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ABSTRACT

This report provides recommendations on the approach to use in the preparation of radiation shielding
evaluations for transportation and storage of packages containing radioactive material. The various methods,
models, and processes relating to the source term, shielding and measurement portions of the submittals are
described. The recommendations in this document are designed to address the regulatory requirements in

10 CFR Parts 71 and 72 and supplement the guidance in the standard review plans issued for transportation
and dry cask storage.
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1 INTRODUCTION

1.1 BACKGROUND

This document gives recommendations on the preparation of the shielding section of an application for a
transportation or storage package containing radioactive material. This report was prepared in consultation
with the staff of the Spent Fuel PI'O_]eCt Oﬁ'xce of the United States Nuclear Regulatory Commission

U.s. NRC) : :

Packages used to transport fissile and Type B quantities of radioactive material are designed and constructed
to meet the performance criteria specified in Title 10 of the Code of Federal Regulations (CFR), Part 71 —
Packaging and Transportation of Radioactive Material (10 CFR Part 71).! Similarly the storage
requirements for spent nuclear fuel and high-level radioactive wastes are covered in Part 72 — — Licensing
Requirements for the Independent Storage of Spent Nuclear Fuel and High-Level Radioactive Waste

(10 CFR Part 72).2 Currently there are several documents that aid the applicant in the preparation of
licensing applications. They include NRC Regulatory Guide 7.9, Standard Format and Content of Part 71
Applications for Approval of Packaging for Radioactive Material,® which contains suggested content and
formatting for an application, and NUREG-1536, Standard Review Plan for Dry Cask Storage Systems.*

Two documents are available that contain standard review plans for transportation packaging; they are
NUREG-1609, Standard Review Plan for Transportation Packages for Radzoactwe Material’ and NUREG-
1617, Standard Review Plan for Transportation Packages for Spent Nuclear Fuel.® This report is designed
to supplement these documents in the preparation and review of packaging applications.

1.2 PURPOSE AND SCOPE

This report is designed to assist the preparer of the shielding section of a Safety Analysis Réport for
Packaging (SARP) for submittal to the NRC. While the term packaging is generally associated with
transport, this document applies this term to both transport and storage applications. This assistance includes
recommended procedures for performing the analyses, including detailed information about models, cross
sections, methods and analysis data. The sample calculations reported herein were performed with the
SCALE system,” but no specific endorsements are made about the use of a particular code system.

This document assumes the reader is familiar with the Standard Format Guide and pertinent sections of the
regulations contained in 10 CFR Parts 71 and 72. The recommendations provided in this document are
intended to assist in the preparation of safety analyses in support of the applications for packaging. Section 2
of this report briefly describes the expected packaging descriptions in the submittal, followed by detailed
recommendations for source term methods, models, and processes in Section 3. Section 4 gives specific and
relevant information on shielding methods, models, and processes to be included in the supporting analyses
of Chapter 5 of a submittal. Recommended techniques for dose rate measurements and instrument
calibration are summarized in Section 5. These measurements are used to ensure regulatory dose limits are
met prior to transport of qualified packages Three appendices are included with this document. Appendix A
gives detailed suggestlons when using the SCALE/SAS2H procedure® for radiation source generation.
Appendix B gives source term importance and sensitivity information for key nuclides and physical

parameters. Included in Appendix C is an example application of the recommendations described in this
report.



Introduction Section 1

1.3 SUMMARY RECOMMENDATIONS

A summary of the specific recommendations contained in the text of this report is presented here. Further
explanation of each of these recommendations is provided in the main body of the report.

1. Provide a complete description of the packaging including physical dimensions, material compositions,
and material densities. See Section 2 for more details. ‘

2. Provide a description, including sketches with dimensions and materials, of the calculational models.
Note differences between calculational models and actual package designs, and discuss how these
differences affect the results of the calculations. See Section 4 for more details.

3. Fully describe the bounding source configuration, including why it is bbunding including justification as
to why the source configuration is bounding. Describe the parameters used to generate the source and
indicate any sources omitted together with the rationale for their omission.

4. Provide a description of the codes(s), cross-section data, and flux-to-dose conversion factors used in the
analysis, together with references that provide complete information. Discuss software capabilities and
limitations. See Section 4 for more details.

5. Clearly present summary dose rate information for both normal and accident conditions, indicating the
limiting locations.

6. Provide sufficient information in the application to support mdependent analyses without reference to
external documents. _




2 PACKAGE DESCRIPTION

This section describes the level of packaging description detail expected in the submittal for licensing of a

transportation and/or storage package. The specific requirements in this section are taken from the various
review guides*® and are only repeated for completeness.

The general information chapter of the SARP should give the overall package design. A summary of the
design features important for shielding purposes needs to be included in the shielding section with perhaps
greater detail than that provided in the general information section. The design features important to
radiation protection safety include, but are not limited to:

* dimensions, tolerances, compositions, and densities of materials for neutron and gamma shielding,
including those of structural or thermal components considered in the shielding evaluation;

e concentration and composition of neutron absorbers;
e structural components that maintain the contents in a fixed position within the package; and
» dimensions of the conveyance (if applicable) that are considered in the shielding evaluation.

All information presented in the text, drawings, figures, and tables should be consistent with each other and
with that used in the shielding evaluation. The information supplied should be described in sufficient detail
to permit an independent review, with confirmatory calculations, of the package shielding design.
Consistency with the important items in the shielding analysis (i.e., shield dimensions, material densities,
fuel type and content along with burnup, enrichment, and cooling time) should be checked closely. If ranges
of these items are specified, clearly state the range of each item and any assumed correlations with the ranges
for the other items. Pay particular attention to adequately describe potential streaming paths.

If the package is designed for multiple types of contents, specify each of the assumed contents along with the
supporting analysis that shows the limiting package contents for each of the locations specified in the
applicable regulations.

The chapter should provide references to the results of the tests for both normal conditions of transport

(if applicable) and hypothetical accident conditions. A clear description of the assumed package/cask
conditions and the resulting models should be provided.

For storage applications (if applicable) the assumed storage array or other assumed configurations, as
specified in the design criterion from Section 2 of the SARP, should be clearly presented.



3 SOURCE TERM GENERATION

The generation of a source term plays a key role in the overa]] shle]dmg ana1y51s for a radloactlve material
packaging evaluation. There are a number of options for detenmmng these quantities. The primary tools
used in source term studies are based on the point- depletxon method and utilize either the matrix exponential
or Bateman chain techniques, or both. The codes that unplement these methods include ORIGEN’ and
CINDER'" codes. The ORIGEN code is the industry standard; however, there are a number of differing
techniques, which utilize this approach. These techniques mclude

o theuse of the ORIGEN2, n ORIGEN-S, 2 or ORIGEN—ARP“ codes with built-in cross-section
librarles ' o A . ,

e custom source term databases for spemﬁc reactor types based on ORIGEN-type calculatlons for a.
wide range of fuel-assembly conditions; and : -

e computational procedures using the SAS2H/ORIGEN-S® module to quantify source terms for -
arbitrary reactor models and conditions.

Recorhknended pr_oeedures for 'mch}o_f these options are g'Aiveoin th_is section. _
3.1 POINT—DEPLETION METHODS AND CODES

The standard techmque for estlmatmg source term mformatlon for spent nuclwr fuel is the pomt-depletlon
method as implemented in the ORIGEN family of codes. The technique uses the followmg governing
equation that represents both production and loss terms appropnately averaged over the ngen system.

The general expressmn for the productlon and loss rate ofa nuchde is

| dN/dt_za x N +Z 1, 0, ON, (x +c<1>)N

where

N; =atom densxty of nuclide i,
A =radioactive decay constant of nuchde i,
6 = = spectrum-average neutron absorpt:on cross sectlon,
' ﬁi,- = fraction of radioactive decay from nuchde J toi,
fix = ﬁactlon of neutron absorption by nuchde k and transmuted to 1sotope i, and
Db = space and energy—averaged neutron ﬂux o

This can be written in matrix form as:
" N'=AN  withthesolutionof .
N =exp(4s) N(©).

The ORIGEN farmly of codes uses the above approach w1th a Taylor s series approxmlatlon of the matnx
exponential solutlon supplemented by the Bateman equations. .
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For the Taylor series approximation, the time variable in these equations is treated in a step-wise mode,
where the total time is broken up into time steps where the method is successwely applied. These time steps
are recommended to be no more than 100 days for a depletion case and a maximum of 100 days for the initial
time step with subsequent time steps obeying the “rule-of-3’s” for decay. Under the rule-of-3’s, each decay
step should be no more than a factor of 3 times the previous time step. Thus, the decay steps for a
10,000-year case should be entered as: 0.3, 1, 3, 10, 30, 100, 300, 1000, 3000, and 10,000 years. To prevent
the necessity of very short time intervals, very short-lived nuclides are removed from the 4 matrix above and
treated using the Bateman chain equations. The Bateman equations solve for specific mass chains and are
thus more accurate for very short-lived nuclides.

The CINDER code uses the Bateman equations exclusively. Both codes make use of the point-depletion
techniques where the flux and cross sections shown in the equations above are energy- and space—aver_aged
over the entire system. Thus, these codes are based on the same underlymg methods and thus tend to gwe

very similar results if the input cross sections and decay constants are the same. The next section will review
the major similarities and differences of the codes.

3.1.1 SAS2H/ORIGEN-S

The SCALE module SAS2H was developed to allow somewhat arbitrary light-water-reactor (LWR) fuel
assembly isotopics and source terms to be quantified. The code sequence combines depletion calculations
with the generation of case-specific cross-section libraries by use of a built-in neutronics capability (see
Appendix A). The fuel-pin size and pitch, fuel/clad/moderator constituents and their densities,
fuel/clad/moderator temperatures, specific power, power history, borated water concentration, assembly
geometry and pitch are all input quantities. The assembly geometry is limited since the models are one-
dimensional (1-D); however, a two-pass procedure allows for a wide variety of fuel types to be modeled
(see Section 3.2 for a discussion of SAS2H models). The SAS2H code is relatively easy to use due to
automatic setup, coupling, and execution of a series of individual codes.  The SAS2H module is a big
improvement over the stand-alone use of the ORIGEN-S code on which it is based. The ORIGEN-S code is
not easy to use and has complete, but often confusing documentation.. The SAS2H module and the
ORIGEN-ARP code (see Section 3.1.5) were designed to utilize the power and flexibility of the ORIGEN-S
code while improving the user interface.

Currently, pressurized-water reactors (PWRs) and boiling-water reactors (BWRs) are readily modeled and
sample problems are included in the documentation. Recently, additional reactor types including plate-type
fuels, RBMK, VVER, and CANDU reactors have been successfully modeled. The more complex assembly
types (e.g., BWR with Gd-rods, pins splits, axially-varying moderator densities) present some difficulties for
the SAS2H program, but prescriptions are included in the manual to mimic most of these complexities.

A useful feature of the SAS2H package is the ability to save the burnup-dependent cross-section libraries for
any system modeled with SAS2H and apply to an identical analysis performed via ORIGEN-ARP. The
ORIGEN-ARP capabilities are described further in Section 3.1.5.

3.1.2 EPRI-CINDER

There are a number of different versions of the CINDER code. These include the original CINDER code as
well as CINDER-2, CINDER3, CINDER?7, CINDER10, and EPRI-CINDER. Of these codes, only EPRI-
CINDER is in the public domain. The basic library in the EPRI-CINDER code is intended only for typical
LWR applications. There is a mechanism for generating other libraries through the EPRI-CELL code, but
EPRI-CELL is not in the public domain. EPRI-CELL does not have the capability for estimation of
structural material activation, and therefore its uses are limited. It also has only a limited number of
publicly-available libraries. Therefore this report will concentrate on the ORIGEN family of codes.
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3.1.3 ORIGENZ

This version of the ORIGEN code was redesrgned ﬁom the orrgmal code and updated libraries for various
reactor types were included. - The original libraries included hxgh-temperatureugas-cooled—reactor (HTGR),
LWR, liquid-metal-fast-breeder-reactor (LMFBR), and molten-salt-breeder-reactor (MSBR) reactor types.

The initial reactor models for LWRs were expanded to include specific PWR and BWR types operating with -
enriched uranium, uranium/plutonium, and depleted uranium/thorium fuel cycles. ORIGEN2-compatible
reactor models for LMFBR and CANDU were also developed and documented. The latest set of updated
libraries includes standard and extended cycles for BWR and PWR reactors corresponding to burnup values

of 27.5 and 33 GWd/MTU for the standard cycles and burnup values of 40 and 50 GWd/MTU for the
extended cycles respectively. :

This wide vanety of libraries, along with the updzited code interfaces, made the ORIGEN2 COde a very
popular package that is still used extensively worldwide. The generation of fuel-assembly hardware sources
using ORIGEN?2 is straightforward (see Section 3.3.2). There have been several attempts atlinking the
ORIGEN?2 code to the multidimensional Monte Carlo code MCNP. The code MOCUP" allows the user to
generate effective one-group cross sections using an arbitrary reactor model and then generate a library

compatible with the ORIGENZ code. Tlus option is very powerful however 1ts use is somewhat
complrcated

Several llmltatrons have hindered the contmued development of the ORIGEN2 code. The first is the amount
of effort and level of complexity associated with generating libraries for new reactor types and variations on
existing libraries. The source algorithm in ORIGEN2 produces a gamma spectrum in a fixed group structure
that should be manually rebinned into another group structure if a multigroup shielding calculation is desired.

There is currently no groupwise neutron spectrum in the code output, which necessitates the user generatmg
one by hand.

*

3.1.4 Characteristics Database (CDB) |

The CDB" was envisioned as an automated, very efficient method for generating source terms for LWR
reactor spent-fuel studies. The database consists of a comprlatron of source terms from a number of LWR
spent fuel scenarios. These scenarios were quantified using the ORIGEN2 code at multiple burnups,
enrichments and cooling times. The user specifies a small set of fuel parameters (fuel type, burnup,
enrichment, cooling time) and the database automatically interpolates the collection of source term
information to the desired spent fuel conditions. This method is still available, but is no longer being
supported or developed; therefore, its usefulness is limited. Shortcommgs of these data exist where the
changes in the source term due to changes in burnup, enrichment, etc., produce inconsistencies due to the use
of different libraries for differing burnup levels. For example, the predrcted source term differences between
35 (generated using ORIGEN2 with a 33 GWd/MTU library) and 45 GWd/MTU (generated using ORIGEN
with a 50 GWd&/MTU library) burnups were incorrect because the base calculatlons were performed usmg
drﬁ'enng underlymg cross-sectlon libranes - .

3.15 ORIGEN—ARP .
ORIGEN-ARP is a PC-based Windows GUI (graphical user interface) program that combines the production
ofa problem-dependent ORIGEN-S cross-section library with the ORIGEN-S calculation and post
processing of the output for plotting purposes. The code is very easy to use relative to ORIGEN-S in stand- -
alone mode. The ARP (automatrc rapid processmg) program is desrgned to produce case-specrﬁc A
ORIGEN-S cross- sectron libraries from an input set of fuel depletion parameters by interpolating existing
ORIGEN-ARP multr-bumup cross-section libraries that correspond to fixed fuel-type, burnup, enrichment, -
and moderator density combinations. The supplied libraries correspond to four assembly types; 14 x 14
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PWR, 15% 15 PWR, 17 x 17 PWR, and 8 x 8 BWR. Additional libraries are planned with the release of
SCALE 5. The depletion parameters specified can range from 0—60 GWd/MTU burnup, 1-5 wt % 2°U
enrichment, and an arbitrary power history. These assembly types and parameter ranges correspond to the
underlying ORIGEN-ARP multi-burnup cross-section libraries produced by the SCALE/SAS2H code and-
saved for use by ARP. Once ARP has produced the case-specific ORIGEN-S cross-section libraries that - -
correspond to the specified power history, the ORIGEN-S code is called and executed automatically. A part
of the Windows-GUI specifies the options for output by the ORIGEN-S code and the portions of the output
that are desired for plotting. The user can select via the click of a button whether the full ORIGEN-S output
or selected plots are viewed on the screen.

The results from an ORIGEN-ARP calculation are virtually identical with those of a corresponding SAS2H
case. Therefore, the use of ORIGEN-ARP is very efficient for the reactor types and conditions that have
already been modeled with SAS2H. ORIGEN-ARP can readily produce hardware region sources using the
scale factor approach (Section 3.3.2). Although not currently available in SCALE, reactor types including
VVER, RBMK, CANDU, and MTR have been successfully processed into ARP libraries.

3.1.6 Other Codes

Other codes that solve for spent-fuel isotopics and/or source terms include WIMS,'s KORIGEN,'? FISPIN,'®
HELIOS,'" and SAS2D? (recently re-named TRITON). These codes, with the exception of SAS2D, were
developed outside the United States and appear to be excellent implementations of source generation
techniques. However, they will not be covered in detail in this report. The TRITON (formerly SAS2D) code
is scheduled to be released with SCALE 5. TRITON uses capabilities similar to the SAS2H/ORIGEN ’
techniques discussed in this document and additionally allows for multxple—pm depletlons to be solved ina
single case. '

3.2 SPENT FUEL ASSEMBLY MODELS

For most of the source term generation techniques, the fuel assembly model is implicit in the cross-section
library and thus the library is typically only used for fuel types that closely match that used to generate the
library. Of the primary techniques discussed above, only the SAS2H technique has the capacity to
specifically model various assembly types. The specific modeling options include:

» Single pin cell - a single fuel pin with white/reflected boundary conditions;

e Simple assembly — full assembly model, but with only limited modehng of heterogeneous assembly
" features; and

¢ Full assembly — detailéd modeling of pin-by-pin characteristics and deplefion afe available.

Of these options only the first two are available in the publicly-released SAS2H module (see Appendix A for
details on SAS2H inputs). Thus, the following discussion of the generation of assembly models will
concentrate on the capabilities and limitations of the techniques in SAS2H.

3.2.1 PWR Models

Many PWR assemblies have a relatively simple design in that all of the fuel pins have the same enrlchment
and the only level of heterogeneity is due to the presence of water holes. Under these conditions, the use of a
single pm—cell—only model is acceptable. If pin-cell-only models are used with assemblies containing water
holes; it is recommended that the extra moderator be included in the pin-cell by modifying the pitch to_
maintain the correct moderator-to-fuel ratios.
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Experience has shown that inclusion of the water holes explicitly by the simple assembly option does

enhance the agreement with experimental isotopic measurements. The standard treatment of the water holes
using the simple-assembly option is to first model the infinite pin cell to obtain cell-weighted cross sections
for the pin cell, and then perform a second calculation with the water hole model explicitly surrounded by the
homogenized cell-weighted material representing the remainder of the fuel assembly. In this case the .
preservation of moderator-to-fuel ratios necessitates that only a fraction of the remainder of the assembly be
modeled. Under this option, the standard rule for N actual water holes in the assembly is that the water-hole
calculatron should model a 1/N portlon of the full assembly ‘ : .

Capabrhtres also exist in SASZH o treat the presence of burnable poison rods (BPRs) This situation is more
complex; however, the standard procedure is the same as described above for the water hole, except the BPR
is modeled inside the water hole. This treatment is only correct if all the waterholes are filled with BPRs,
which is rarely the case. For cases in which the water holes are not all filled with BPRs, SAS2H has an

option to correct the amount of BP material in a single hole (e.g., if 2 of 4 holes are empty the BP number
densities are halved). SAS2H also has the capability to change the number of BPRs as a function of reactor
cycle. This allows for the simulation of the removal of BPRs over the lifetime of an assembly.

A modeling drﬂ'rculty that is umque to PWR assembhes is the 1nclus1on of the boron letdown curve in the ,
source term determination. This operational procedure is automatlcally handled by SAS2H in the following
manner. The input value for the boron concentration in the water is recommended to be the average over the
first cycle. If the average changes for other cycles, the boron fraction value (BFRACT) should be used to
modify the input concentration. If multiple libraries per cycle are chosen, the code will automatically scale
the average boron concentration up or down corresponding to the burnup of each segment. The cycle boron”
concentration is assumed to vary linearly with burnup from a high of two times the average at the beginning
of cycle (BOC) to zero at the end of cycle (EOC). . :

The use of full assembly pin-by-pin depletron capabrlmes such as HELIOS and TRITON (see Sectron 3 1.6)
‘are not needed for the accurate modeling of standard PWR assembly source terms. As PWR assemblies
increase in complexity over time, the use of these more ngorous tools could become necessary

3.2.2 BWR Models

The complexrtles of a BWR ﬁJel assembly are numerous. They mclude the use of both axially and radrally
varymg enrichments and moderator densities, use of partially inserted control blades, and integral burnable -
poison fuel rods. These complexities preclude the use of a pin-cell model for BWR source term analyses.
The use of a s1mp1e assembly model is hampered by these complexities as well. However, the results of
several studies® confirm the usefitlness of the simple assembly model for BWR analyses. The recommended
BWR assembly model consists of an explicit representation of a gadolinium fuel rod and associated channel
moderator surrounded by layers of cell-welghted fuel (from the pin-cell calculation), assembly channel, and
bypass moderator (lugher-densrty water located outsrde the assembly channel). The key to these models is -
the conservation of the actual fuel-to-moderator ratios as was described above for PWR assemblies. For
BWR assemblies, the fraction of the assembly to be modeled, 1/M, corresponds to the number of gadolinium
fuel rods, M. If water holes are present in the assembly, this extra water is placed just inside the assembly .
channel at the assumed channel moderator density.

In this recommended model, the fuel enrichment is assumed to be the average over the entire assembly
(excluding natural uranium reflectors if present).” The assumed average moderator density is determined _
based on a power density or burnup weighting of the moderator density axial distribution (see Table A.1 and
corresponding text). - -Thére is a shght variation of the neutron source production due to the spectral shift for
low-densrty moderatlon however a check of the calculatrons reported in Reference 21 reveals that the peak
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generation of **Cm occurs in the same axial node where the peak power occurs. Thus, the power or burnup
weighting of the moderator density adequately captures the spectral variation.

The final issue is that of the influence of the control blades and their movement on the magnitude of the
source terms for BWR fuel assemblies. - This issue is currently unresolved and requires further study. In the
interim; however, the use of the above conclusions can be used to speculate on the effects. The predominant
effect on the generation of source terms is the integral power. The majority of the power from BWR
assemblies under control blade cycling (the in-and-out movement of the blades over time) comes when the
control blades are effectively removed. Thus, the influence of blade insertion on the total source is expected
to be small. The influence of previous perturbations in the reactor configuration is generally seen to decrease
over time; hence, the influence of control blade movements is expected to have little effect on the final
sources if they occur early in the assembly lifetime.

3.23 Plate-Type Fuels

Plate-type fuels are seen largely in research reactors, not power reactors. There are, however, quite a large
number of such facilities worldwide. The SAS2H capability for analyzing the source term for plate fuel is
relatively new. As a result very little experience is available for this option. No known benchmark studies

are available for this fuel type, and a known deficiency (see below) currently exists with the SAS2H
software,

The procedure for modeling plate fuel is to specify the SYMMSLABCELL geometry option, which performs
a “pin-cell” calculation on an infinite array of a typical plate. The cell-weighted cross-section library from
this step is then used in a full assembly calculation using the same approach as the PWR and BWR
calculations described above. The primary difference is that the parameter VOLFUELTOT should be -
specified for this option since the width of the plate is not available to the code. In a few cases, the assembly
calculation can be performed on the full core if there are no repeated small units of plates in the core.

An example of this is the High Flux Isotope Reactor (HFIR) at the Oak Rldge National Laboratory (ORNL),
where the entire core is a single assembly consisting of two concentric rings of plate fuel. It should be noted
in using this option that although fuel plates are modeled in the pin cell calculation, the full assembly
calculation is assumed by the code to be a cylindrical assembly.

A known deficiency in the SAS2H procedure for plate-type fuel concerns the generation of the neutron
source due to (o,n). The generation of neutrons due to the interaction of a particles with a target material is
treated in an automated manner in the SAS2H code. The code currently assumes a UO, matrix for the
production of neutrons due to o partlcle interaction. In plate-type fuel, typically, the fuel is a uranium-
aluminum alloy or a mixture of uranium oxide and metal-oxide powders.- These fuel matrix scenarios require
the separate execution of the ORIGEN-S or ORIGEN-ARP code in a stand-alone manner with the -
borosilicate glass option. This calculation is further complicated by the lack of a sophisticated algorithm for
the (or,n) production. The algonthm does not allow for the differentiation of the metal in the clad and the =~
metal in the fuel matrix.- Also, the borosilicate glass option in the ORIGEN-S code generates a neutron
spectrum corresponding to the (c,n) production in boron only, and does not accurately produce spectra for
other materials. This deficiency will be removed beginning with version 5.0 of the SCALE system and
version 2 of the ORIGEN-ARP package.

3.3 PROCESSES

Previous sections have dealt with the methods of source term generation and the recommended models for
generation of the underlying libraries for the most popular code systems. This section presents a list of
recommendations for the generation of source terms using the most popular methods and models. These
recommendations are presented with specific application to uranium-fueled LWR spent fuel sources,
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hardware activation sources, and cross-section libraries in the followmg sections. A brief summary of other *
fuel types is grven at the end of this section.

3.3.1 Actlve Spent Fuel Reglon Isotoplcs a

Depending on the method of source term generation chosen, different parameters are available for selection.”
This section will address the important parameters in the source generation procedures give typical values
for many parameters and (where possrble) give the magmtude of the effect.

The most important parameters with respect to the spent fuel source terms, are burnup, enrichment, fissile
loading, and cooling time. The relationship between source terms and the magnitude of some of these
parameters is well known. For example the magnitude of the neutron source strength is proportional to the
bumup raised to the fourth power.” The gamma source is similarly directly proportional to the burnup
values.? The neutron and gamma sources decay over time exponentlally according to the half-life values of -
the principal isotopic constituents. - The neutron source is also known to increase significantly with -~
decreasing enrichment for fixed burnup levels (see explanation below). A series of calculations is reported in
Appendix B that allows for further examination of the variability of the neutron and gamma source terms
with the input parameters. The parameters studied therein are variations in the specific power, enrlchment
fuel densrty, fuel temperature moderator temperature boron loadmg, and moderator densrty k

The results in Appendrx B 1ndrcate the following trends for PWR and BWR applications at an assurned

cooling time of 5 years (numencal values in parentheses are the power coefficients” of the variations m the
source due to variations in the specified parameter): -

1. Neutron source (pnmanly 24Cm for cooling times beyond 5 years, 2Cm can be important for tlmes

" less than 5 years) is most strongly influenced by burnup (4 12), enrlchment -1 98), fuel densrty
(—2 83), and moderator density (-0.44)."

2. Gamma-ray source terms are primarily mﬂuenced by burnup (1 00), fuel densrty (—0 96 for 60Co),

* moderator densrty (-0.79 for 1%En), spec1ﬁc power variations (0.65 for M"Pr), and enrichment (-0.57
- for €Co). _ , .

The gamma-ray source sensitivities are expected to Vary over decay time, since the various dominant

1sotopes vary over time. The contributions of the various fission product and light-element isotopes to the
primary gamma doses over decay time are shown in Figure B.3 in Appendix B. From the graph, itcanbe . .
seen that "“*Pr and '*'Cs are the dominant sources for cooling times less than 5 years, ®Co and **’Cs for

5-20 years, and "7Cs for more than 20 years.

These results confirm the importance of the burnup, ennchment and ﬁssrle loadrng (fuel densrty) In addrtron
they are useful in determining the effect on the neutron or gamma sources of uncertainties in the parameter
“values. The practlce of specifying a maximum bumup along with a minimum enrichment (e1ther asingle
pair or a series of burnup/ennchment limits) and a mmxmum coolmg trme 1s typlcally used to establlsh a
practical upper bound for the source strengths o

The importance’ of the ﬁssrle loadmg enters into both the’ enfichmierit and the fuel densny ‘A check of the
effective den51ty is recommended to ensure a reasonable value. The theoretical density of UO, is -

10.96 g/cm’ and a practlcal density value to assume 1s 95% of theoretlcal den51ty or 10.41 g/cm If only

* These power coefficients are defined such that the va.natlon in the source, S is related to the vananon ina parameterx,

by a power coefﬁcrent pi accordmg to the followmg relatlonshlp S oc H x

-1
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the total mass is given, the mass is converted into a fuel density by dividing by the effective fuel volume.
The specification of a minimum fuel density (see Figure B.6 for the variation in key source isotopes with fuel
density) should be considered only when fuel assemblies with a large range of 1mt1al fuel density are
possible, which is not the case for PWR and BWR applications. : .

The moderator density has an important effect on **Eu, which can be an important contributor to the
gamma-ray source term. A variation in the moderator density causes a spectral change in the neutron flux .
and thus, isotopes that result from resonance or thermal capture (***Eu neutron captures to '**Eu) are sensitive.
to changes in the moderator density. The enrichment and fuel density effects are largely due to the amount
of fissile material present. For smaller amounts of fissile material under the same bumup and specific power
conditions, the thermal fluxes must increase to meet the total burnup and power specification. This increase
in thermal flux gives rise to enhanced productlon of capture-produced isotopes like “Co, 2**Cm, and **Cs.
The variation of *'Pr with specific power arises due to the very short half-life (285 days) of the parent '*Ce.
Because of the short half-life of **Ce, the early productlon is decayed away by the end-of-cycle. Only the
atoms produced near the end-of-irradiation remain, and their production is directly proportional to the
specific power near the end-of-irradiation.

The axial-burnup profile is also an important effect to be accounted for in the shielding analysis for a
package containing spent fuel. The source corresponding to the peak burnup can be conservatively used for
the radial dose rate calculation and the source corresponding to the average axial burnup is conservative for
the top or bottom dose rate calculations. However, the degree of conservatism can be lessened by the

inclusion of the entire burnup profile. The use of a typical burnup profile for the given level of burnup
should be sufficiently accurate for these purposes.

In BWR environments the axially-varying water dcnsity can also contribute to a significant variation in the
neutron source. The magnitude of this variation is clearly shown in Appendix B by the change in the ***Cm
concentration as a function of the moderator density. However, the value of the moderator density typically
used in a BWR application is 0.4-0.5 g/cm’ based on a power or burnup proﬁle wexghtmg of the actual

- moderator density profile. As seen in Figure B.7, the neutron source (due to 2*Cm) is only slightly higher
for moderator densities of 0.2-0.3 than those at 0.4-0.5 g/cm Therefore, the burnup profile effect masks
the moderator density effect due to the much larger variation in the neutron source with burnup, which also -
changes axially. This effect was confirmed by observing that the peak source occurs in the same axial zone

as the peak power in a case where BWR axial fuel zones were separately depleted using a bumup profile to
select each zone  power.

3.3.2 Hardware Region Activation

The activation of the assembly hardware in a spent fuel assembly can be an 1mportant part of the overall
source-term generation procedure. The primary contributor to the source term is from activation of the *Co-
impurity in structural materials like steel and inconel. The quantlty of the impurity is the most important
parameter in determining whether the hardware contribution is significant. Impurity levels of 0.5 wt % in
structural materials can dominate the gamma source term for shielding calculations. This fact has been
recognized in most modern fuel assemblies and more recently the amount of impurity has been limited to

0.1 wt % or less. The general procedure for generation of the hardware region sources is to include the
elements in the hardware materials in the fuel assembly source term calculation. Scalmg factors that depend
on the location of the hardware (ie., the endfittings are outside the active fuel region, the grid spacers and .
thimble plugs are in the fuel region) are applied to account for variations in the activation rate relative to the
active fuel region. A summary of previously published scale factors is provided in Table 1. The values
exhibit large variations and the basis for selecting the scale factors should be addressed by the applicant. The
newer values are generally much larger and can create design problems in some casks. There is reasonable
agreement between the 1987 and 1989 values for the plenum spring and bottom endfitting regions, such that
the 1989 values are recommended. If the 1978 or 1987 values are used, the applicant should justify their use.

12
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Scale factors for components in the active fuel region (i.e., control blades, BPRs, and thimbl&s) should be
assumed to be unity. Ex-core components not included in Table 1 should be quantlﬁed using techniques
similar to those used to generate the quanntm in Table 1.

Table 1 Comparlson of scale factors

ORNL-6051 DOE/RW-0184 PNL-6906

Component Element = - (1978)" Q98 - (1989)%
“Top endfitting Ni 0011 0.051 ~0.10
8 ©Nb - 0.011 0018 010

Co 0.0074 0.034 0.10

Plenum-spring region ~ Ni - 0.042 ‘ 0.556 0.20

‘ No i 002 - 0174 0.20

Co ' 0.028 0365 ... 020

Bottom end-fitting Ni 0.011 0.290 0.20
Nb 0.011 0.107 0.20

-Co . 00074 - - 0.202 0.20

The procedure for estimating the hardware source term dlffers depending on thc analysis method. The
ORIGEN?2 procedure uses the flux estimate from the active fuel calculation along with an input quantity of
structural materials (typically a gram of material multlphed by the above scale factor). The ORIGEN-S,
ORIGEN-ARP, and SAS2H calculations each use, in essence, the same procedure. The ORIGEN-S code has
the capability of deleting all but selected elements. The ORIGEN-ARP code uses this capability to generate
the source for the fuel and the hardware combined, and then selects only the isotopes in the hardware
materials and applies a scale factor to produce a hardware source. The ORIGEN-S element deletion
technique can also be used with SAS2H; however, a standard SAS2H case should be followed by a stand-
alone execution of ORIGEN-S which specifies which elements are to be deleted. The CDB and EPRI-
C]NDER codes do not have the capability of producmg hardware sources.

3. 3 3 Cross—Sectio'n Libraries

In general, the use of evaluated nuclear data cross-sectlon llbranm based on the latest available evaluation is
recommended. Validation studies® have shown that substantial improvements are seen with ENDF/B-VZ
over libranes based on ENDF/B-IV.® These same studies indicate that some unprovements are also seen in
ENDF/B-VL the latest set of U.S. evaluated data. SCALE libraries fully utilizing ENDF/B-VI data are not
available at this time for use in source term studies. As additional libraries become available, their use is
recommended. Recommendations for specific cross-section libraries used in characterization of spent fuel
source terms are difficult due to the large variety of techniques available and the limited library selection for

each code. Thus specific comments will be made for each technique along thh recommended hbrarm, if
appropriate. :

13
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3.3.3.1 ORIGEN?2 Library Selection

The most recent ORIGEN?2 libraries (PWR-UE, BWR-UE, PWR-US, and BWR-US)* should be reliable for
typical LWR applications. As LWR fuel assemblies become more and more complex, the need for
additional LWR libraries will grow. Results using the non-LWR libraries should be viewed as preliminary
due to their limited use and significant elapsed time since their generation. The source sensitivities shown in
the previous section indicate that large variations in the predicted source terms can be expected if the
assembly parameters assumed when generating the libraries are not typical for that assembly type.

The capability of the MOCUP code procedure to generate additional ORIGEN?2 libraries is a method that
should allow for many additional assembly types to be included in an ORIGEN?2 analysis. However, due to

the complexity of the technique, a validation similar to that performed in Ref. 26 should be performed or
referenced.

3.3.3.2 SCALE Library Selection

The use of the SCALE 44GROUPNDFS5 library* is recommended for source term generation via the SAS2H
or ORIGEN-ARP methods. The core cross-section libraries that have been released for use with ORIGEN-
ARP are based on this recommended library. Validation studies® have shown that the 44GROUPNDF5
library, based on ENDF/B-V with selected isotopes from ENDF/B-V], performs much better than the
27BURNUPLIB library,*! which is based on the ENDF/B-IV evaluation.

3.3.3.3 Group Structure Effects

The dose rate predictions due to spent fuel are, in general, fairly insensitive to the number of energy bins
(groups) in the neutron or gamma-ray source description. The dose rates are sensitive to the location of the
upper- and lower-energy bounds of the energy groups. The dose rates are also sensitive to the effective cross
sections; however, the next section on shielding will discuss these effects. The dose response is largely a
high-energy response (energies above 500 keV) and thus only 10-20 groups are required for the neutron and
gamma group structures. The selection of the group structure for gamma calculations can, under limited
circumstances, cause inaccuracies to arise in the dose rate solution. The 18-gamma-group structure utilized
in both ORIGEN2 and SAS2H/ORIGEN-S is appropriate for the **Pr-gamma line. The primary energy of
this isotope is 2.18 MeV, which is well represented in either group structure (2.0 to 2.5 MeV). However, the
20-gamma-group structure in the BUGLE series of libraries is not well representative of this gamma energy
(2.0 to 3.0 MeV). This isotope is important in spent fuel analyses for cooling times of < 5 years.

The ideal gamma group structure is ong where the most important gamma lines are centered within the
energy bins. This is because the effective cross section for the energy bin is chosen for the energy at the
center of the bin. The important gamma lines for spent fuel correspond to '*‘Pr (2.18 MeV), **Cs (0.60 and
0.80 MeV), ®Co (1.17 and 1.33 MeV), ¥’Cs (0.66 MeV), and **Eu (1.27 MeV). It is also highly
recommended that the gamma lines be directly binned into the group structure used to perform the shielding
analysis, not placed in a standard bin and manually rebinned into the energy bins used in the shielding
analysis. However, if one chooses to manually rebin, note the binning criterion in the following paragraph.
The ORIGEN-S family of codes (SAS2H, ORIGEN-ARP) can bin the gamma lines sources into an arbitrary
group structure, while the ORIGEN2 code bins into a fixed 18-gamma-group structure.

For discrete gamma lines, there is a one-to-one correspondence between the energy source (MeV/second)
and the particle source (particles/second). However, once placed into the energy bin, approximations should
be made to relate the number of particles and amount of energy. The standard procedure is to conserve the
energy of the particles. Under this approximation the number of particles is adjusted by the ratio of the
gamma energy to the average energy of the bin. This binning procedure is not rigorous, but is sufficiently
accurate as long as the bins are not too large (a maximum factor of about 1.2 between the bottom and top
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energy bounds are recommended) and the most important gamma lines are near the average energy of the bin
(recommended minimum difference of < 5%). These recommendations are loosely based on the example
shown in Table 9.20 of Ref. 22 where a 10% difference in the gamma line energy results in a 40% change in
the calculated dose fora deep-penetxatlon shield.

3.3.3,4 Source Vahdatlon Studies

Validation of the neutron and gamma sources is a difficult task. The approach generally taken is a validation
of the concentrations of the nnportant isotopes relative to neutron and gamma source terms. Measurements
have been published®®* for six of the seven isotopes discussed in Section 3.3.1. These isotopes (i.e., “Co,
Bics, ¥7Cs, 13Ey, pr, 22Cm, and >*'Cm) are the major contributors to both neutron and gamma-ray
sources. The only isotope not included in these measurements is '**Pr, which is only important for short
cooling times (i.e., <5 years). Comparison of predicted isotopics with these measurements indicates that
using the latest versions of the nuclear data files (ENDF/B-V and ENDF/B-VI) typically give agreements -
within 10%. Earlier nuclear data files showed differences of up to 40% for these same nuclldes The use of
measurement benchmarks is encouraged for validation purposes. - :

The above conclusmns rcgardmg lsotoplc nnportances are largely based on compansons with measured data
that contain maximum burnups of about 40 GWd/MTU. However, additional studies® have recently become
available that approach 50 GWd/MTU. Similar conclusions to those noted above are rwched in this new _
study. Sensitivity studies have indicated that no significant change in the nature of the comparison is
expected with burnups up to 75 GWd/MTU (Ref. 34). However, ultimately the validation of source terms .
for burnups approaching 75 GWd/MTU will need to be demonstrated via the use of assay measurements.

As these enhanced burnup | mmsu:ements become avallablc thelr results should be factored into future
analyses.

3.3.3.5 Source Tcr'm'Components o

The cross-section libraries available to the users of the ORIGEN famlly of codes also have built-in
assumptions regarding the makeup of the neutron and gamma-ray source terms. The neutron source during
decay is typically made up of spontaneous fission and (o,n) contributions. The default for the ORIGEN
codes is production of (c,n) neutrons from a UO, matrix. If fuel other than uranium is present, the
computatlon will correctly include the energies of the a particles from these other actinides. However, if the

fuel is not in an oxide matrix, one will be automatlcally assumed. Optionally, an exp11c1t (o,n) capability is -
available for non-omde fuels (see Section 3.2.3).

Slrmlarly, the gamma-ray sources have two components durmg spent fuel decay after 1rrad1at10n thc fission-
product decay-gamma radiation and the rad1at10n from bremstrahlung due to slowmg down of B particles in -
the fuel. The radiation from bremstrahlung has a contmuous energy spectrum from the energy of the B
particle downward and can have a small effect on the predicted gamma dose rates. The built-in option in the
ORIGEN codes assumes bremstrahlung contribution due to a UO, matrix. It is possible to estimate
bremstrahlung from a water medium or omit the bremstrahlung contribution by picking the appropriate
alternative ORIGEN library. The three library names are maphu02b (ﬂ26f001), maphh20b (ft24f001), and
maphnobr (ft23f001). A modification of the ORIGEN input is necessary to change the selected library unit
from 26 to either 23 (no bremstrahlung) or 24 (water bremstrahlung). Alternately, ‘the appropriate library can
be copied to the ft26f001 file and the ORIGEN cases executed with standard inputs. This procedure is
simplified with ORIGEN-ARP 2.0 where the choice of bremstrahlung options is selected from a menu.
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3.3.4 Other Spent Fuel Types

There are large numbers of other spent-fuel types that could be covered in this section. However, it is not
necessary to cover them with the same level of detail as the LWR spent fuels. MOX fuels are expected to
have the same general characteristics as high-burnup UO, fuel with an enhanced contribution from neutrons
due to initial presence of plutonium in the fuel assembly. However, there is little or no isotopic validation
available for MOX fuels, thus additional studies need to be camed out to ensure the performance of current
source procedures for these fuels. -

A small class of fuels utilize thorium as a fertile blanket/target along w1th some form of fissile uranium as a
driver. The use of thorium or 2*U as fuel gives rise to the pr roduction of *2U that contains highly radicactive
* daughters, in particular “*T1. Bounding concentrations of “*?U should be justified for these fuels. Indeed, for
unirradiated quantities of thorium, the presence of 2*T1 needs to be considered, since it is one of the
daughters of thorium decay.

Care should be used in the source generation for fuels in a matrix other than oxygen. Typically, the neutron
source for oxide-based fuel is almost entirely spontaneous fission. The (¢t,n) contribution to the neutron
source from an oxide matrix is about two orders of magnitude below the spontaneous fission values.
However, for other fuel matrices this may not be the case. Common materials that are sngmﬁcant producers
of neutrons via (¢t,n) are beryllium, boron, aluminum, and fluorine.

3.3.5 Radioactive Material Sources

Radioisotopic sources come in many sizes, shapes, and forms. 'Actinide-bearing sources generally are
neutron-specific producers, either via spontaneous fission or (¢,n) when combined with various target
materials. The spontaneous fission sources are generally rated based on the specific neutron source rate or
by mass of the fissioning isotope. Typically, the source magnitude can be easily calculated if the mass is
known. The source spectrum can also be calculated by hand from given spectrum formulae such as a Watt or
Maxwellian curve and parameters specific for each nuclide (see Appendix H of Ref. 35). Alternately, these

calculations are easily performed by the point-depletion codes, which generally have built-in spectra for the
most important nuclides. .

For radioactive sources that generate neutrons via the (c,n) process, the neutron production rate can be
estimated via standard point-depletion codes. However, the spectra are dependent on the target materials and
are thus more complicated than the methodology in some of the standard codes. The SOURCES* code,
version 5.0 or later of ORIGEN-S, and version 2.0 or later of ORIGEN-ARP can estimate both the number of
neutrons per second and their energy spectrum under these circumstances. For situations where the (c,n)
contribution to the total source is significant, it is necessary to accurately quantify or establish bounding
valuds for all impurities, especially light elements that are known to produce significant (c,n) quantities.

Curies or grams usually specify the quantity of these radioactive sources. For isotopic sources with simple
(one daughter product) parent-daughter decay schemes, the source magnitude and energy spectrum
computation is straightforward. For these simple sources, the source magnitude can easily be calculated by
hand. Gamma-line source data can then be used to estimate the spectrum or simply input the specific energy
lines if a point-energy code is being used.

For radioisotopic sources with many daughters, care should be exercised in the conversion from curies or
grams to source particles per second. The buildup of daughter products should be taken into account, either
explicitly via a decay code calculation or approximately by inclusion of equilibrium daughter products.

If the sources are calculated via an explicit calculation using a decay code, the quantity of interest is the peak
dose due to the source, not the peak activity of the source. Typically, these peaks occur simultaneously;
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however, lcnowlédge of the dominant contributor to the dose and its gamma-line energy is useful in this
. determination.

1t is necessary to decay the specified quantities of source material until the peak dose occurs. If the amount
of primary source material at the time of peak dose has changed due to the decay, then it is necessary to
renormalize the total quantity of primary source material to the initial values. Renormalization to the initial

quantities of source material is necessary only when the time of peak dose rate is a significant fraction of the
half-life for the parent source isotope.
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4 SHIELDING ANALYSES

This section of the report will describe the various computational approaches to the solution of radiation
protection problems, followed by factors to consider when deciding which methods and models are .
appropriate for a given application. The last pomon of this section will address specific issues in the

generation of shielding and dose rate solutions that wﬂl typlcally arise in preparatlon ofa safety apphcatloh o
for transport and storage packaging. - : : o

4.1 METHODS

Over the years a variety of shielding analysis methods have been utilized for radiation protection activities.
These methods include a series of point and line source analytical solutions, the point kernel technique,
various deterministic techniques like discrete ordinates and spherical harmonics, and more recently
multidimensional Monte Carlo solutions. Transportation and storage casks containing radioactive materials
fall into a class of shielding applications deemed deep-penetration problems. -Deep-penetration problems can’
be loosely defined as 23 orders of magnitude attenuation due to the shielding materials. Under these
conditions, the methods and data applied to the problem solution are extremely important for accurate ‘
analyses. This section will briefly describe the primary methods currently in use, the point kernel technique, -

discrete-ordinates methods, and Monte Carlo techniques along thh thelr strengths weaknesses, and
recommended usage.

4.1.1 Point Kernel Method

Point kernel techmques are extremely s1mp1e yet effectlve for a number of shleldmg apphcatlons for spent
fuel packaging. The technique is based on an analytic point source solution where the unattenuated flux at
any distance  from the source point is proportional to the source rate (particles/s) divided by 4nr%. _
Attenuation is treated in an approximate manner through the use of built-in attenuation coefficients and
buildup factors. The pomt kernel techinque breaks an arbitrary source volume into volume segments and
assumes the total source in that volume is a point source at the center of the volume. The contnbutlons to the
detector flux/dose from all source volumes are summed to obtain the pomt kernel solution.

Pomt kemel techmques are best utlllzed when their shortcommgs are clwly recogmzed and avoided. - This
discussion of potential inaccuracies of point kernel techniques is primarily aimed at the two most widely - ’
used programs (i.e., the ISOSHIELD/MICRO-SHIELD” and QAD*® codes). Point kernel techniques should
only be used when the primary source of radiation is due to gamma rays, since the current implementations
do a poor job of characterizing neutron attenuation. In general the method should be able to handle
practically any source geometry; however, the current most popular codes work best when the source
geometry is rather simple. Homogeneous source bodies at the center of the configuration are the easiest
source geometry to model. A thorough understanding of the code options is necessary to model more
complicated source forms. The current versions of these codes also perform best when the shield body has
only one primary gamma shielding material.” The buildup factors that are built-in to the code are appropriate
for only a single material gamma shield. If there is a multiple-layer shield, the QAD manual states that the
buildup factors should correspond to the most significant outermost shield material. There are several other
procedures for determining the effective material for a multiple-layer shield. Once an effective Z is known,
the material with a Z value that most closely matches the effective Z is entered for the buildup factor
calculations.

A final deficiency in the use of point kernel techniques is the oblique or grazing angle approximation. This

inadequacy of the technique occurs when the path between the primary source point and detector point

penetrates the shield body at a very large angle relative to the normal. A practical test for this effect is that
AN
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the height-to-diameter ratio of a cylinder should be less than about 30 for mid-plane doses on the side of the
cylinder. Similarly the ratio of the source-to-detector lateral distance to the shield thickness should also be

less than 30. These shortcomings should be of little practical importance for typical spent fuel packaging
applications.

The technique is useful for geometry spot checks on a more complex geometry (e.g., the radial dose from a
smeared cavity for checking a detailed basket configuration model). Another useful feature is the ease at
which gamma group structure effects can be determined by using the source generation procedures to
produce a very fine energy group source for comparison with a standard few group source. The SCALE
system automates this procedure by allowing the point kernel code, QADS, to directly read the source from
an ORIGEN-S/SAS2H/ORIGEN-ARP calculation. (See Appendix A for discussion of output format for
sources produced by ORIGEN.)

Point kernel techniques are not recommended for void penetration studies or any streaming calculations,
since the method uses a line-of-sight attenuation method that does not account for reflection from the sides of
the streaming path. The point kernel method also produces the output dose rates in a useful format. The
dose rate is tabulated for each source energy group. This allows the direct determination of the most
important source energies or groups. This is a useful feature for determining the causes of differences
between various calculations or even various methods. Non-kernel methods include gamma-ray energy
degradation in the transport solutions; therefore the dose by source group is not available.

4.1.2 Discrete-Ordinates Method

Discrete-ordinates codes provide a direct solution to the Boltzmann transport equation® and thus provide a - -
more rigorous solution than the point kernel method. The method derives its name from the discretization of
the angular variation in the particle flux into discrete angular directions. Existing codes are available with -
1-D, two-dimensional (2-D), and three-dimensional (3-D) capabilities. The spatial variable in the Boltzmann
equation is discretized into spatial meshes to enable the approximation of the spatial derivative as a finite
difference. The energy variation in flux is similarly discretized by defining energy ranges or groups where

" effective cross sections have been defined. This discretization of the system unknowns makes the method
more accurate as the spatial, energy, and angular segments are refined. The system angular representation -
can be characterized as the S, quadrature order, and is recommended to be S;¢ for shielding calculations.
The mesh size for the spatial discretization is material dependent; however, a rule-of-thumb is that the flux
and/or dose rate should not change more than a factor of two between neighboring mesh intervals.
Recommended mesh sizes for typical shielding materials are as follows:

1. for gamma radiafion, mesh size of 0.3 cm (uranium), 0.5 cm (lead), 0.7 cm (iron), 1.0 cm (concrete);
2. for neutron radiation use 1.0 cm mesh for all materials; and
3. for source media and low-density materials mesh size can be 3-5 cm.

The use of discrete-ordinates methods is typically limited to the cavity and shield portions of the geometry.
This limitation is due to both inefficiencies and inaccuracies in extending the solution through several meters
of void or air. The recommended approach for these calculations is like that in XSDOSE (1-D)* and-
FALSTF (2-D and 3-D),"! where the leakage from the shield is processed along with a last flight collision
estimator to produce fast and accurate estimates of the flux and dose rates for external detectors.

The inclusion of neutron upscatter effects in a discrete-ordinates calculation can be quite problematic due to
the increased difficulty in the convergence of problems with significant upscatter. Upscatter effects are only

important for thermal neutrons where the velocity of the neutron is comparable to the velocities of target
materials due to thermal energy. Under these conditions neutrons can gain energy in a collision with a target
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nucleus. These effects are only important in shielding calculations when the production of secondary
gammas are important (see Section 4.3), since the production of gammas is due in many cases to thermal
neutron capture. In 1-D codes, the treatment of upscatter is generally accomplished by increasing the
number of outer iterations to 20-40 or more for large systems. In 2-D and 3-D codes, computing time
restraints can necessitate a change in the default iteration strategy. The approach is to break the problem into
pieces, first the non-thermal groups, then thermal groups where upscatter is possrble then finally the
secondary gamma calculatrons c

The convergence of the ﬂux is key to obtammg an accurate solution using the method of drscrete ordinates. -
The flux convergence criterion is usually set at 10™ and this value is generally sufficient. However, the user
should verify that the convergence has been reached. Messages generated by the codes typically indicate
when convergence has occurred, but the results are typically given whether the solution converges or not.

For problems with significant fission occurring, the fission density should also be checked to ensure it has
converged. The convergence criterion on the fission densrty is usually the same as that of the flux.

A general problem encountered in drscrete-ordmates analyses is the occurrence of ray eﬁ'ects Ray effects -
refer to unphysical peaks or rays in the solution due to the inability of the angular quadrature formula to -
approximate the scalar flux. Ray effects are generally observed in problems that have weakly scattering
media and/or localized sources. The numerical solutions tend to be overestimates or underestimates of the
correct solutions along fingers or rays emanating from the point source. - The mitigation of ray effects is
typically accomplished by an increase in the angular quadrature for the problem. As previously stated, the -
use of S;¢ for cask calculations is generally sufficient for shielding calculations. For situations in which the
source is effectively a pomt and the desired dose rate locations are several hundred meters away, the use of a
first-or-last collision code* could be necessary.. Additionally, for void streaming problems a hrgher angular
quadrature or a tailored quadrature set is usually needed for accurate solutrons :

Various discrete ordinate codes offer drffermg algonthms for the spatral fmrte drfference approximation. -
They include step, linear, linear step, linear-zero, standard weighted,-and theta weighted. The step and linear -

- algorithms are sufficient for some problems, but the deep-penetration nature of spent fuel cask problems
makes the use of one of the weighted differencing schemes necessary.  The standard weighted-difference =
scheme is the most general and easy-to-use; however, for extremely difficult problems the theta-weighted
technique may be necessary. - The theta-weighted procedure is the most efficient; however, it does require -
user expertise in the selection of the optimal theta parameter. Deep-penetration problems are readily solved
using discrete-ordinates codes, provided the spatial mesh is fine enough such that the flux or dose response -
does not change by more than a factor of two between adjacent spatial meshes. Validation of deep-
penetratron problems is important because cross-section errors of only a few percent can cause srgnrﬁcant o
errors in calculated responses external to the shreld (see Sectron 4. 3)

4.1 3 Monte Carlo Method

The Monte Carlo method provides a stochastic solution to the Boltzmann transport equation. . The solution
for the energy-, angular-, and spatial-dependent flux density can be obtained using the integral form of the

- Boltzmann transport equation. In this form the flux at any location is the mtegral of contributions from all
other locations within the system. . The contributions from all other points in the system are quantified using
a transport and a collision kernel. These kernels defme the probabilities of a particle transferring from any -
point in phase space to any other pomt in phase space and the collisions that occur during that transfer.

- The Monte Carlo procedure uses the probabllrtres defined by these kernels to track a particle from its birth at
a source to its loss via capture or lealcage from the system. The transport kernel determines the particle’s
travel to a collision site. The collision kernel then determines its fate at the collision site. ‘The Monte Carlo
code is designed to generate a series of these partrcle hlstones in order to estimate the desired quantity (flux
or dose rate). There are several techniques for estimating the flux at given locations. The first involves a
point detector flux estimate in which the contribution from each collision site to the point detector is
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estimated using the transport operator and then summed over all collision sites. The second is a boundary-
crossing flux estimator in which the number of particle tracks crossing a given surface is tallied and the
average flux along the surface is then generated. The final detector technique is a flux-within-a-volume
estimator. This technique uses the colhslon density or track-length wnthm the volume to estimate the
volume-averaged flux.

Monte Carlo methods are very powerful in that they can accurately model the entire physical system in 3-D.
However, for deep-penetration shielding problems, the use of biasing is required for realistic solution times.
Using appropriate biasing, deep-penetration problems can be readily solved with accuracies primarily
dependent on the cross-section accuracies. Similarly, void-streaming problems can be solved using

Monte Carlo techniques, provided proper biasing is used. For a detailed discussion of biasing, the reader is
referred to Refs. 42 and 43. The popularity of automated and/or user-friendly biasing techniques has
increased, and codes using these methods are rapidly becoming the standard in shielding analysis techniques.

The prudent use of full 3-D geometry packages requires that a visnalization tool be available. These tools
allow the full geometry or selected portions to be viewed for correctness. If possible, the entire geometry
should be checked as well as selected portions that are key to the correct problem solution, such as placement
of thick gamma and neutron shields, location of source materials, and correct material placement in those
locations. The correct starting locations for source particles should be verified, if possible, along with the
correct placement of selected detectors. As with any Monte Carlo code, the solution will have statistical
variations. It is essential to examine these uncertainties to ensure the reliability of the reported solutions.

The estimation of the dose rates at selected locations can be determined using either point, surface, or volume
detectors. For dose profile generation, surface detectors are generally much more efficient than point-
detectors, but can be more difficult to use. The point detectors do not function as well on the outermost
surface of a shield, and the use of surface detectors is recommended there. External to the shield either
method is acceptable. If surface detectors are chosen, the use of detector segments is recommended in order
to give an estimate of the spatial variation. These detectors segments should be chosen small enough to show
the variation, but large enough to produce good statistics. The recommended detector statistics are less than
5-10% standard devxatlon for a point, surface, or volume detector.

A umque advantage of thc Monte Carlo method is the ability to efficiently utilize point cross sections.

The use of essentially continuous energy nuclear data is useful in that a number of cross-section processing -
steps are omitted, primarily the group averaging and resonance processing procedures. While validation of
_methods utilizing point cross sections is still desirable, the level of effort is expected to be somewhat less
than applications using multi-group cross sections. It is recommended that, if applications using multi-group
data are submitted, spot checks be made of the same systems with point cross-section data (see Ref. 35).
Obviously, if measurement data are available, either method can be validated using those data. A sample
validation study is given in Ref. 44. See Section 4.3 for further discussion of these validation studies.

4.2 MODELING

The development of models for shielding applications is a very important part of the overall analysis. There
are extremes on either side of the modeling decisions, a full bolt-by-bolt description of the package geometry
versus a simplified 1-D concentric cylindrical geometry. Rarely is the full geometric description necessary
or even desirable for shielding applications. For example, the modeling of a full pin-by-pin geometry for a
fuel assembly typically produces the same answer as a smeared assembly model to within the combined
statistics of the two solutions. At the opposite extreme, a 1-D model is a usefuil calculation; however, it
needs to be benchmarked against more realistic models. For the point kernel and Monte Carlo options, a full
3-D model is the norm.  However, the degree of detail needed in the model is highly variable, depending on
the geometric complexity and experience of the users.
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An assumption that drastically simplifies the model is the smearing of the source’and/or materials in the
packaging cavity. Under this approximation the active fuel materials are smeared over the cavity radius and
the hardware/endfitting materials are also smeared over the cavity radius, but in a separate region.. This
procedure is conservative (see exception noted in next paragraphs) if the source is smeared over the cavity -
radius, not just the effective source material radius, and the actual thickness of any structural material located
outside of the fuel assemblies or source material is included on the inner surface of the cavity. For example,

if a Y2-inch steel wrapper surrounds the entire assembly arrangement, a Y5-inch steel layer should be placed

on the inside of the cavity in the model. Any other basket material should be smeared with the fuel or
ignored for conservatism. If there is a solid insert in the cavity region surrounding all of the fuel assemblies,
the minimum thickness of the insert should be modeled. For dry cavities, the smearing of the cask matenals :
is accompllshed by multlplymg the respective volume fractlons and material densities together.

For a wet cav1ty, a cell-welghted homogemzatlon should be performed since the neutron source
multiplication in the cavity region should be treated as accurately as possible. For the dry case, a smearing of
the cavity without cell-weighting will result in a few percent error in the system multiplication factor; _
however, the system multiplication factor is so low (typically 0.3-0.4) that the error in the multiplication of
the source is insignificant. - This neutron source multiplication is typically approximated as 1/(1-k.g) for- '

systems that are far subcritical. However, most modern codes optlonally include the source multlpllcatlon in '
the shielding solutlon. : . ,

The above dlscusswn assurnes the active length is approxirnately the same as the cavity height For short
assemblies stacked on top of each other with supports or spacers separating them, smearing over the cavity

height is not recommended. - Under these circumstances, the separate smmred assembly ax1al reglons should
 be modeled expllcrtly , , : :

If the azimuthal varxatlon in dose rates around the cask is desired, the recommended approach is to model the
actual basket geometry while smearing each assembly within its separate enclosure/or basket location. -
Under this assumption, many of the detailed elements of the basket can either be smeared along with the
assembly or omitted for conservatism. This procedure is quite powerful and allows for a detailed model of -
the basket without the unnecessary complication of modeling the fuel assemblies pin-by-pin. Under this

assumption, the fuel hardware/endﬂttmg materials are also smwed and placed on the top/bottom of the
smeared fuel assemblies. - . , :

For discrete-ordinates solution techniques,‘”'“5 the options of l-D, 2-D, or 3-D representation of the system
geometry are available. For 1-D models, the simulation of the radial variation in cylindrical geometryis ="
considered the most accurate approximation (of course the cavity should be smeared in this case). A 1-D --
slab, or Cartesian geometry option for the top or bottom of a cylindrical application, is also useful where the -
leakage from the radial direction is treated approximately via buckling factors that are built into the codes.
An accurate model should support this option since conservatism is dependent on the choice of buckling
values. In 2-D, cylindrical bodies can be accurately solved using RZ geometry. : This method allows the
radial and axial calculations to be performed simultaneously. Either a homogeneous source region or a sen&s
of concentric cylindrical source regions should be used to approximate the cavity model under these
circumstances. An XY model is available but is not typically useful for cask shielding applications.

The 3-D options consist of XYZ or ROZ geometries that are typically not used for cylindrical cask
apphcatlons .The ROZ option can be used to model non-azunuthally symmetric geometries, but these
calculations are quite difficult smce the flat surfaces i in the cavity region should be modeled as a series of
arcs. Similarly, the XYZ geometry option is useful in the description of the square-lattice structure of the
cavity basket materials, but drfﬁcult when modelmg the’ cylmdncal shield bodies.

The presence of fms in the outer cask body glves rise to computatlonal and modelmg drfﬁcultres Their -

treatment is problem dependent ‘due to the large variation seen in fin designs. The most prudent approach is -
to quantify the expected effects using a computational tool based on the particular situation. There are
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several techniques that have proven useful in this regard. Several examples include the use of a discrete-
ordinates RO (or similar model using 3-D Monte Carlo) model for estimating the streaming effects of an
axial fin. For radial fins, an RZ model should concisely capture the streaming effects. For both 2-D discrete
ordinate and 3-D Monte Carlo, the problem is greatly simplified by using the fin symmetry to estimate the
overall fin effect. Using symmetry, along with reflected boundary conditions, it is only necessary to model a
single fin and, hence, greatly reduce the computational difficulty. In these models a smeared basket is
reasonable even if the full analysis treats the basket in explicit detail.

Fins with void material between them can be safely ignored in the shielding analysis; however, their removal

may give rise to a large conservatism. For fins with interstitial neutron moderator material, the omission of

the fins (and replacement with neutron moderator material) is still conservative provided the gamma
radiation is the dominant contributor to the regulatory dose rates. If neutrons are a significant portion of the

doses, the replacement of the fin material with neutron moderator material is nonconservative and should be
avoided. .

Estimation of radiation streaming through void penetrations and local doses from trunnion placement are
additional shielding issues that require thought and innovative solutions. The computational tools suggested
for the estimation of fin effects also apply for these problems. An RZ model could be used to predict the
streaming through a straight radial penetration or quantify the dose profile around a complicated trunnion
model. For large cask irregularities like a trunnion, it is possible to use a series of 1-D slices that are
weighted by their respective areas to obtain an average dose rate. However, caution is advised using these
models since they tend to only give correct values for the large portions of the geometry and can give
incorrect values for small, but important portions (e.g., gaps and low-density materials) of the geometry.
Monte Carlo solutions for these situations again require the prudent use of geometrical approximations, such
as the reduction of the effective cask height or radius (only the neighboring 20-30 cm needs to be modeled)

for penetrations of the package. For these cases, special biasing is typlcally needed to efficiently solve these
problems.

- An additional area that can glve rise to computatlonal difficulties is radial streaming due to the presence of -
largely differing geometries in the axial direction of the cavity region. Geometric complexities can arise due
to horizontal disks placed in the cavity region for support of the basket or separators between short
assemblies stacked end-to-end in the cavity region. The presence of these complex geometries can challenge
biasing techniques, and the presence of computational difficulties should be evaluated.

Impact limiters are constructed of low-density materials designed to absorb the impact forces and reduce
damage to the package during the required drop tests. As such, they are of little consequence to the shielding
design, although wooden impact limiters can impact the neutron dose rates. Their inclusion in the shielding
analysis is optional since their omission should, in all cases, be conservative. Many times the impact limiters
are omitted, but the surface and 2 m locations reflect their presence. If they are included in the accident
calculations, the accident analysis should show that they remain on the package and intact.

4.3 DOSE RATE ESTIMATION

The quantification of dose rate information for submittal of a licensing application involves a number of
processes using the models and methods discussed above. This section describes a number of different
subjects that are necessary for the accurate generation of dose rate information.

A formal validation of the shielding portion of the SARP submittal is not requested. The use of reasonable
procedures and well-established computer codes is expected to produce acceptable results. The NRC review
phase will decide the quality of the procedures and typically conduct confirmatory calculations as well.
Comparison to measured values for similar applications should only enhance this process. The series of
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assay measurements*** performed for spent fuel on select isotopes can be used to characterize the reliability
of the source predictions. These analyses allow for the determination of acceptable source quantity
predictions on a nuclide-by-nuclide basis. As stated in Section 3.3.3, such a study indicated that the latest
SCALE burnup library predictions for the major source isotopes are acceptable since they agree with
measurements to within 10%. Similar studies have been performed for loaded spent fuel casks.** The results
of these studies show neutron dose predictions are generally within 30% of the measurements, the hardware
gamma doses are well predlcted if the quantities of *’Co impurity levels are known, and the gamma doses
from the active fuel region are overpredicted by about 40%. The report compared several major shielding
codes in these analyses including SAS4/MORSE,* MCNP,* DORT,* and MARMER,47 which is a point
kernel code. The conclusion was that all these codes gave results that were in general agreement with each
other. Another study® sponsored by the Organization for Economic Cooperation and Development (OECD)
gave similar results and conclusions although the predictions for gamma doses from the active fuel region
were closer to measured values than those of Ref. 44. The spent fuel cooling time considered in the OECD
study was approximately 6 months, whereas spent fuel planned for cask loading in the U.S. has typlcal cool
times > 5 y. While each of these studies is limited, they provide a basis for conﬁdence in the major code
packages used for spent fuel source term and cask shreldlng

The selectron of flux-to- dose conversion factors isan lmportant part of the overall shielding analysis. The
accepted values for use in dose rate studies for cask shielding quahﬁcatron are the ANSIANS 6.1.1-1977 ¢
(Ref. 49) values or their equlvalent The use of the latest version of this standard® is not recommended since
it predicts dose rate that are, in some instances, substantially lower than those of the 1977 standard and the
NRC has not adopted the approach embodied in the 1991 updated standard. ’

An understanding of the general trends in shield design for particular casks is a key in the design and review
of cask applications. For many radioisotope sources only the gamma doses are of importance, since the
primary radioactive mechanism is decay gamma rays. For neutron sources like ***Cf and plutonium-
beryllium, the primary particle production is due to neutrons, but primary and secondary (or capture) gamma -
rays are also present. Another situation that occurs in many transportation scenarios is the backscatter of
radiation from the ground or from surrounding packages.  While present t.lus effect is usually ignored due to
the variability of the backscatter conﬁguratlon ,

In spent fuel apphcatrons the contact dose rates due to gamma rays for an unshrelded assembly, are about
five orders of magnitude higher than those for neutrons. Therefore, the gamma shield is the most important
design aspect until sufficient gamma shielding is added to make the neutron and gamma contributions about
equal. At that point, both neutron and gamma shielding should be added to further decrease the dose rates.
These trends will change for higher burnup fuel, since the neutron dose increases exponentially with burnup,
while the gamma dose only increases linearly. Typically, secondary gamma dose rates from a cask are a
small fraction of the neutron dose rates. An exception to this behavior is a concrete shleld, where neutron
and secondary gamma dose rates are nearly equal : :

A situation that occurs 1f shxelds are not desrgned properly, is the productlon of secondary gamma rays due
to neutron capture in the shield itself. This may necessitate placing a gamma shield outside a concrete shield
to shield the gamma rays produced within the shield.  Also, the addition of a neutron shield without a strong
absorber material present (i.e., a water shield without dissolved boron) can allow for the neutrons to be
thermalized, then produce secondary gamma rays in the neutron shield or backscatter to generate secondary
particles near the outside of the gamma shield, where little further shielding is present. :

There are a number of approaches to the shielding analysis for spent fuel storage arrays. The analyst can
simply analyze a single cask and quantify the surface dose rates along with doses at postulated site boundary
locations. Cask dose rates from 20 to 400 mrem/h have been accepted in previous 10 CFR Part 72
evaluations. The specific approval of such a cask is therefore dependent upon its actual placement at a site-
specific location. Other approaches quantify the dose rate for an assumed array of storage casks with an
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assumed minimum site boundary (typically 100 m from the casks). This dose rate should be a fraction of the
limiting 25 mrem/year since other neighboring contributors should also be taken into account. Under both
approaches, a cask array calculation ultimately has to be performed. These calculations are quite complex
and can challenge even the most modern codes and computer hardware. The treatment of cask array
calculations will be briefly summarized for two shielding codes, MCNP and SKYSHINE.*! These codes
have very different approaches for solving cask arrays, the former is a rigorous Monte Carlo code, and the
latter uses a series of approximations including point kernel techniques for dose attenuation and air
transmission factors for air scattering. The MCNP code can use several techniques to simulate cask arrays.
The first technique uses a single cask model with appropriate reflected boundary conditions to mode! a pair,
a single infinite row, or two infinite rows depending on the reflected boundary conditions. The second
technique inserts the single cask model into an N X N array model with the actual array dimensions. This
second technique uses the so-called array geometry or repeated structures capability. These computations
can be quite time-consuming, but are possible with today’s computers. These calculations are very rigorous
and are considered the current state-of-the-art.

The SKYSHINE code uses a simple, box geometry model for each cask. The thickness of the four walls of
the box is specified as well as the dimensions of the array of box units. The shielding of a cask by other
casks in the array is treated by an approximate technique. The geometry is crude but the techniques are
applicable to cask array calculations. The computational algorithms in SKYSHINE are quite crude and there
have been reported errors in the code;* thus, sufficient expertise in using the code is needed to get

meaningful results. The latest version of this code, SKYSHINE-III,*? has corrected many of these problems
and has been benchmarked against rigorous codes and measurements.

The typical approach for a cask shielding submittal is the calculation of dose rates from either a single
limiting condition (specific burnup/enrichment/cooling time) or a series of limiting conditions that produces
equivalent (or less than) dose results to that of the single bounding condition. Each of the specific conditions
in the series has 2 maximum burmup, minimum enrichment, and minimum cooling time. Under the series
approach, a curve like the one shown in Figure 1 is produced. Each of the burnup points shown in the plot
has an associated minimum enrichment level. A minimum enrichment specification is necessary because the
predicted dose rates increase with decreasing enrichments at a fixed burnup, thus the values for each burnup
would be bounded. This approach offers much more flexibility than the single limiting condition, since any
assembly that lies above the line shown in the graph could be loaded into the cask. '

An alternate licensing approach for transport applications is to back calculate the contact dose rates or
specific source terms for each item to be loaded into the cask such that the regulatory dose limit on the
exterior of the cask is precisely met. This allows for the establishment of a limiting dose rate or source
specification for items placed into the cask. At loading, each item is measured or numerically compared to
the individual item limits. An approach using measurements is typically not used since measurement of
individual items is time consuming and hence expensive. To properly use this alternate technique, the
limiting dose rates or source levels for items loaded into the cask should be separately evaluated for neutron
and gamma doses. This approach first assumes that all of the dose is due to gamma and arrives at a limiting
dose rate of G rem/h for each item, then assumes that the entire regulatory limiting dose rate is due to
neutrons and arrives at a limiting dose rate for each item of N rem/h. The measured or calculated neutron
and gamma dose rates for each item can be normalized by N and G, respectively, and the contributions
combined and compared to unity as a loading condition. Under this approach, a widely varying set of
radiation items could be loaded, each of which should be measured or calculated prior to loading and the
entire cask measured after loading.
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Figure 1 Sample loading curve as a function of burnup and cooling time -

Since the alternate approach using individual item measurements is almost entirely measurement based, it is
recommended that a single sample calculation be supplied in the submittal. This calculation should be for a
bounding loading. This sample calculation is designed to allow for the confirmation of the series of analyses
on which the submittal is based, and also give reasonable assurance that the desired contents will indeed
meet the loading criterion.” The following conditions should always be met:

1. An application should show compliance with the regulations, normal and accident conditions
. (i.e., sole reliance on a measurement is not permitted).

2. The method should consider the energy of the radiation and the actual shielding materials.
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Dose rate measurements are used in practice to provide a final verification that the loadings for each specific
package do not cause the regulatory limits to be exceeded. As such, these measurements are an important
component of safety that need to be examined critically for adherence to acceptable standards. This section
summarizes the various techniques available for dose rate measurements and their expected accuracies, along
with standard calibration schemes and their effects on the overall system if calibration errors are present.
Additionally, recommendations are provided for the number and location of expected measurements as well
as a plan of action in the event that the cask loading does not meet the rcgulatory hrmts

5.1 MEASUREMENT TECHNIQUES

The primary measurement mode for partlcle radiation is by the quantlﬁcatlon of the ionization produced
inside the detector by the passage of various charged particles. Primary techniques that measure the amount
of jonization present include ionization chambers, proportional counters, Geiger-Miiller counters,
scintillation counters, and semi-conductor detectors. Each of these detectors can directly determine the
number of charged particles present. The first three techniques employ a gas-filled chamber, each with
unique properties corresponding to the magnitude of the applied voltage across the detector (see Figure 2).

In Figure 2, the ionization chambers operate in Region II, the proportional counters in Region III, and the
Geiger-Miiller counters in Region I'V.

For uncharged particles (e.g., neutrons and gamma rays), the production of secondary charged particles is
necessary for detection. These processes include Compton scattering for gamma rays where the photon
collides with an electron, freeing it from the atom and transferring energy to it. Neutrons can interact with

target materials such as boron and the resulting alpha particle can be detected to imply the neutron population
in the reglon

Detectors can operate in either pulse or current modes. In the pulse mode the detectors produce outputs for
each particle that interacts within the detector volume; while in the current mode, the detector output is an
average over a large number of events. Certain techniques are better suited for pulse mode, such as the
proportional and Geiger-Miiller counters. These techniques produce enough ions per particle that the pulse
mode is possible. - For ionization chambers, pulse mode is possible if the number of ions per particle is
sufficiently large to overcome the noise in the electronic signals. The increase in ions per particle for the
proportional and Geiger-Miiller regions is due to gas multiplication, where the ions have sufficient energy
due to the additional applied voltage to produce secondary ions as they travel to the collection pomt Inthe
ionization and proportional regions, differentiation of various particles is possible due to the varying pulse

helghts for differing partlclos (note the dlﬁ'erences in ions produccd per pamclc for alpha and beta partlcles v
in Flgure 2) -

5.1.1 Iomzatlon Chamber

The concept of an ionization chamber is that the radiation entering the device prodlices jonization in the
filling gas material which can be directly measured either as an electric current or total amount of charge
-released inside the chamber over time. : The electric current type is used for dose rate measurements while the

charge type is used for total dose measurements since both the current and total charge rcleascd can be easﬂy
related to the energy dep051ted in surroundmg matenals
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Figure 2 Pulse-héight versu§ applied-voltage curves to illustrate ionization, proportionail, and
Geiger-Miiller regions of operation [Source: Ref. 53 (Reprinted from C. G. Montgomery and
D. D. Montgomery, J. Franklin Inst., 231: 447 (1941). Reprinted with permission from Elsevier.] -

The basis for these measurements is the Bragg-Gray™ principle that states that the amount of ionization
produced in a gas cavity serves as a measure of the energy dissipated in the surrounding material. This
procedure assumes that the particle flux in the gas cavity is the same as in the surrounding material.

5.1.2 Proportional Counter

The proportional counter is operated in Region III, as shown in Figure 2, where gas multiplication becomes
important. The increase in the number of ions produced per particle makes the electronic amplification
requirements less demanding and hence the accompanying electronic equipment is simplified. Most
proportional counters operate in pulsed mode in order to allow the discrimination of the particle types due to
the difference in specific ionization. Since multiple particle types can be differentiated by their pulse sizes,
proportional counters are very useful for combined neutron and gamma dose measurements.
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5.1.3 Gelger-Muller Tube

Gexger-Muller tubes are very useful since they can handle a very thh output count rate, and can measure any
type of partlcle with high sensitivity.- However, they do not differentiate the particle type and thus are o_f
limited use in multiple-particle fields. ' The high sensitivity is due to their operation in Region IV shown in "
Figure 2, where the gas multiplication is at its peak value The1r use is quite flexible i in that they can be made
into practically any size and shape at a reasonable cost ’

5.14 Sclnttllatlon Detectors

Scintillation devices operate under a property whereby certain crystal substances emit light or scintillations
when exposed to ionizing particles. .The magnitude of these bursts of light is proportional to the amount of
energy deposited in these crystals. Therefore, as with proportional counters and pulsed ionization chambers,
these detectors can be used to measure the energy dependence of various atomic particles as well as -
differentiate between them.- The light emitted by these dev1cec is typxcally detected and converted to an -
electric current by a photomultlpher tube. - . .

5. 1 5 Semlconductor Radlatlon Detectors

The placement of an electric ﬁeld across a semxconductmg matenal allows the material to act as a charged
particle detector in a manner analogous to the various ionization detectors previously discussed. The passing
of a charged particle through the semiconductor produces electron-hole pairs that are separated and collected,
resulting in an electric signal, which can be measured. This class of detectors is very nnportant for general
detection of a wide variety of particles. -Some sennconductor detectors (e.g., intrinsic germanium,
germaniuny/lithium, or intrinsic silicon) require cryogenic cooling, while others (e.g., variants of cadmium
telluride) function at room temperature. TLDs (thermoluminescent detectors) function at room temperature,

but the dose reading is performed in a laboratory, so the measurement is not real-time and is not useful fora
cask survey. -

5.1.6 Neutron Detectors _ ‘ Lo j'

Since neutrons are neutral partlcles, they must interact with additional ‘materials to produce partxcles that can
be detected. The typical neutron detector uses neutron-mduced reactions such as (n,a), (n,p), (n,Y), and
(n,fission) to estimate the neutron population in the detector. ' As a result, the standard ionization chamber,
proportional counter, Geiger-Miiller tube, scintillation, and semi-conductor techniques previously discussed
can then be used to measure neutrons when an interacting material is added. Due to the small range of ‘

particles, these reaction-producing materials are normally either part of the filling gas or in thin shells
surrounding the detectors.

Many times when neutron emissions are desired, gamma rays are also present; therefore, it is necessary to
discriminate between these particle types. ‘This is not typically possible using ionization chambers, but is -
readily accomplished using proportional counters. A technique, which is useful for practically any =
measurement technique, is the use of two chambers, one sensitive to neutrons and gamma rays, and the other -
only sensitive to gamma rays. The difference between the two measurements is that attributed only to "’
neutrons for a mixed radiation field.

5.1.7 Bonner Spheres
Bonner Spheres are concentnc spherlcal layers of polyethylene (or other hydrogenous matenal) that can be

placed over a neutron detector to adjust the sensitivity of the instrument to the neutron spectrum. Neutron
detectors actually measure charged particles, generally recoil protons produced by collisions with hydrogen.

~:31



Measurements Section 5

A well-thermalized spectrum, such as that found outside a reactor vessel that requires a moderator to
function, can be detected directly by an instrument such as a BF; counter with a good efficiency. A fast
spectrum, such as that found outside a fast or intermediate spectrum reactor vessel or a spent fuel
transportation cask, will cause the neutrons to pass through the detector without many interactions with the
boron (low efficiency). The addition of one or more Bonner Spheres to a detector thermalizes the neutron .
spectrum allowing more interactions to take place within the detector, thus increasing the detector efficiency.
Detectors that do not include hydrogenous thermalizing layers are very inefficient for neutron measurements
outside a spent fuel cask, especially at two meters from the package boundary where the total dose rate

(neutron plus gamma) should be < 10 mrem/hour. Sequentially addmg thicknesses of Bonner Spheres also
allows a rough estimate of the spectrum outside a cask.

5.2 MEASUREMENT ACCURACIES

Measurement accuracies, for gamma and neutron dose rates outside a spent fuel transportation cask, are
generally about ten percent for the gamma field but are difficult to quantify for the neutron because
knowledge of the neutron spectrum is required. Gamma measurements can be quite precise if desired, but
hand-held survey meters are typically accurate to ten percent, and the actual accuracy of a particular detector
can be determined by a proper calibration. Neutron detectors can be calibrated with reasonable accuracy

(10-20%) but the spectral dependence of the detector efficiency curve requires knowledge of the spectrum
for the field being measured.

Accuracy of a measurement includes the effects of the accuracies of the detector calibration and the accuracy
of the positioning of the detector. Positioning errors are not large at the ends and sides of a spent fuel cask if
a distance measurement is made, because the field gradient in these locations is not very pronounced. Areas
near valves and trunnions, which alter the cask shielding locally, have larger gradients and precise

positioning becomes very important. When large gradients are present, care must be taken to ensure proper
detector size in estimating peak dose rates.

Typically the difference between measurements and calculated dose rates also includes the effect of
tolerances in shielding thicknesses. Calculations may be performed with nominal thicknesses and material
densities plus a sensitivity calculation to determine the effects of tolerances, or they may be performed using
conservative values for all parameters. If the first approach is used, then tolerances will have an effect on the
comparison of measured and calculated dose rates. In the second approach, all calculated values for gamma
dose rates should exceed measurements, although the greater uncertainties in neutron dose rate
measurements may produce a measurement greater than the calculated value in some instances. Often the
differences between calculations and measurements are primarily due to the uncertainties of source
calculations.

5.3 MEASUREMENT LOCATIONS

The locations af which measurements are made should depend upon the design of the shipping cask.
The minimum number of measurement locations should be chosen to describe important parts of the
radiation field, plus enough other locations to develop trends or profiles to aid in locating any “hot spots”.

An example of a “hot spot” would be the cask side surface adjacent to the stellite balls at the upper end of a
BWR fuel channel.

Measurements should be made for at least each of four azimuthal quadrants at the axial mid-plane and
nominally + 1 m from the mid-plane along the cask side surface and at the cask ends. In addition,
measurements should be made at locations of penetrations such as valve ports, vent ports, and streaming
paths where cask features such as trunnions penetrate or cutaway the neutron shield. The dose rates at two
meters from the cask side (edge of the conveyance for exclusive use) establish the potential exposure to the
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public, while the dose rates on the cask surface govern the exposure to radjation workers involved in
operations such as loading or cleaning a cask prior to shipment. Cask maintenance would not normally be
performed with a loaded cask, and dose rates are norma]]y quite low during maintenance.

Failure to satisfy regulatory dose limits can be caused by weaknesses in the conﬁrmatory measurement
program, but only in cases for which the dose rates are higher than expected from calculations.
Unexpectedly high dose rates are due to higher than planned source strengths either for the entire fuel

assembly or for a portion of a fuel assembly. Potential problems to avord with the conﬁrmatory _
measurement include:

Failure to perform a confirmatory measurement prior to shipment,
Failure to use properly calibrated detectors (see Sectron 5.4),
‘Failure to properly locate dose points for mwsurement and
Failure to properly operate a detector. .

Shipments that contain high burnup fuel assemblles or that contam unusual “hot spots,” pose the greatest
radiological risks. High burnup fuel assemblies are a concern because of the exponential dependence of
neutron source on burnup, which becomes unportant above 40-45 GWI/MTU. Alternatively, a moderate-
bumup fuel assembly can exceed planned dose rates if the time of shipping is substantially less than the
minimum approved cooling time. e ,

Shipments that contain “hot spots” are also a concern for regulatory compliance. The example of stellite
balls at the top end of a BWR assembly channel shipped with an assembly is instructive because it causes a
greater risk to radiation workers than to the public. The increased risk is only seen at the cask surface ,
because the highly localized high radiation area becomes geometrically diffused at two meters from the cask -
package boundary. Nevertheless, the potential exists to exceed regulatory limits at two meters in this case.
Another potential concern, which is possible but not as likely, is the shipment of a startup source withina -
fuel assembly. - The high neutron source present in the startup source could overwhelm the neutron shielding
effectiveness of a cask in a zone near its axial position in the fuel assembly. A properly calibrated and
operated detector measurement can always prevent such a failure to meet regulatory limits. If excessively
high dose rates are found, corrective actions can be made to ensure that the radiation sources are less than the
certificate limits or that localized “hot spots” are compensated for by the addition of auxiliary shielding.

Note that the use of auxiliary shielding is only acceptable if the shielding stays in place during normal
conditions of transport and dose rates during hypothetical accident conditions, without the auxiliary -
shielding, are less than the regulatory limits. In'the event of failure of the measurements to verify -
conformance with the regulatory limits, steps should be outlined similar to those shown in Table 2. -
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Table 2 Example non-conformance actions

Condition Required action Completion time
A. Packape average Al Administratively verify 24 hours
surface dose rate limits correct fuel loading
not met (2 m limits
not met for transport) AND
A2 Perform written
evaluations to verify 48 hours
" compliance with the
ISFSI offsite
radiation protection
requirements of
10 CFR Part 20 and
10 CFR Part 72
(storage casks only) ak
B. Required action and B.1 Remove all fuel 30 days
associated completion assemblies from the
time not met package

5.4 MEASUREMENT CALIBRATION

Calibrations are typically performed using National Institute of Standards and Technology (NIST)-traceable
gamma sources Or neutron sources, so that the actual source intensity at the time of calibration is well known.
Quality assurance programs require periodic re-calibrations of detectors to account for instrument drift and to
ensure that the batteries, which power survey detectors, are properly charged. The re-calibration procedures
specify the frequency of re-calibration and establish goals for the determination of detector efficiency,
accuracy, systematic deviations, and uncertainties.

Generally, a failure to perform a measurement correctly, or the use of an improperly calibrated survey
instrument, will not be expected to result in an unsafe condition due to conservatism in calculated source
values and shielding effectiveness. However, caution should be exercised if neutron doses are a significant
portion of the total dose. The effect of an uncalibrated gamma detector may not cause a major effect for
gamma rays, because gamma detectors tend to work well or not at all. Due to the strong change in quality
factor with neutron energy, proper calibration of neutron detectors to the incident neutron spectrum is
important for accurate dose rate measurements. The use of an improperly calibrated neutron detector can
cause a measurement error on the order of a factor of ten, especially due to spectral effects.

A more serious potential problem arises if a detector designed solely for use in a well-thermalized neutron
field is used for measurements of a spent fuel cask. Even though spent-fuel-shipping casks often include
substantial neutron shielding thicknesses at the sides and ends of the casks, these shields are not effective
enough to establish a thermal neutron spectrum. The moderately fast spectrum that typically results contains
a predominance of neutrons with sufficient energy to pass through the detector without losing enough energy
to interact with the boron (or other neutron capture material), which produces the charged particle that would
be counted. In such a circumstance, a dose rate of essentially zero could be reported even in the presence of
fields approaching or exceeding the regulatory limits. The use of Bonner spheres or a detector efficiency
curve vs, average energy is recommended under these circumstances.
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6 SUMMARY

This report gives recommendations on the information to be included and methods to be incorporated into
the preparation of the shielding chapter of an application for approval of a transportation or storage package

containing radioactive material. This information is designed to supplement the various regulatory guides
and standard review plans available.

Section 2 discusses the level of detail needed to adequately describe the packaging design and the specific
features important to shielding evaluations. The format and content of a SARP application are also
summarized in the various formatting guides and standard review plans issued by the NRC.

Section 3 describes the methods and codes applicable to source generation for spent fuel and radioactive
materials. Details of modeling and data specifics for the characterization of typical spent fuels and
radioactive sources are described.

Section 4 describes various computational methods and recommended modeling approaches for the shielding

analyscs that support the SARP application. Recommendations specific to dose rate estxmatlon are also
given along with references to detailed studies.

Section 5 gives background information on the various measurement techniques to quantify both neutron and

gamma dose rates. Recommendations are given on the number and location of cask measurements as well as
techniques for measurement calibration.
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The SAS2H module of the SCALE System is designed to allow for simple, but effeciive models for =
predicting the depletion/decay and source terms for spent fuel from LWR nuclear reactors. The simple - -
models have one-dimensional (1-D) geometry and use 1-D radiation transport theory, but capture the
essential elements of LWR fuel assembly geometry. Depletion and decay calculations are performed
using the ORIGEN-S code, which is based on the point depletion method using matrix exponential
solution techniques. Under the point depletion method, the nuclear reaction cross sections for a large
number of isotopes (typically about 1600 for most ORIGEN libraries) are averaged over space and energy
for a fuel assembly. These effective one-energy-group, one-spatial-point cross sections are then used

along with a specific fuel loading and power history to predlct the 1sotop1c mventory over time and the
source term charactenstlcs after shutdown of the reactor.

The neutron transport analysis of the reactor fuel assembly is basically a two-part procedure in which two
separate lattice-cell calculations are performed; one of which corresponds to an array of like pins,
followed by a full assembly model. These transport calculations determine the neutron spectrum for the
full assembly and, subsequently, the effective cross sections for the depletlon analysis. At specified times
during the irradiation, the cross sections are updated using resonance processing codes and 1-D transport
analysis. These updated cross sections are then used in a depletion analysis to produce the time-
dependent fuel composition to be used for the next cross-section update. This sequence is repeated over

the operating hlstory of the reactor. ThlS procedure is shown graphlcally in Flgure Alfora typ1cal three-
cycle case. _

LIBRARIES USED

(1,2,3) —_— ____» FINAL ORIGEN-S CASE
@ . =—————» ¥ ORIGEN-SCASE
W —_— "'_xzﬂd ORIGEN-S CASE.
@ —_ 1" ORIGEN-S CASE

| | ]
i’ 1 .. ..2. 3 . LOCATIONOF

1 - -] ") PASSO-3LIBRARIES '

| - & ' :~l
CYCLE1 CYCLE2 CYCLE3

1 lerary per cycle

Flgure A.l Graplucal representatlon of SASZH procedure for generatmg burnup-
dependent cross-section libraries for the ORIGEN-S code !
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For a three-cycle case as shown, a total of four burnup-dependent cross-section sets are produced by
SAS2H. These libraries correspond to fresh fuel, then the midpoint for each cycle. Once the required
libraries are produced, a final ORIGEN-S case is executed using each of the burnup-dependent libraries.
The isotopic concentrations and ending source terms are determined from this final ORIGEN-S
calculation. The SAS2H code follows the flow shown in Figure A.2 for each library generation step.

The sources generated by the final ORIGEN-S case are saved at the end-of-irradiation time and at the end
of the final decay period specified in the user input.

BONAMI

I

NEUTRONICS-DEPLETION
| NITAWLAI | ANALYSIS PASSES:
PRODUCING ORIGEN-S LIBRARIES
WITH TIME-DEPENDENT
XSDRNPM | cross SECTIONS

COUPLE

BURNUP AND DECAY ANALYSIS:
PRODUCING SPENT FUEL SOURCES

Figure A.2 Flow chart for SAS2H procedures

The five codes shown are executed in the order shown at each of the library generation steps. Each of

these codes and their purpose is summarized below (references are given to sections in the SCALE
manual’ that describe the codes in detail).

BONAMI applies the Bondarenko method of resonance self-shielding for nuclides that have
Bondarenko data included with their cross sections. BONAMI is described in Section F1, and the
Bondarenko methods and applicability are discussed in Sections M7.2 and M7.A of Ref. 7.

NITAWL-II performs the Nordheim resonance self-shielding corrections for nuclides that have resonance
parameters included with their cross sections. NITAWL-II is described in Section F2, and the Nordheim
Integral Treatment is also discussed in Sections M7.2 and M7.A of Ref. 7.

XSDRNPM performs a 1-D discrete-ordinates transport calculation based on various specified
geometries requested in the data supplied for SAS2H. The code, as applied by SAS2H, has the primary
function to produce cell-weighted cross sections for fuel depletion calculations; XSDRNPM is described
in Section F3. Also, the automatic quadrature generator, the unit-cell mesh generator, and convergence
criteria applied by the code are presented in Section M7.2.5 of Ref. 7. ‘
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COUPLE updates the cross-section constants included on an ORIGEN-S nuclear data library with data
from the cell-weighted cross-section library produced by XSDRNPM. Also, the weighting spectrum
computed by XSDRNPM is applied to update all nuclides in the ORIGEN-S library that were not
specified in the XSDRNPM analysxs COUPLE is described in Sectlon F6 of Ref 7.

ORIGEN-S performs both nucllde generation and depletxon calculatlons for the specified reactor fuel
history. Also, the code computes the neutron and gamma sources generated by the fuel assembly
ORIGEN-S is described in Section F7 of Ref 7.

Each of these codes are executed twice for each library generation step, once for a Path A model and once

for a Path B model. The Path A model is a simple pm—cell correspondmg to an assembly lattice structure
(see Figure A.3). o , .

PIN-CELL MODELS IN SAS2H

SQUAREPITCH

-7 TRIANGPITCH
o ' Mo'derétor‘i ‘M’oderater._i

g 1

SYMMSLABCELL ==
 Clad  Clad.
Figure A3 Pin-cell quelwl:o'r‘ repree_entirlg‘the‘rrei)eating"lett’ice structure of é typical‘ frlel' assembly

These sunple 1-D cylmdrxcal models (for square and tnangular pitched pms) and slab models (for plate— :
“type fuel) along with reflected or white’ boundary conditions allow for the cell-averaged cross sections

corresponding to the regular lattxce pOI'thﬂS of the fuel ‘assembly to be quantified. Inasecond1-D- -

calculation, the Path B model is then executed to determine the average assembly spectrum and thus

obtain spatial and energy-averaged cross sections for the entire fuel assembly. Typical Path B models for
PWR and BWR fuel assemblies are shown in Figure A.4. '
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GUIDE TUBE

MODERATORIN
GUIDE TUBE CELL

PWR Assembly

MODERATOR BETWEEN
ASSEMBLIES

PIN MODERATOR ——
CLAD BWR Assembly

BURNABLE POISON
AND FUEL

ASSEMBLY CHANNEL

CHANNEL MODERATOR
(b} FOR BWR BURNABLE POISON ASSEMBLY WITH LARGE CHANNEL ZONE.

Figure A4 Typical Path B models for PWR and BWR fuel, assuming cell-weighted cross-
section material in the regions labeled “Fuel Zone”

This Path B model is designed to approximate the non-regular portions of the assembly lattice structure,
i.e., the PWR fuel assembly model represents a portion of the assembly as surrounding a central water
hole/guide tube arrangement. In order to conserve the moderator-to-fuel ratios, the amount of fuel and

between-assembly-moderator that surrounds the central water hole is scaled by one over the total number
of water holes in the full assembly.

The Path B model for a typical BWR assembly is similar; however, the central region consists of a typical
gadolinium fuel rod, clad and moderator, surrounded by a fraction of the remainder of the full assembly.
Again this fraction is determined by the ratio of one over the actual number of gadolinium rods in the full
assembly. For a BWR assembly, this fraction is carried over to the fuel zone, assembly channel, and
channel moderator regions as shown in Figure A.4. The use of variable enrichments (pin splits) radially
across a BWR fuel assembly requires an additional modeling approximation. The standard technique is
the averaging of the enrichments over all pins in the fuel assembly. Validation resuits confirmed the
viability of this approach.”® The moderator in a BWR application typically has variable densities inside
the channel, with a near constant density outside the assembly channel. These radial density effects can
be modeled using these prescriptions, although the axial density variations must be averaged for a single
execution of SAS2H.  The most appropriate method for averaging the axial moderator density is to weight
the densities by the axial power or burnup profiles. An example of such a calculation is shown in

Table A.1. These data were taken from an ORNL internal report,* but such data should be readily
available from BWR ufilities.
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Table A.1 BWR moderator density versus burnup®

Burnup Moderator density
(GWAMTU) . . (glem)
7.478 0.754
26.2 0.749
34113 - 0.732
- 37.818 ‘ _ . 0.699
©39.287 RO 0.655
39.88 R 10.608
39.093 0.562
40.453 0.52
41.559 0482
41569 - . - ..0449
41372 . - ... 0419
41.027 0393
40.592 - 0.37
40.071 0.35
39.425 0.332
38.563 0.316
37.199 0.302
35.792 0.289
34.0 0.277
31.05 0.267
27.376 0.258
22.546 0.25
9.904 0.246
5.632 0.243

“Average moderator density from weighted burnup data

is 0.444 g/cm’®, all axial segments in the table have equal
heights

———

Many modern BWR and PWR fuel assemblies contain axial reflector regions with natural uranium
instead of enriched uranium fuel. These axial regions are typically of little consequence to a shielding
analysis, since the source terms are proportional to the burnups, which are much smaller than those from
the enriched regions. This can be seen in Table A.1 where the first (bottom of assembly) and last two

segments (top of the assembly) correspond to natural uranium reflectors. The burnups are seen to be at
least a factor of two smaller than those of the remaining regions.

The most widely used models for SAS2H currently correspond to PWR and BWR assemblies. Many
other assembly types can be easily treated as well. The general rules are to construct the repeated portion
of the assembly (currently SQUAREPITCH rods, TRIANGPITCH rods, and SYMMSLABCELL for
plates are supported) using the Path A modeling, followed by a Path B assembly model which treats the
heterogeneous portions of the geometry while conserving the moderator-to-fuel ratios for the full
assembly. Keep in mind the following rules when constructing models for new assembly types:
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1. Except for BWR fuel assembly models, do not begin the Path B model with fuel (mixture
500) in the first zone. It is necessary to place a small void pinhole in zone 1 if the first zone

normally contains fuel. This is because the code expects fuel to be in zone 1 for a BWR
model only.

2. Fuel assemblies can only contain one type of fuel, thus ensure all occurrences of fuel are
identical.

3. Enter the quantities of non-fuel assembly hardware into the light element array. The code
attempts to determine the quantity of cladding, but can fail depending on the method used to
describe the cladding materials (e.g., Zirc2 or Zirc4 specifications for Zircaloy-2 and

Zircaloy-4 will not work since the code can not determine the loading for each individual
isotope in the mixture).

4. For non-PWR or BWR fuels it is recommended to include all the isotopes in the cross section
library as trace quantities in the fuel (see Section M4 of the SCALE manual for lists of
isotopes for each cross section library). This ensures that all isotopes are updated to the

spectrum of the new assembly type. This has already been automatically performed for LWR
fuel assemblies.

50




APPENDIX B

NUCLIDE IMPORTANCE AND PARAMETER
SENSITIVITY STUDY FOR PWR/BWR
SOURCE TERM GENERATION

)



APPENDIX B

NUCLIDE IMPORTAN CE AN D PARAMETER ,
SENSITIVITY STUDY FOR PWR/BWR SOURCE TERM |
GENERATION |

The determmatlon of whlch nuclides are most unportant to the md1v1dual neutron and gamma-ray sources -
is difficult because their concentrations vary drastically over time. Indeed the most important nuclides for
gamma rays at 6 months of cooling time are most likely decayed away at 10 years of cooling time. Thus,’
it is necessary to select a range of coohng times in order to determine the nuclide importance. Once the -
most important nuclides are known, it is possible to formulate the parameter sensitivities to the
concentrations of those particular isotopes.

A previous study® analyzed the nuclide importance to neutron and gamma dose responses over decay
times from 2 to 10,000 years. Three cask types selected for study included carbon steelresin (27/13 cm
shield thickness), lead/resin (13/13 cm shield thickness), and concrete shields (50 cm shield thickness).
The study also selected sources corresponding to two different burnups, 20 and 50 GWd/MTU.

Figure B.1 is taken from that study and indicates the relative contributions of neutron, primary gamma
and secondary gamma doses to the total dose rate on the carbon steel cask surface.

_ Dose Rate Vs Coohng Tlme
.TN-24 Cask; 4.5 wt % U-235, 50 gwd/t
Results with scALE MGROUPNDFS . S

° PﬂfnlryGl.rano” .
"o Secondary GammaDose - - - - R 7 ;
@ “Neutron Dose . . : ST s Total Dose

Total Dose: = -

108 - ..
100 2 8 435 (D11 8 4% 402 2 348 40y 2 s a4s qp4

. Cooling Time (years)

Fraction of Total Dose Rate

Figure B.1 Dose rate versus cooling time for carbon steel/resin cask, including fractional
contribution due to primary gamma, neutrons, and secondary gamma particles
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Cooling times of 5 to 20 years are typical for spent fuel transport issues. Over this range of cooling times,
the primary gamma contribution dominates the total dose. However, at 50 GWd/MTU burnup, the
neutron dose contribution equals the primary gamma contribution at about a 30-year cooling time for a
carbon-steel cask. For the simple casks analyzed in the study, this cross over of importance from primary
gamma to neutron contributions occurs at 20 years and 200 years, respectively for the lead/resin and
concrete casks. The secondary gamma contribution to the total dose ranges from a factor of 2 to 10 lower
than the neutron dose contribution, except for the concrete cask where they are about equal.

In order to understand the important isotopic contributors to the total dose, it is necessary to study each
dose component separately. For the first 100 years of cooling time, the neutron dose is almost entirely
due to the decay of **/Cm as seen in Figure B.2. Only for decay times less than 2 years (by extrapolation
of the data shown in the plot) does ***Cm become important relative to 2Cm. A plot for the secondary
gamma contribution is not shown since it has the same features as Figure B.2.. The secondary gamma

particles arise from neutron capture; thus the general trends in their importance are virtually identical to
those of the neutrons.

Neutron Dose Fraction vs Cooling Time
for Tn-24; 4.5 wt % U-235, 50 GWd/t

Results with SCALE 44GROUPNDFS Library

100 ] 1 bl tor et fo ot g tttd 1 (NN 1 Lt L2 L

ot
5
=

Bi-214
Pu-238
Pu-239
Pu-240
Pu-242
Am-241
Am-243
Cm-242
Cm-244

‘A MDA N 5yaar$
s au=nw+*ao 10000years

¢d4db <>+ OROS

| Dose Fractlon

108
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-
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Figure B.2 Fractional contribution to the total dose due to neutrons from decay of actinides
for carbon steel/resin cask for 50 GWd/MTU burnup source
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The importance of fission product and activation isotopes with respect to the primary gamma doses is
shown in Figure B.3. Clearly the range of cooling times plays an important part in the ranking of 7
important contributors to the primary gamma doses (although only contributions to the primary gamma
dose are shown, the dose fraction 3plotted is based on the total dose). At two years of cooling time the
primary isotopes are *Pr, ®Co, '*Cs, and '*Rh. For a cooling time of 10 years, ¥Co and **Eu are the "
dominant contributors. For 20 years cooling and beyond '*’Cs becomes an unportant contributor to the
prlmary gamma dose. Thus, over the range of cooling times from 5-20 years' the primary contributors to -
the primary gamma dose are 144Pr B4Cs, 60Co l37Cs, and 154Eu

Primary Gamma Dose Fraction vs Cooling Time
for Tn-24; 4.5 wt % U-235, 50 GWd/t
Fission Products and Light Elements ' Rank
an
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Figure B.3 Fractional contribution to the total dose due to primary gammas from decay of
fission products and activation products for carbon steel/resm cask for 50 GWd/MTU burnup
“source
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The remainder of this appendix presents the results of a series of calculations designed to determine the
most important input parameters with respect to both the neutron and gamma-ray source generation for
spent fuel applications. The isotopes selected are those determined above to be the most important
contributors to the neutron and primary gamma dose contributions. The model for these calculations
corresponds to 2 17 X 17 PWR fuel assembly; however, the parameter variations are large enough to
incorporate typical BWR models as well. These models correspond to the SAS2H code with variations in
the following input parameters: specific power, enrichment, fuel density, fuel temperature, moderator
temperature, moderator density, and boron loading. The ranges of the parameter variations and the
reference parameters are given in Table B.1. The broadness of these ranges is not physical, but the
specific values were chosen such that the typical values should be in the middle of these ranges.

Table B.1 Parameter ranges of variation
Range of values

Parameter (Reference value®)
Specific power 10-50 (37.9) GWd/MTU
Enrichment 2.0-4.0°(32)wt%

Fuel density 9.00 - 10.75 (9.88) 'g/cm3 .
Fuel temperature '500-1300 81D K
Moderator density 0.2~ 1.0(0.733) g/em®
Boron loadings ‘ 0.0— 1100 (550) ppm
“Reference burnup was 33 GWd/MTU, 880 days uptime, 5-years

cooling time

® Enrichments of up to 5 wt % are now typical.

For each SAS2H calculation for the parameter variations shown in Table B.1, the relative masses of the
six important isotopes (also including *Sr) were tabulated and plotted. Shown in Figures B.4 — B.7 are
the variations in the concentrations of each of the six isotopes for the four most important parameter -
variations from Table B.1; specific power, enrichment, fuel density, and moderator density. The masses
are presented as ratios to the isotopic mass corresponding to the smallest parameter value.

The significant effect of the specific power parameter on the concentration of **Pr is shown in

Figure B.4. The specific power parameter has little effect on the remaining isotopes. This effect arises
from the short half-life of the parent, '*Ce (284 days). This half-life is short compared to the full
irradiation time (880 days), thus the ending concentration is primarily the equilibrium concentration
arising from the power levels near the assembly end-of-life.

The sensitivity of the various isotopes to the enrichment and fuel density variations is shown in

Figures B.5 and B.6. It is obvious from these plots that these effects are related, since the orderings of the
isotopes are the same, only the magnitudes are different. This effect can be explained by the increase in
the thermal flux that accompanies the removal of fissile material at constant burnup. The enhanced
thermal flux causes increased production for those isotopes that result primarily from activation; ***Cm,
%Co, and ‘Cs. The effect is more pronounced for **Cm since it is the result of several captures.
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The results for the moderator density effect seen in Figure B.7 are perhaps the most interesting due to the
rapid variations seen. The decrease in concentration seen for **Cm and '**Eu at higher moderator
densities is due to the presence of capture resonances in the vicinity of 1 eV. For these low-lying capture
resonances a softer spectrum due to increased moderation can decrease the amount of activation.  The
scenario with ®Co is similar in that there is a resonance at about 100 eV in *Co; however, there is also a
strong 1/v tail, which increases the thermal capture to the point that the curve turns over around a
moderator density of 0.6 g/cc. ' ’

The complete set of sensitivity results is shown in Table B.2. In each case, the value given in the table is
the power coefficient, p;, which relates the source, S, to each parameter, x;, by the equation:

Soc n X pl s

- A
These coefficients are generated as power fits to the curves shown in Figures B4-B7. They are also
useful for converting sources that use a given parameter value to the expected source using a modified
parameter value; e.g., the neutron source at a moderator density of 0.4 can be scaled up to a moderator
density of 0.6 via the formula (0.6/0.4y**. This scaling assumes the neutron source is entirely due to
#Cm. These coefficients are based on fits to the endpoints of the curves shown in Figures B4-B7,
therefore caution on their use is recommended where inflection points are present in the data. In addition,
for gamma rays multiple isotopes contribute to the gamma source, therefore scaling must be performed on
each isotope and its effect on the total source and spectrum estimated. '
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Figure B.4 Variation of key isotopes with specific power at fixed burnup
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Figure B.5 Variation of key isotopes with enrichment at fixed burnup
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Figure B.7 Variation of key isotopes with moderator density at fixed burnup
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Table B.2 Power coefficients, p; for parameter variations, x; (see text)

Parameter Co-60 Sr-90 Cs-134  Cs-137  Pr-144  Eu-154 Cm-244
Specific power 0.14 0.03 0.18 0.03 0.65 0.02 0.03
Enrichment -0.57 0.30 -0.33 -0.02 0.14 -0.14 -1.98
Moderator temp -0.09 -0.03 -0.01 0.00 -0.01 -0.04 0.36
Fuel density -0.96 0.18 -0.71 -0.01 0.10 -0.01 -2.83
Fuel temp -0.03 -0.01 -0.04 0.00 0.01 0.01 -0.01
Moderator density -0.10 0.10 -0.17 0.01 0.04 ~-0.79 -0.44
Boron loading -0.01 -0.01 0.02 0.00 0.00 0.05  0.07
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APPENDIX C

EXAMPLE OF CALCULATIONAL MODELS
AND RESULTS ‘

This appendix gives an 1llustrat1ve example of the mforrnatlon needed for subnuttal in the shleldmg
chapter of a safety analysis report for packaging (SARP). The example presented is fictitious in nature
and combines the information contained in several actual submittals along with an artificial model. The
cask is designated Generic Burnup Credit cask with 32 elements (GBC-32) and was generated for use in
burnup-credit criticality studies.”” The cask shield body was modified from a single steel component to
have the attributes of a reahstlc storage or transportatnon cask.

Ca DESCRIPTION OF THE SHIELDING DESIGN (EXAN[PLE)

An evaluation of the shielding performance of the GBC-32 is performed to demonstrate compliance with
the dose rate limits of 10CFR71.47 for normal conditions and 10CFR71.51(a)(2) for accident condltlons
A detailed descrlptlon of the packaging is normally prov1ded in Chapter 1.0 of the SARP.

The shielding design feature of the GBC-32 cask is the cask body consrstmg of an inner shell of stainless
steel surrounded by an outer shell of resin. " The lid and the bottom of the cask provide shielding in the
axial direction. The impact limiters, which consist of wood in stainless steel cases, were ignored for
conservatism in the shielding analysis (only the location of the outér surface of the cask considers the
impact limiter). The stainless steel basket liners were included in the model; however, the boral panels
were conservatively omitted from the shreldmg analysrs

C.1.1 Discussion and Results -

The spent fuel source terms used in this document were generated using the SCALE SAS2H® module for
a typical Westinghouse 17 x 17 fuel assembly. The cross-section library utilized in the source generation
was the 44GROUPNDFS neutron library,” which is based on ENDF/B-V with selected nuclides from
ENDF/B-VI. The shielding calculations were performed with the SAS4 module,* which utilizes the
MORSE-SGC/S three-dimensional (3-D) Monte Carlo code. The cross sections used in the shielding °
portion of this work was the 27N-18COUPLE library’' which is a coupled 27-neutron and 18-gamma

group library based on ENDF/B-IV data. The ﬂux-to-dose conversion factors were based on the
ANSV/ANS-6. 1 1 (1977) standard.“ e

The dose rates calculated thh SAS4 are summarized in Table C.1. The limiting surface dose rates on the _
cask top and bottom are 0.44 mSv/h (44 mremv/h) which are about a factor of 5 below the regulatory limit
of 2 mSv/h (200 mrem/h). The limiting dose rates at the 2 m location are 0.082 mSv/h (8.2 mremv/h), also
along the cask top and bottom." These dose rates are near the regulatory limits of 0.10 mSv/h

(10 mremv/h); however, the impact limiter material was omitted from the analysrs and the boundmg axial-

burnup proﬁle was used in the analysxs “The Monte Carlo statlstlcs for these results are generally w1th1n
5%. - -

The accrdent analySIS assumed both the impact hrmter and resin neutron shields were - removed. The
limiting dose rate for the hypothetical acc1dent is 2 93 mSv/h (293 mrem/h), about a factor of 3 below the .
regulatory lmnt of 10 mSv/h (1000 mrem/h)
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Table C.1 Summary of dose rates for GBC-32

Normal Package surface” 2 Meter from vehicle®
conditions mSv/h (mrem‘h) mSv/h (mrem/h)
Radiation Top Side Bottom Top Side Bottom
Gamma 0.002 (0.2) 0.14 (14) 0.002 (0.2) | 0.001 (0.1) | 0.029(2.9) | 0.001 (0.1)
Neutron - 0.440 (44) 0.21 21) 0.440 (44) | 0.081(8.1) | 0.049 (4.9) | 0.081 (8.1)
Total 0.442 19) 0.35 (35) 0.442 (44) | 0.082(8.2) | 0.078 (7.8) | 0.082 (8.2)
Limit 2 (200) 2 (200) 2 (200) 0.1 (10) 0.1 (10) 0.1 (10)
Hypothetical accident 1 Meter from package surface’

conditions mSv/h (mrem/h)

Radiation Top Side Bottom

Gamma 0.002 (0.2) 0.14 (14) 0.002 (0.2)

Neutron 0.435 (43.5) 2.79 (279) 0.435 (43.5)

Total 0.437 (43.7) 2.93 (293) 0.437 (43.7)

Limit 10 (1000) 10 (1000) 10 (1000)

? Conservative dose rates calculated for top also used for bottom.

C.2 SOURCE SPECIFICATION

The calculation of sources for speni fuel assemblies is performed for two regions, sources from the active
fuel region and from the upper/lower hardware regions. These sources can be further broken into neutron
and gamma-ray components. The active fuel region contains both components, while the hardware region

contains only gamma sources due to the activation of *Co, an impurity in the steel and inconel structural
materials.

Sources due to the active fuel region were generated via the ORIGEN-ARP code, ™ which is functionally
equivalent to the SAS2H code. The assembly details for the assumed Westinghouse 17 X 17 fuel
assembly are given in Table C.2. The quantities of material present in the top, plenum, and bottom
hardware regions are given in Table C.3. From these masses, the curies of cobalt per kg of material
values from Ref. 44 were used to determine the curie loadings of the top endfitting plus plenum (24.1 Ci
®Co) and bottom endfittings (58.9 Ci ®Co). The curies of cobalt per kg values from Ref. 44 are 10 Cikg
stainless steel in the bottom nozzle, 2.5 Ci/kg stainless steel in the top nozzle, and 4.6 Ci’kg of steel or
Inconel in the plenum region. These curies per kg of material values were determined from an average of
measurements taken for six assemblies, with the lowest values omitted from the average. For
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conservatisim, the sources corresponding to the bottom endfitting activities were placed into the top

Example of Ca}culafions Models and Results ..

endfitting location. ’
| '_:-‘ , Tabie C2 Descnptlonof -V,Ve‘s'tihgh(j)ilsve fuel assémbly‘
. -Assembly type/class . . . . W17x17
Active fuel length (cm) 365.76
No. of fuel rods - - 264
" Rodpitch (cm) - ©- 1.260 |
' Cladding material . Zircaloy-2
Rod diameter (cm) 0950
Cladding thickness (cm) 0.057 ~
Pellet diameter (cm) 0.819 -
Pellet material uUo,
Pellet density (g/cm’) - 10.357 (94.5% theoretical)
Enrichment (wt % 2°U) 40
- Burnup MWdJd/MTU) 45,000 -
Cooling time (years) : 10
. Specific power MW/MTU) 40
. Weight of U0, (kg) 525.8
Weight of U (kg) 463.4
Table C.3 Fuel assembly har&wage_ parts and materials
C s . Weight (kg)/ - ,
Part name assembly Zone Material name
" Bottom nozzle 75897 " Bottom Stainless steel 304
Holddownspring " 0.960 ) fTop " Inconel 718
Spaéer—-plenum 7 -0.885 . Gas plenum « “Inconel 718
Topnozzle tj 6.890. i Top . Stainless steel 304
Grid sleeve 0.091 Gasplenum  Stainless steel 304
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C.2.1 Gamma Source

The gamma sources for active fuel and from the assembly hardware are given in Table C.4. The active
fuel sources are given in units of per MTU and per assembly (assm) for a cooling time of 10 years.

The endfitting sources were generated assuming '58.9 Ci of ®Co were present in the top endfitting region.
The endfitting and active fuel region sources include the effects of bremstrahlung via interactions in an
assumed UQO; fuel matrix.

Table C.4 Westinghouse fuel assembly gamma spectrum

Active fuel Active fuel Top endfitting
Group Energy (photons/ (photons/ (photons/
no. MeV) MTU-sec) assm-sec) assm-sec)
1 8.00 -~ 10.0 3.40E+05 1.58E+05 0
2 6.50 — 8.00 1.60E+06 7.41E+05 0
3 5.00-6.50 8.16E+06 3.78E+06 0
4 4.00-5.00 2.03E+07 9.41E+06 0
5 3.00-4.00 8.30E+08 3.85E+08 0
6 2.50-3.00 -  6.63E+09 3.07E+09 3.57E+04
7 2.00-2.50 1.07E+11 4.96E+10 2.30E+07
8 1.66 —2.00 2.70E+11 1.25E+11 0
9 1.33 - 1.66 1.36E+13 6.30E+12 9.71E+11
10 1.00-1.33 1.00E+14 4.63E+13 3.44E+12
11 0.80-1.00 1.80E+14 8.34E+13 1.53E+08
12 0.60 - 0.80 3.79E+15 1.76E+15 4.06E+06
13 0.40 - 0.60 3.41E+14 1.58E+14 L17EH07
14 0.30-0.40 8.00E+13 3.71E+13 1.85E+08
15 0.20-0.30 1.23E+14 5.70E+13 1.41E+08
16 0.10-0.20 4.17E+14 1.93E+14 2.84E+09
17 0.05-0.10 5.72E+14 2.65E+14 1.17E+10
18 10.01-0.05 2.05E+15 9.50E+14 5.91E+10
Totals 7.76E+15 3.55E+15 4.48E+12
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C.2.2 Neutron Source

The neutron source spectra generated vié the ORIGEN-ARP code is shown in Table C.5. The specfx'um is
shown for the first 7 of 27 groups in the SCALE 27 neutron group structure. All other groups are zero.
This source corresponds to a cooling time of 10 years 7 .

Table C.5 Westinghouse‘ fuel assembly neutron spectrum

Group : Energy Neuﬁoﬁs/ Neutrons/
no. MeV) MTU-sec assm-sec
1 643-200  LIT0E+7  5.422E+6
2 3.00-6.43 1238E+8  5737E+7
3 1.85-3.00 1368648 6.339E+7
4 140185 - 7294E+7 “3.380E+7

5 090-140  9.109E+7  4221E+7

6 0.40-090 9.112B+7 4223E+7
7 0.10-0.40 “';4.1’781'«:+7, o 1.93&3’47*
8 0.02-0.10 - 6.158E+6 . 2.854E+6

Totals | 5754E+8 - 2.666E+8

C.3 MODEL SPECIFICATION

The model described in this section corresponds to the normal conditions of transport. For the accident
case, the resin neutron shield was removed from the analysis.

- C.3.1 Description of the Shielding Configuration

The GBC-32 cask was analyzed using the SCALE SAS4 module. The actual 3-D model is shown in
Figures C.1 (x-y view) and C.2 (x-z view). The fuel assemblies were homogenized into the basket areas,
with an explicit basket modeled as shown in Figure C.3. The gaps between assembly cells actually
contain boral panels, but they were conservatively omitted from these models. The entire model is
symmetric about the cavity midplane (a requirement of SAS4) and only the top cask geometry is
modeled. This model is conservative since the top geometry has more space for radial streaming than the
bottom geometry and the larger bottom endfitting source is placed into the top geometry model.

67



Example of Calculations Models and Results Appendix C
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114.5
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Figure C.1 Shielding model — radial (radii in cm)
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Figﬁ’ré C.2 Shielding model, axial (heights in cm from ;ni-’dvplane)
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Figure C.3 GBC-32 detailed basket model (in cm)
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The following dimensions are assumed for the GBC-32 cask body:- -

" Radius Heighl

. (cm) . - (cm)
Cavity: o 875 42576 - -
Stainless steel shell 1145 - 49576

Resin neutron shield: 124.5 -~ 376.00

C.3.2 Smeared Basket and Cavity Volume Frac'fioiis
The fuel pins were not modeled exp11c1tly in the basket reglon. The fuel pins were smeared over the
basket, while the basket itself was modeled explicitly. The fuel and cladding volume fractions used to
smear the fuel pins over the baskct area are descrxbed below

Fuel Area = 0.257 (0. 8192) X 264 = 139 08 cm?

Cladding Area 0.257 (0.95% - 0.836%) x 289 46 21 em?

Basket Cell Area 222 = 484 cn? . |

Fuel Volume Fraction = 1 39.08x 0.945/484=0272 -
Puoz = 0.272 %X 10.96 = 2-931‘->g/cm3 o

Cladding Volume Fraction = 46.21 / 484 = 0.0955
Paaa= 0. 0955 X 6.56 =0.626 g/cm’

For the 1-D adjoint calculatlon the fuel and clad are further smeared over the entire cavity. The basket-
to-cavity volume fraction is obtained from:

Basket-to-cavity Volume Fraction = 22°x 32/ (n‘x 87.5%) = 0.6439.

Puoa caviy = 2.981 X 0.6439 = 1.9195 g/cm (10.96x0.1751)
Pasi.cavty = 0.626 X 0.6439 = 04031 g/em® (6.56 % 0.0615)

The hardware regions of the fuel assembly are also smeared into the basket area. The masses given in
Table C.3 are used along with the effective volumes to arrive at volume fractions for each of three’
regions; the end plugs, guide tubes in the gap, and the bottom nozzle.

End Plug Volume Fraction = 0.25x x 0.95% x 289 / (22)2 0 42

Guide Tubes Volume Fraction = 0.251 X (0 952 0 8352) x 25 / (22)'= 0.008

Bottom Nozzle Volume Fraction= 5897/ [(22) X 7 x7. 92] =0.22

_The shielding model densities are summarized in Table C.6.
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Table C.6 Source and shield material densities

Density
Mixture
no. Material (g/em’)  (atoms/b-cm)
1-UO; 2.982
U-235 (0.5) 2.693E4
U-238 (11.4) 6.382E-3
Oxygen (88.1) 1.330E-2
1 - Zirc2 0.626
Zirconium (98.25) 4.064E-3
Tin (1.45) 4.609E-5
Iron (0.135) 9.120E-6
Chromium (0.1) 7.256E-6
Nickel (0.055) 3.536E-6
Hafnium (0.01) 2.114E-7
2,4 -SS304 ‘ 7.92
Iron (69.5) 5.936E-2
Nickel (9.5) 7.720E-3
Chromium (19) 1.743E-2
Manganese (2) 1.740E-3
5-Al Aluminum (100) 2.699 6.020E-2
6 —Resin 1.580
Hydrogen (5.05) 4.768E-2
Carbon (35.13) 2.786E-2
Oxygen (41.73) 2.483E-2
B-10(0.19) 1.826E+4
B-11 (0.86) 7.414E-4
Aluminum (14.93) 5.265E-3
Copper (2.11) 3.159E4
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Table C.6 (continued)
’ Density
Mixture T - '
" no. Material -~ (g/em’)  (atoms/b-cm)
7 — Zircalloy Zircalloy 2.6174 1.728E-2
8 —Zircalloy Zircalloy 0.059 3.898E—4
9-SS304 1.677
' Tron (69.5) -  1.239E-2
Nickel (9.5) 1.639E-3
Chromium (19) 3.699E-3
Manganese (2) 3.685E—4
10-SS304 2614
Iron (69.5) ‘ 1.932E-2
Nickel (9.5) 2.554E-3
Chromium(19) - 5.766E-3
Manganese (2) 5.744E4
10 — Inconel - 0.282
Nickel (73) ' 2.114E-3
- Chromium (15) . 4903E4 -
CTon(7) | | 2.130E-4
© Titamum@25) - 8874E-5
Silicon(25) . 7.I31E4
11-S8304 - ‘ o 0.455
Tron(69.5) 3.366E-3
- Nickel ©5) . - 445154
Chromium (19) 1.005E-3
| ~ Manganese (2) 1.001E—4
©11-Zircalloy

‘. Zircalloy (100)

73

0630

 4162E-3 .
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Table C.6 (continued)
Density
Mixture
no. Material (¢/cm’)  (atoms/b-cm)
12 -UO, 1.920
U-235 (0.5) 3.082E-5
U-238 (11.4) 4.249E-3
Oxygen (88.1) 8.560E-3
12 - Zirc2 0.403
Zirconium (98.25) 2.617E-3
Tin (1.45) 2.968E-5
Iron (0.135) 5.873E-6
Chromium (0.1) 4.673E-6
Nickel (0.055) 2.277TE-6
Hafnium (0.01) 1.361E-7

C.4 SHIELDING EVALUATION

The shielding evaluation is performed by calculating the dose rates at the top and radial directions so that
the GBC-32 package meets the 10 CFR Part 71 dose rates during normal conditions of transport, i.e.,

2 mSv/h (200 mrem/h) at the package surface and 0.1 mSv (10 mremvhr) at 2 m from the accessible
surface of the conveyance. Top dose rates were conservatively modeled to bound those of the bottom.

- Dose rates under hypothetical accident conditions were calculated to meet the regulatory limits of

10 mSv/h (1000 mrem/h) at 1 m from the package surface. The accident models were the same as those
under normal conditions but with the impact limiter and neutron shield removed.

The evaluation performed for the GBC-32 package utilized the 3-D Monte Carlo shielding sequence,
SAS4. This code sequence operates under the SCALE code system with the MORSE-SGC/S code
actually performing the Monte Carlo calculations. Under this system, the neutron source multiplication is
accounted for automatically.

The dose rate profiles along the cask side surface and 2 m locations are shown in Figures C.4 and C.5.
The location for the surface doses is the actual outside surface of the resin neutron shield. The 2-m doses
correspond to 2 m from the conveyance or a distance of 358 cm for the cask centerline. The doses peak at
the cask midplane with surface and 2 m total dose values corresponding to 0.35 and 0.078 mSv/h (35 and
7.8 mrem/h) as shown in Table C.7. Both locations have neutron doses that are nearly a factor of two
higher than the gamma doses. The hardware region is of little consequence to the overall doses.
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1.00E-02 4— """ SN Total
5.00E-03 0 ~\,1 " :
0.00E+00 +—— — R

" 0 50 100 150 200 250 300

Distance from midplane (cm)

Figure C.4 Surface dose rate profiles along the side of GBC-32 cask

Dose rate (rem/h)

1.00E-02 -
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Do) e | s
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400E03 f— == === e T —  —Neutron

| IR _, T
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100 150
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Figure C.5 Dose rate profile at 2'm from the conveyance surface fon_? GBC-32 cask
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Table C.7 SAS4 radial analysis results (in rem/h)
Radial dose rates on canister side surface
Segment Height’ Gamma Hardware Neutron Total’

no. (cm) (rem/h) (rem/h) (remvh) (rem/h)
1 14.14 1.38E-02 0.00E+00 2.14E-02 3.52E-02
2 4243 1.41E-02 0.00E+00 2.05E-02 3.47E-02
3 70.72 1.33E-02 1.18E-09 1.90E-02 3.24E-02
4 99.01 1.31E-02 5.31E-08 1.60E-02 2.91E-02
5 127.31 1.20E-02 2.57TE-06 1.21E-02 2.41E-02
6 155.59 9.18E-03 7.54E-05 7.10E-03 1.64E-02
7 183.88 2.42E-03 6.03E-04 4.82E-03 7.85E-03
8 212.17 4.03E-04 1.06E-03 * 0.00E+00 1.47E-03
9 240.46 5.11E-05 1.43E-04 0.00E+00 1.94E~04

Radial dose rates at 2 meters from canister surface
Segment Height’ Gamma Hardware Neutron Total®

no. {cm) {rem/h) (rem/h) {rem/h) (rem/h)
1 14.14 2.91E-03 1.66E-05 4.86E-03 7.79E-03
2 42.43 2.67E-03 1.83E-05 4.67E-03 7.36E-03
3 70.72 2.71E-03 2.28E-05 4.51E-03 7.24E-03
4 99.01 2.51E-03 2.83E-05 4.58E-03 7.12E-03
5 127.31 2.17E-03 3.47E-05 4.48E-03 6.68E-03
6 155.59 1.87E-03 4.46E-05 4.41E-03 6.32E-03
7 183.88 1.65E-03 5.41E-05 4.46E-03 6.17E-03
8 212.17 1.27E-03 5.87E-05 4.20E-03 5.53E-03
9 240.46 1.00E-03 5.91E-05 4.29E-03 5.36E-03

10 268.76 8.26E-04 6.26E-05 3.77E-03 4.66E-03

? Height is from axial midplane.
5 Peak value occurs at segment 1.
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Along the top of the GBC-32 cask, the dose rates peak at the center of the cask, as can be seen in

Figures C.6 and C.7. For the 2 m doses seen in Figure C.7, the peak appears to have moved slightly away
from the centerline; however, this is due to the statistics, since the differences are of the same order as the
Monte Carlo statistics (6-8% for the center doses, while the remaining values have statistics of 2-3%).
The tabular results for these cases are given in Table C.8 indicate the dose rates near the center differ
from the peak by only 5-8%. Along the cask top, the neutron doses clearly dominate those due to gamma
rays since there is no neutron shield along the top of the cask. For these calculations, the materials in the
impact limiter are ignored; however, the surface doses correspond to the position of the impact limiter
surface. The 2 m dose rates correspond to a location 2 m from the impact limiter outer surface.

The dose rate profiles for the task side and top under accident conditions at 1 m from the package surface
are shown in Figures C.8 and C.9. The peak dose rate of 2.92 mSv/h (292 mrem/h) (see Table C.9)
occurs along the case side at the midplane. These dose rate values are well below the regulatory limits
and indicate the radiation levels under accident conditions are acceptable. '

C.5 SOURCE AND SHIELDING INPUTS

The sample inputs to the source term generation and gamma shielding for normal conditions are shown in
Figures C.10 and C.11, respectively. The source calculations were performed using the SCALE code
ORIGEN-ARP. The shielding calculations were performed with the SAS4 shielding sequence in SCALE.
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Appendix C
Surface Axial Doses

5.00E-02
£ 4.00E-02 /=
E \ =« = = Gamma
% 3.00E-02 \ Hardware
8 200E-02 — —Neutron
2 Total
8 1.00E-02 T~ ota

0'00E+00 L L] 1 1]

0 20 40 60 80 100
Distance from Center (cm)

Figure C.6 Dose rate profile along top surface of GBC-32 cask
(neutron dose is approximately equal to the total dose)

Two Meter Axial Doses

1.00E-02
=
E 8.008-03 —_— \\ - 7 ¢ Gamma
‘T;v 6.00E-03 .~ Hardware
S 4.00E-03 = ==Neutron
o
8 200E-03 Total

0.00E+00 ; T T

0 50 100 150 200
Distance from center (cm)

Figure C.7 Dose rate profile 2 m from top of GBC-32 cask
(neutron dose is approximately equal to the total dose)
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Table C.8 SAS4 axial analysis results (in rem/h)

Axial dose rates on canister top surface

Segment  Segment radius Gamma - Hardware Neutron - Total’
no. . (cm) "~ (rem/h) (rem'h) - " - (rem/h) (rem/h)
1~ . 438  756E-05 .. 1.06E-04 4.42E-02 4.44E-02
2 BR2 6.58E-05 © 9.04B-05  428E-02  430E-02
3 2188 525E-05 8.24E-05 4.01E-02 - 4.02E-02
4 3062 3.72E-05 S83E-05  3.54E-02 3.55E-02
5 3038 ”3.31E-05,; .. 4.89E-05 - 2.88E-02 2.88E~02
6 -48.12 2.09E-05 = - 2.97E-05 2.28E-02 2.29E-02
7 5688 . 175B-05 < 196E-05  -1.94E-02 = 1.94E-02
8 6562 ©022E-06 ~ 127E-05  158E-02  1.59E-02
9 74.38 6.10E-06 7.50E-06  1.32E—02 1.32E-02
83.12 - 520E-06  529E-06 = 1.0SE-02 1.05E-02
Axial dose rates at 2 meters from canister top surface

Segment Segmentradius = . Gamma - - Hardware - - - Neutron - Total
no. (cm) (rem/h) . (rem/h) (rem/h) - (rem/h)
1° - - 938 2.00E-05  2.06E-05 7.66E-03  ~ 7.70E-03
2 812 : L94E-05 »'2119E—05 | 7.701_3-()_3 © 7.74E-03
3 - 4688 1.84E-05 2.27E-05 8.14E-03  8.18E-03
4 65.62 1.57E-05 . 2.32E-05 8.03E-03 8.07E-03
5. 8438 . 130E-05 " 1.88E-05 7’.'4013-03 7.43E-03
6 1312 106E-05  1.63E-05 695E-03  6.97E-03
7 121.88 1.06E-05 152E-05 . 6.68E-03 . 6.71E-03
8 140.62  927E-06- - 1.14E-05 - 6.52E-03  6.54E03
9 159.38 5.95E-06 1.04E-05  5.77E-03 5.79E-03
10 178.12 6.41E-06 9.73E-06 5.46E-03 5.47E-03

“ Peak value occurs at segment 3.
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Appendix C
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Figure C.8 Dose rate profiles at 1 m from side of GBC-32 cask under accident conditions
(neutron dose is approximately equal to the total dose)
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Figure C.9 Dose rate profiles for 1 m from top of GBC-32 cask under accident conditions
(neutron dose is approximately equal to the total dose)
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Appendix C . . Example of Calculations Models and Results

Table C.9 SAS4 radial accident analysis resuits (in rem/h)

Radial dose rates on canister side surface

Segment Height” Gamma Hardware Neutron Total’
no. (cm) (rem’/h) (rem/h) (rem/h) (rem/h)
1 14.14 1.39E-02 1.47E-05 - 2.79E-01 2.92E-01
2 42.43 1.30E-02 1.73E-05 2.75E-01 2.88E—01
3 7072 1.34E-02 2.70E-05 2.51E-01 2.64E-01
4 99.01 1.18E-02 4.65E-05 2.23E-01 2.35E-01
5 127.31 9.77E-03 8.71E-05 1.92E-01 2.02E-01
6 155.59 7.52E-03 139E-04  1.55E-01 1.62E-01 -
7 183.88 537E-03  189E-04 . 121E-01  1.26E-01

-8 212.17 *3.09E-03 272E-04  887TE-02  9.20E-02 -

.9 240.46 195E-03 179E-04 6.30E-02 6.52E-02

268.76 1.23E-03 - 1.08E—04 4.73E-02 4.87E-02

“ Height is from axial midplane.
® Peak occurs at segment 1.
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'This SCALE input file was generated by
'OrigenArp Version 2.00 1-18-2002
=arp

17x17

4

3

375

375

375

ft33£f001

end

#origens

0$$ a4 33 all 71 e t

17x17 library, interpolated to 4.000000 wt% -- ft33f001
385 33 a3 1 27 alé6 2 a33 18 e t

358 0 t

568$ 10 10 al0 0 al3 4 al5 3 als 1 e
57** 0 a3 le-05 0.3333333 e t

Cycle 1 -17x17 45 GW4/MTU

1 MTU

58%* 40 40 40 40 40 40 40 40 40 40
60** 37.5 75 112.5 150 187.5 225 262.5 300 337.5 375
6655 al 2 a5 2 a9 2 e

73$$ 922340 922350 922360 922380
74%** 356 40000 184 959460

7588 2 2 2 2

t

54%$% a8 1 ali 0 e

56$$ a2 9 a6 3 alo 10 als5 3 al7 4 e
57** 0 a3 le-05 e t

Decay - 17x17 45 GWdA/MTU

1 MTU

60** 0.01 0.03 0.1 0.3 1 3 10 30 93.75
61** £0.05

65355

'Gram-Atoms Grams Curies Watts-All Watts-Gamma
3z 1 0 0 3z 3z 3z 62

3z 1 0 0 3z 3z 3z 62

3z 1 0 0 3z 3z 3z 62

81$$ a7 200 e

t
17x17 library, interpolated to 4.000000 wt% -- ft33£001
355 33 a3 2 27 a33 18 e t

3588 0 t
56$$ 10 10 al0 9 al5 3 al8 1 e

57** 0 a3 l1le-05 0.3333333 e t

Figure C.10 ORIGEN-ARP source generation sample input
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Cycle 2 -17x17 45 GWd/MTU

1 MTU

S8%* 40 40 40 40 40 40 40 40 40 40 S L
60** 37.5 75 112.5 150 187.5 225 262 S 300 337. 5 375
6655 al 2 a5 2 a9 2 e t

545% a8 1 all 0 e - : o

565% a2 9 a6 3 al0 10 al5 3 al7 4 e - . T
'57%+ 0 a3 le-05 e ¢t .

Decay - 17x17 45 GWA/MTU

1 MTU

60*+ 0.01 0.03 0.1 0.3 1 3 10 30 93.75
61** £0.05

6558

'Gram-Atoms Grams Curies Watts-All
3z - 1 0 0 3z 3z 3z 6z
3z 1 0 0 3z 3z 3z 62z
3z 1 0 0 3z 3z 3z 6z
815$ a7 200 e
t
17x17 library, interpolated to 4.000000 wt¥% -- ft33£001
35$ 33 a3 3 27 a33 18 e t
3558 0 t
56$$ 10 10 al0 9 als 3 als 1 e
S7** 0 a3 le-05 0.3333333 e t
Cycle 3 -17x17 45 GWAd/MTU
1 MTU
58** 40 40 40 40 40 40 40 40 40 40
60** 37.5 75 112.5 150 187.5 225 262.5 300 337.5 375
6656 al 2 a5 2 a9 2 e t
545% a8 1 all 0 e
5658 a2 7 a6 1 al0 10 al4 5 als 3 al7-2 e
57** 0 a3 le-05 e ¢t
Cycle 3 Down - 17x17 45 GWd/MTU

Watts-Gamma

1 MTU

60** 0.01 0.03 0.1 0.3 1 3 10
61** £0.05

655$

'Gram-Atoms Grams Curies Watts-All
3z 1 0 0 3z 32 3z 6z

3z 1 0 0 3z 3z 3z 6z

3z 1 0 0 3z 3z 3z 6z

8155 2 0 26 1 a7 200 e

828 222222 2e

Watts-Gamma

83** .

1.E+7 8 .E+6 6 .5E+6 5.E+6 4 . E+6
2.5E+6 2.E+6 1.66E+6 1.33E+6 1.E+6
6.E+5 4.E+5 3.E+5 2.E+5 1.E+5
1.E+4 . e

84** R R
2.E+7 6.434E+6 3.E+6 1.85E+6 1.4E+6
9.E+5 4.E+5 1.E+5 1.7E+4 3.E+3
1.E+2 3.E+1 1.E+1 3.04999E+0 1.77E+0
1.29999E+0 1.12999E+0 1.E+0 8.E-1 4.E-1
3.25E-1 9.999985E-2 5.E-2 3.E-2

2.25E-1

Figure C.10 (continued)
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9.99999BE-3

t
Cycle
Cycle
Cycle
Cycle
Cycle
Cycle
Cycle
56$$
5653
56$$
56$%
5633
56$$
5633
5633$

end

WwWwwwwww

OCOO0OO0O0O0O0O0

Down
Down
Down
Down
Down
Down
Down
alo
alo
alo
alo
alo
alo
alo

1.E-5 e

Nk wh e
D00 000
ot ottt

17x17
17x17
17x17
17x17
17x17
17x17
17x17
e t

45
45
45
45
45
45
45
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Figure C.10 (continued)
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Appendix C .° 7 Example of Calculations Models and Results

=sas4 parm=size=1000000

Generic 32-Assembly Burnup Credit Cask (GBC-32)
27n-18couple infhommedium

'fuel

uo2 1 0.272 293 92235 4.0 92238 96.0 end

! - Zr cladding
zirc2 1 0.0955 293 end

' - Stainless Steel [Ref. LA-12827-M, page C-10]
cr 2 0 0.01743 293.0 end
mn 2 0 0.00174 293.0 - end
fe 2 0 0.05936 293.0 end
ni 2 0 0.00772 293.0 end

- Boral Center - B-10 loading of 0. 0225 g/sqcm
3 0 6.5795E-03 293.0 end

b-11 3 0 2.7260E-02 293.0 end
3 0 8.4547E-03 293.0 end
3 0 4.1795E-02 293.0 " end

Stainless Steel [Ref. LA-12827-M, page C-10]

cr 4 0 0.01743 293.0 end
mn 4 0 0.00174 293.0 end
fe 4 0 0.05936 293.0. end
ni 4

0 0.00772 293.0 end

Aluminum [Ref. Duderstadt & Hamilton]

al 5 0 0.0602 293.0 end

' o

' mixture 6, radial neutron sh1e1d :

arbm:resin 1.58 6 1 0 1 5000 1.05 1001 5.05 6012 35.13 8016 41.73
13027 14.93 29000 2.11 6 1.0 293 5010 18. 3022 5011 81.6978 end

' mixture 7, end plugs
zircalloy 7 0.42 end

' mixture 8, 25 guide tubes
zircalloy 8 0.008 end

' mixture 9, bottom nozzle -
55304 9. 0.22 end

' mixture 10, top nozzle
ss304 10 0.33 end
inconel 10 0.034 end

' mixture 11, plenum

ss304 11 0.06 end
zircalloy 11 0.10 end

uo2 12 0.1751 293 end
zirc2 12 0.0615 293 end
end comp

ity=2 izm=3 frd=87.5 idr=0 end
87.5 114.5 124.5 end
12 2 6 end

Figure C.11 Sample SAS4 input for primary gamma calculation under normal conditions
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xend

ttl='xy plot’

scr=yes

xul=-115 yul=115 zul=0
x1r=115 ylr=-115 zlr=0
udn=1.0 vax=-1.0 ndn=480
pend
ran=1aB8456ead951
ipf=1 end
soe B8*0.0
! 1.170+7 1.2384+8
19*0.0
3.40+405 1.60+06
1.36+13 1.00+14
5.72+14 2.05+15
end

sxy 1 -87.5

end

sdr 0 282.9 0 282.9 0 282.9 0 282.9 end
sds 10 10 10 10 10 10 10 10 end

gend
GBC-32 cask, bottom geometry, 32
0 0 1 0
rcc 1 0.0 0.0 -212.88
rce 2 0.0 0.0 -247.88
rcc 3 0.0 0.0 -188.0
rcc 4 0.0 0.0 -347.88
rce 5 0.0 0.0 -447.88
rcc 6 0.0 0.0 -547.88
rce 7 0.0 0.0 -2000.
rcc 8 0.0 0.0 -2200.
rpp 9 -71.2698 71.2698
rpp 10
rpp 11 -47.5132 47.5132
rpp 12 -11 11 -11 11 -1
rpp 13 -11 11 -11 11 -1
rpp 14 -11 11 -11 11 -1
rpp 15 -11 11 -11 11 -1
pp 16 -11.75
rpp 17

end
' zone description input
inn 1 -9 -10 -11
wtr 2 -1
jac 3 -2
de2 4 -3 -2
de3 5 -4
de4 6 -5
inv 7 -6
exv 8 -7
arl 9
ar2 10
ar3 11
fue 12
plu 13 -12

425.

376.
695,
895,

O 00000
cooooo
OO0OO0O00O0
oooooo

0.0

0.0 4000.
0.0 0.0 4400.

-47.5132 47

-47.5132 47.5132 -71.2698 -47

47.5132 71
82.88 182.88
83.88
86.0

93.0

183.88
186.0
193.0

76
0

76
76

2

1.368+8 7.294+7 9.109+7 9.112+7 4.178+7 6.
8.16+406 2.03+07 8.30+08 6.63+09 1.07+11 2.
1.80+14 3.79+15 3.41+14 8.00+13 1.23+14 4.

87.5 -87.5 87.5 0.0 182.9 87.5 182.9 124.5 247.88

pwr assemblies

87.5

495.76 114.5
124.5

224.50
322.00

1095.76 358.00

000.

2200.

.51

32 -193.0 193.0

.5132 -193.0 193.0

.26

11.75 -11.75 11.75 -193°
-11.8783 11.8783 -11.8783 11.8783 -193.0

98 -193.0 193.0

193
193.0

Figure C.11 (continued)
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tim=120. nst=1000 nmt=2000 nit=400 sfa=1.119+17 igo=4

158+6

70+11
17+14

end




Appendix C Example of Calculations Models and Results

gtb 14 -13
nzl 15 -14
can 16 -15
vol 17 -16
uvl 8 -17
end
3rl1 21 2 12r1
11*0 7*1
1000 2 6 4*1000 0 -1 -2 -3 1 7 8 9 4 1000 -1000
641 411 411 00
32%*]
00
end

Figure C.11 (continued) ’.
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