a steel
density of 1 01 g/cm3 for both of them Nevertheless, we suppose that for the assessment
of the hd and bottom dose rate, a sensitivity analysis with respect to the modeling offit
tings should be performed Each participant is urged to estimate the influence of different
modeling on the top and bottom results The description of the computational methods
should contain the geometrical modeling of the cask cavity region
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Fig A 5
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Fig A 6 Construction of basket (dimensions given in mm)
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Table A 10 Characteristics of model problem4, case a"

Region

Material Assignment

Material6

Fuel region

Top fitting
Bottom fitting
Sidewall
Cask bottom
Cask hd
Cooling fins
Neutron shield

Source characteristic
Total source strength

Energy distribution
Spatial distribution

Detailed basket with 5 fuel assemblies
(See Figs A 5 and A 6)
Dry
1 4541, p = 1 01 g/cm3
1 4541, p = 1 01 g/cm3
14541

14541

14313
See Fig A 3
Polyethylene
Location as shown in Fig A 1

Source Description

Volume distributed fixed source
10 x 109 n/s 5 0 xlO16 g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant in the active zone of fuel rod
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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Table All Characteristics of model problem 4, case b"

Region

Material Assignment

Material6

Fuel region

Top fitting
Bottom fitting
Sidewall
Cask bottom
Cask hd
Cooling fins
Neutron shield

Source characteristic
Total source strength

Energy distribution
Spatial distribution

Detailed basket with 5 fuel assemblies
(See Figs A 5 and A 6)
Voids totally filled with water
(T = 20°C, p = 10 g/cm3
1 4541, p = 1 01 g/cm3
1 4541, p = 1 01 g/cm3
14541
14541

14313
See Fig A 3
Polyethylene
Location as shown in Fig A 1

Source Description

Volume distributed fixed source
1 0 x 109 n/s 5 0xl016g/s
(Subcntical neutron multiplication
not to be taken into account)
See Table A 19
Constant in the active zone of fuel rod,
zero otherwise

"For dimensions, see Table A 14
6See Table A 18
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MODEL PROBLEM 5
CYLINDRICAL IRON CASK WITH ADDITIONAL NEUTRON

SHIELD SOURCE TO BE CALCULATED BY THE USER

Model problem 5 is the starting point of a new phase of the shielding benchmark
problem dealing with source term related problems It is only a first proposal to start
the discussion The experiences from the first (geometrical) problems and the particular
requests of the participants should lead to adequate modifications to the following model
problems

Model problem 5 consists of a cylindrical iron cask with detailed construction of a
basket including five fuel assembly positions Additional neutron shield is added as referred
to for model problem 2, case a For the sake of simplicity, cooling fins are omitted Instead
of a predefined source, the irradiation history of the fuel assemblies is given, including all
necessary operational reactor data The burnup along the active zone of the fuel rods is
assumed to be axially varying Activation of construction steels in the neutron flux of the
reactor is to be neglected

A description of the model characteristics is given in Table A 12 Basket and fuel
assembly are described in Tables A 15 and A 16, respectively

Table A 12 Characteristics of model problem 5" 6

Material Assignment

Region Material

Source region Detailed basket (see Fig A 6)
5 fuel assemblies (see Fig A 5)

Sidewall Cast iron
Cask bottom Cast iron
Cask hd 1 4313
Cooling fins None
Neutron shield Polyethylene

Location as shown in Fig A 1

"For dimensions, see Table A 14
Source to be calculated by the participants using composition of fresh

UO2 fuel, irradiation history, reactor data, and axial burnup variation,
as listed in Table A 17

cSee Table A 18
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MODEL PROBLEM 6
AS MODEL PROBLEM 5 USING MIXED OXIDE FUEL

Model problem 6 is identical with model problem 5 except that the fuel to be irradiated
is assumed to be mixed oxide fuel as referred to m Table A 17 A full description of the
model characteristics is provided in Table A 13

Table A 13 Characteristics of model problem 6" 6

Material Assignment

Region Material0

Source region Detailed basket (see Fig A 6)
5 fuel assemblies (see Fig A 5)

Sidewall Cast iron
Cask bottom Cast iron
Cask hd 1 4313
Cooling fins None
Neutron shield Polyethylene

Location as shown in Fig A 1

"For dimensions, see Table A 14
Source to be calculated by the participants using composition of fresh

MOX fuel, irradiation history, reactor data, and axial burnup variation,
as listed in Table A 17

cSee Table A 18
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Table A 14 Dimensions of cask body

Cavity (circular cross section)
Diameter
Height

80 cm
450 cm

Cask body (circular cross
Outer diameter

without cooling fins
includmg cooling fins

section)

156 cm
180 cm

Total height 530 cm

Thickness of sidewall 38 cm

Thickness of bottom 38 cm

Thickness of hd 42 cm

Azimuthal cooling fins
Number
Height
Top width
Bottom width
Spacing
Location

35
12 cm

2 cm

5 cm
13 cm

Midplane of the first fin on
the top level of cask cavity

Table A 15 Characteristics of basket

Number of fuel assembly positions
Material

Total weight

Total height
Thickness of structure sheets

Basket phase

Position of basket inside the cask

Position of fuel assemblies inside
the basket

89

5

14541

1043 kg

440 cm

10 cm

None

Resting on the cask base
Resting on the cask base
centrally positioned withm
the compartments



a 6Table A 16 Characteristics of model fuel assembly

Total assembly length 445 cm

Width over flats 23 0 cm
Total rod length 393 cm
Length of active zone 342 cm

lower rod plug 1 8 cm

bottom expansion space 314 cm

top expansion space 16 0 cm
upper rod plug 1 8 cm

Height of bottom fitting 23 0 cm

top fitting 27 0 cm
Void between bottom fitting and rod 10 cm

Void between top fitting and rod 1 0 cm
Total number of rod positions 225

fuel rods 210

control rods 15
Pitch (square lattice) 1 53 cm
Pellet outer diameter 0 969 cm
Cladding inner diameter 100 cm

outer diameter 1 15 cm
Guide tube inner diameter 125 cm

outer diameter 140 cm

Materials and weights per assembly

Material0 Weight/Assembly (kg)

Fuel U02 513 7
Fuel cladding Zr4 135 9
Guide tube Zr 4 119
Lower rod plug 14541 0 74
Upper rod plug 14541 0 74
Expansion spaces Void —

Bottom fitting^ 14541 12 3

Top fitting"* 14541 14 4

"As used in model problems 4-6
6For further details, see Fig A 5
cMaterial composition listed in Table A 18
For the first step, the fitting mass should be homogenized over the

fitting length (effective steel density p = 1 01 g/cm3)
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Table A 17 Composition of fresh fuel of model assembly"

U02 fuel MOX fuel
Isotope (wt %) (wt %)

U234 0 01 0 01
U 235 2 86 0 59
U236 0 12 0 10
U238 85 15 83 95

Pu238 _ 0 01
Pu239 - 2 70
Pu240 - 0 64
Pu241 - 0 12
Pu242

- 0 02

rest rest

Irradiation History

Time Specific power Burnup
(days) (kW/kg hevimet) (MWd/kg hevimet)

300 32 0 96

40 00 96
300 26 0 17 4
40 00 17 4

300 38 0 28 8
40 00 28 8

300 37 3 40 0

Cooling time 2y

Axial Burnup Distribution

Rod position (cm) Rod position (cm)
From1 To Peaking From To Peaking

0 10 0 42 170 180 1 23

10 20 0 60 180 190 1 21

20 30 0 78 190 200 1 19
30 40 0 92 200 210 1 16

40 50 1 04 210 220 1 14
50 60 1 15 220 230 1 11

60 70 1 21 230 240 1 08

70 80 1 27 240 250 1 04
80 90 1 29 250 260 1 00
90 100 1 33 260 270 0 94

100 110 1 33 270 280 0 88

110 120 1 32 280 290 0 78

120 130 1 31 290 300 0 68

130 140 1 29 300 310 0 56

140 150 1 28 310 320 0 44

150 160 1 26 320 330 0 31

160 170 1 25 330 342 0 18

As used in model problems and 6

Dimensions materials and weights as specified in Table A 16
Operational data of model reactor coolant pressure 160 bar average temperature

300 C average boron content 450 ppm
Defined as local burnup/average burnup
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Table A 18 Composition of materials used

Total density Content

Material (g/cm3) Element (wt %)

14541 78 Mn 20

Cr 18 0
Ni 10 0
Fe rest

14313 77 Mn 15
Cr 12 5
Ni 40
Fe rest

Cast iron 70 C 3 25
Si 14

Ni 1 1

Fe rest

Polyethylene 0 91 C 85 6

H 14 4

Epoxi cast resin 125 C 76 3
H 67
0 17 0

Zr4 65 Zr 97 9
Sn 16
Fe 05

Homogeneous source 197 U235 16

(dry) U238 49 1
0 61
Zr4 16 6
14541 26 6

Homogeneous source 2 81 U 235 1 1

(wet) U238 34 4
0 43
Zr4 116
14541 18 6
water 30 0

92



Table A 19 Energy spectrum of neutron and gamma radiation source

Neutrons - continuous spectrum according to following formula

s(E) = A exp( B E) sinh(C E)»
A = 0 451
B = 1 035
C = 229

Gammas - discrete lines according to following

Energy Source strength
(MeV) (s"1)

0 6 2 53 E16"
0 7 2 32 E16
10 6 95 E14
13 5 50 E14
17 6 15 E12
2 1 2 70 E14
2 4 2 54 E12
28 1 32 E12

"Read as 2 53 x 1016
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Fig A 7 Cross section view of prototypic cask
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