
CHAPTER 4 t THERMAL EVALUATION

The HI-STORM System is designed for long-term storage of spent nuclear fuel (SNF) in a vertical 
orientation. An array of HI-STORM Systems laid out in a rectilinear pattern will be stored on a 
concrete ISFSI pad in an open environment. In this section, compliance of the HI-STORM thermal 
performance to 1OCFR72 requirements for outdoor storage at an ISFSI is established. Safe thermal 
performance during on-site loading, unloading and transfer operations utilizing the HI-TRAC 
transfer cask is also demonstrated. The analysis considers passive rejection of decay heat from the 
stored SNF assemblies to the environment under the most severe design basis ambient conditions.  
Effects of 4ue-oe-incident solar radiation (insolation) and partial radiation blockage due to the 
presence of neighboring casks at an ISFSI site are included in the analyses. Finally, the thermal 
margins of safety for long-term storage of both moderate burnup (up to 45, 000 MWD/MTU) and 
high burnup spent nuclear fuel (greater than 45, 000 AMWD/MTU) in the HI-STORM 100 System are 
quantified.  

The guidelines presented in NUREG- 1536 [4.4.10] include eight specific acceptance criteria that 
should be fulfilled by the cask thermal design. These eight criteria are summarized here as follows: 

1. The fuel cladding temperature at the beginning of dry cask storage should 
generally be below the anticipated damage-threshold temperatures for normal 
conditions and a minimum of 20 years of cask storage.  

2. The fuel cladding'temperature should generally be maintained below 570°C 
(1 058"F) for accident, off-normal, and fuel transfer conditions.  

3. The maximum internal pressure of the cask should remain within its design 
pressures for normal (1% rod rupture), off-normal (10% rod rupture), and 
accident (100% rod rupture) conditions.  

4. The cask and fuel materials should be maintained within their minimum and 
maximum temperature criteria for normal, off-normal, and accident 
conditions.  

5. For fuel assemblies proposed for storage, the cask system should ensure a 
very low probability of cladding breach during long-term storage.  

"t This chapter has been prepared in the format and section organization set forth in 
Regulatory Guide 3.61. However, the material content of this chapter also fulfills the 
requirements of NUREG-l1536. Pagination and numbering of sections, figures, and tables 
are consistent with the convention set down in Chapter 1, Section 1.0, herein. Finally, all 
terms-of-art used in this chapter are consistent with the terminology of the glossary 
(Table 1.0.1) and component nomenclature of the Bill-of-Materials (Section 1.5).  
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6. Fuel cladding damage resulting from creep cavitation should be limited to 15% of th¶ 
original cladding cross sectional area. [ 

7. The cask system should be passively cooled.  

8. The thermal performance of the cask should be within the allowable design 
criteria specified in TSAR Chapters 2 and 3 for normal, off-normal, and 
accident conditions.  

As demonstrated in this chapter (see Subsections 4.4.6 and 4.5.6), the HI-STORM System is 
designed to comply with all eight criteria listed above. All thermal analyses to evaluate normal 
conditions of storage in a HI-STORM storage module are described in Section 4.4. All thermal 
analyses to evaluate normal handling and on-site transfer in a HI-TRAC transfer cask are described 
in Section 4.5. All analyses for off-normal conditions are described in Section 11.1. All analyses for 
accident conditions are described in Section 11.2. Sections 4.1 through 4.3 describe thermal analyses 
and input data that are common to all conditions. This TSAR chapter is in full compliance with 
NUREG-1536 requirements, subject to the exceptions and clarifications discussed in Chapter 1, 
Table 1.0.3.  

* This revision to the HI-STORMSafety Analysis Report, thefirst since the HI-STORM 100 System 
was issued a Part 72 Certificate of Compliance, incorporates severalfeatures into the thermal 
analysis to respond to the changing needs of the U.S. nuclear power generation industry. The [J 
most significant changes are: 

* Post-core decay time (PCDT) limitations on high burnup fuel (burnup > 45, 000 MWD/MTU) 
have been computed. The allowable cladding temperatures for high burnup PWR andBWR fuel, 
required to establish PCDT limits, are computed using a methodology consistent with ISG-11.  

# Both uniform and regionalized storage are permitted, the latter being particularly valuable in 
mitigating the dose emitted by the MPC by restricting "cold and old" SNF in the locations 
surrounding the core region of the basket (where the "hot and new "fuel is stored).  

0 The effect of convective heat transfer in the MPC, originally included in the analysis but 
subsequently neglected to enable the NRC to make a more considered assessment of gravity
driven convective heat transfer in honeycomb basket equipped MPCs, is now reintroduced.  

# In the absence of the creditfor convective (thermosiphon) effect, the previous analysis relied on 
the conduction heat transfer through the clearance between the basket and the MPC enclosure 
vessel. The conduction heatflow path was provided by the Aluminum Heat Conduction Elements 
(AHCE). The AHCE hardware is still retained in the MPC; however, the credit for conductive 
heat transfer in thermosiphon-enabled models is neglected to maintain a solid margin of 
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conservatism in the computed results. In a similar spirit of conservatism, the heat transfer in 
narrow cavities (the Rayleigh effect), approved by the SFPO in the previous analysis, is 
neglected in this revision.  

Aside from the above-mentioned changes, this revision of this chapter is essentially identical to its 
predecessor.
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4.1 DISCUSSION

A sectional view of the HI-STORM dry storage system has been presented earlier (see Figure 1.2.1).  
The system consists of a sealed WPC situated inside a vertical ventilated storage overpack. Air inlet 
and outlet ducts that allow for air cooling of the stored MPC are located at the bottom and top, 
respectively, of the cylindrical overpack. The SNF assemblies reside inside the MPC, which is sealed 
with a welded lid to form the confinement boundary. The MPC contains an all-alloy honeycomb 
basket structure with square-shaped compartments of appropriate dimensions to allow insertion of 
the fuel assemblies prior to welding of the MPC lid and closure ring. Each box panel, with the 
exception of exterior panels on the MPC-68 and MPC-32, is equipped with a Boral (thermal neutron 
absorber) panel sandwiched between an alloy steel sheathing plate and the box panel, along the entire 
length of the active fuel region. The MPC is backfilled with helium up to the design-basis initial fill 
level (Table 1.2.2). This provides a stable, inert environment for long-term storage of the SNF. Heat 
is rejected from the SNF in the HI-STORM System to the environment by passive heat transport 
mechanisms only.  

The helium backfill gas is an integral part of the MPC thermal design. The helium fills all the spaces 
between solid components and provides an improved conduction medium (compared to air) for 
dissipating decay heat in the MPC. Additionally, helium in the spaces between the fuel basket and 
the MPC shell is heated differentially and, therefore, subject to the "Rayleigh" effect which is 
discussed in detail later. For added conservatism, the increase in the heat transfer rate due to the 
Rayleigh effect contribution is neglected in this revision of the TSAR. To ensure that the helium gas 
is retained and is not diluted by lower conductivity air, the MPC confinement boundary is designed 
and fabricated to comply with the provisions of the ASME B&PV Code Section III, Subsection NB 
(to the maximum extent practical), as an all-seal-welded pressure vessel with redundant closures. It 
is demonstrated in Section 11.1.3 that the failure of one field-welded pressure boundary seal will not 
result in a breach of the pressure boundary. The helium gas is therefore retained and undiluted, and 
may be credited in the thermal analyses.  

An important thermal design criterion imposed on the HI-STORM System is to limit the maximum 
fuel cladding temperature to within design basis limits (Table 4.3. 7)2•4.34 for long-term storage of 
design basis SNF assemblies. An equally important design criterion is to minimize temperature 
gradients in the MPC so as to minimize thermal stresses. In order to meet these design objectives, 
the MPC baskets are designed to possess certain distinctive characteristics, which are summarized 
in the following.  

The MPC design minimizes resistance to heat transfer within the basket and basket periphery 
regions. This is ensured by an uninterrupted panel-to-panel connectivity realized in the all-welded 
honeycomb basket structure. The MPC design incorporates top and bottom plenums with 
interconnected downcomer paths. The top plenum is formed by the gap between the bottom of the 
MPC lid and the top of the honeycomb fuel basket, and by elongated semicircular holes in each 
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basket cell wall. The bottom plenum is formed by large elongated semicircular holes at the base of f V all cell walls. The MPC basket is designed to eliminate structural discontinuities (i.e., gaps) which 
introduce large thermal resistances to heat flow. Consequently, temperature gradients are minimized 
in the design, which results in lower thermal stresses within the basket. Low thermal stresses are also 
ensured by an MPC design that permits unrestrained axial and radial growth of the basket. The 
possibility of stresses due to restraint on basket periphery thermal growth is eliminated by providing 
adequate basket-to-canister shell gaps to allow for basket thermal growth during heat-up to design 
basis temperatures.  

It is heuristically apparent from the geometry of the MPC that the basket metal, the fuel assemblies, 
and the contained helium mass will be at their peak temperatures at or near the longitudinal axis of 
the MPC. The temperatures will attenuate with increasing radial distance from this axis, reaching 
their lowest values at the outer surface of the MPC shell. Conduction along the metal walls and radiant heat exchange from the fuel assemblies to the MPC metal mass would therefore result in 
substantial differences in the bulk temperatures of helium columns in different fuel storage cells.  
Since two fluid columns at different temperatures in communicative contact cannot remain in static 
equilibrium, the non-isotropic temperature field in the MPC internal space due to conduction and radiation heat transfer mechanisms guarantee the incipience of the third mode of heat transfer: 
natural convection.  

The preceding paragraph introduced the internal helium thermosiphon feature engineered into the 
MPC design. Althoagh •c•edit f•• the in.t.ernAl the.mosiphon effect has been cli•in•iated in thanalytieal miode,•" It is recognized that the backfill helium pressure, in combination with low 
pressure drop circulation passages in the MPC design, induces a thermosiphon upflow through the 
multi-cellular basket structure to aid in removing the decay heat from the stored fuel assemblies. The 
decay heat absorbed by the helium during upflow through the basket is rejected to the MPC shell 
during the subsequent downflow of helium in the peripheral downcomers. This helium thermosiphon 
heat extraction process significantly reduces the burden on the MPC metal basket structure for heat 
transport by conduction, thereby minimizing internal basket temperature gradients and resulting 
thermal stresses.  

The helium columns traverse the vertical storage cavity spaces, redistributing heat within the MPC.  
Elongated holes in the bottom of the cell walls, liberal flow space and elongated holes at the top, and 
wide-open downcomers along the outer periphery of the basket ensure a smooth helium flow regime.  
The most conspicuous beneficial effect of the helium thermosiphon circulation, as discussed above, 
is the mitigation of internal thermal stresses in the MPC. Another beneficial effect is reduction of 
the peak fuel cladding temperatures of the fuel assemblies located in the interior of the basket.  
Hovwever, in the i'teret of eeo•e".'Atim, In the original HI-STORM licensing analyses, no credit 
for the thermosiphon action was is-taken in the thermal aalyss rep.rted in this chapter. To partially 
compensate for the reduction in the computed heat rejection capability due to the complete neglect 
of the global thermosiphon action within the MPC, heat conduction elements made of aluminum 
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were ar-e-interposed in the large peripheral spaces between the MPC shell and the fuel basket. These 
heat conduction elements, shown in the MPC Drawings 1395 and 11.01 in Section 1.5, are 
engineered such that they can be installed in the peripheral spaces to create a nonstructural thermal 
connection between the basket and the MPC shell. In their installed condition, the heat conduction 
elements will contact the MPC shell and the basket walls. MPC manufacturing procedures have been 
established to ensure that the thermal design objectives for the conduction elements set forth in this 
document are realized in the actual hardware. The presence of heat conduction elements in the 
canister design has been conservatively neglected in the thermosiphon-enabled models of the HI
STORM 100 System in this revision of this Safety Analysis Report.  

Four Twe-distinct MPC basket geometries are evaluated for thermal performance in the [1H-STORM 
System. For intact PWRfuel storage, the MPC-24, MPC-24E, and MPC-32 designs are available.  
Four locations are designated for storing damaged PWR fuel in the MPC-24E design. A 68-cell 
MPC design (MPC-68, MPC-68F, and MPC-68FF) is available for storing BWR fuel (intact or 
damaged (including fuel debris)). All of the four basic MPC geometries (MPC-32, MPC-24, MPC
24E and MPC-68) are described and associated design dr•a.win ine.udca in Chapter 1 wherein 
their design drawings can also be found. For- inAtat PWR fuel stoage, MPC 21 design is depicted 
in Figure 1.2.4. The MPC 68 design for- storage of intact or- damaged BWR fuael is shown in Figure
1.-2.UF45dffi;daged BW~R fuel that complies with the design basis thermjal hrceitcitdi 
Table 2. 1.7 is acceptable for- stor-age in the M.PC4-12 6Q Extensivey daged BA fuel assefm•i-es 
(i.e., severed roeds) classified as fuel debris shall beA stored in the PC- 6SF-, which isdinsoa' 
identical to the MPC; 68. Each basket design vAil1 be shown 'q to comply wMt the required temperature 
limfiits underf the imposed heat generatin loads from thesordfelasmbis 

The design maximum basis-decay heat loads for storage of intact zircaloy clad fuel in the four two 
MPCs are listed in Tables 4.4.20, 4.4.21, 4.4.28, and 4.4.29. Table 2.1.6 (per- Pael assembly) and 
Table 1.2.2 MPC total). The design basis decay heat load.s, per fiel ASSembly, for Sstorage of intact 
stainless steel is evaluated in Subsection 4.3.2. clad ifue in Ithe t•w MPCs are listed in Table 2.1.8.  
T-he plac@fement Of a sinigle stainles steel clad fuel assemfbly' inf either- Of tha-V~e twoMPs ecessitPatss
miat a44 4mci assemonbies stor-ed in mat N4PG meet thei cleca" heat l1imits ofTable 2.1.8. Storage oJ 
zircaloy cladfuel with stainless steel cladfuel in an MPC is permitted In this scenario, the zircaloy 
clad fuel is conservatively stipulated to meet the lower decay heat limits for stainless steel clad fuel.  
The design basis decay heat laf•oa r Storage of damaged, zircaloy clad BWR-fuel is evaluated in 
Subsection 4.4.1.1.4. in the N.PC 6•F is listed in Table 2.1.7. The axial heat distribution in each fuel 
assembly is assumed to follow the burnup profiles set forth by Table 2.1.11.  

Thermal analysis of the HI-STORM System is based on including all three fundamental modes of 
heat transfer, namely conduction, natural convection and radiation. Different combinations of these 
modes are active in different parts of the system. These modes are properly identified and 
conservatively analyzed within each part of the MPC, the HI-STORM storage overpack and the HI
TRAC transfer cask, to enable bounding calculations of the temperature distribution within the HI
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STORM System to be performed. In addition to storage within the HI-STORM overpack, loaded 
MPCs will also be located for short durations inside the transfer cask (HI-TRAC) designed for 
moving MPCs into and out of HI-STORM storage modules.  

Heat is dissipated from the outer surface of the storage overpack and HI-TRAC to the environment 
by buoyancy induced airflow (natural convection) and thermal radiation. Heat transport through the 
cylindrical wall of the storage overpack and HI-TRAC is solely by conduction. While stored in a HI
STORM overpack, heat is rejected from the surface of the MPC via the parallel action of thermal 
radiation to the inner shell of the overpack and convection to a buoyancy driven airflow in the 
annular space between the outer surface of the MPC and the inner shell of the overpack. This 
situation is similar to the familiar case of natural draft flow in furnace stacks. When placed into a 
HI-TRAC cask for transfer operations, heat is rejected from the surface of the MPC to the inner shell 
of the HI-TRAC by conduction and thermal radiation.  

Within the MPC, heat is transferred between metal surfaces (e.g., between neighboring fuel rod 
surfaces) via a combination of conduction through a gaseous medium (helium) and thermal radiation.  
Heat is transferred between the fuel basket and the MPC shell by thermal radiation and conduction.  
The heat transfer between the fuel basket external surface and the MPC shell inner surface is further 
influenced by the "Rayleigh" effect. This is dic--u-•ed in Subbetion 4.4. 1. 1.5. This, The heat transfer 
augmentation effect of this mechanism, as discussed earlier, is conservatively neglected 

As discussed later in this chapter, an array of conservative assumptions bias the results of the thermal 
analysis towards much reduced computed margins than would be obtained by a rigorous analysis of 
the problem. In particular, the thermal model employed in determining the MPC temperatures is 
consistent with the model presented in Rev. 9 of the HI-STAR TSAR submittal (Docket No. 72
1008).  

As discussed in Chapter 2, the HI-STORM MPCs are identical to those utilized in the NRC-accepted 
HI-STAR System (Docket 71-1008 for storage). As such, many of the analysis methods utilized 
herein for performing thermal evaluations of the HI-STORM MPCs are identical to those already 
accepted for the HI-STAR System. Specifically, the analysis methods for evaluation of the following 
items are identical to those for the HI-STAR System: 

i. fuel assembly effective thermal conductivity 
ii. MPC fuel basket composite wall effective thermal conductivity 
iii. MPC fuel basket effective thermal conductivity 
iv. MPC fuel basket peripheral region effective thermal conductivity 
v. aluminum heat conduction elements effective thermal conductivity 
vi. MPC internal cavity free volume 
vii. MPC contents effective heat capacity and density 
viii. bounding fuel rod internal pressures and hoop stresses 
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In addition, thermal properties for all materials common to both the HI-STORM and HI-STAR 
systems are identical, including stainless and carbon steels, zircaloy, U0 2, aluminum alloy 1100, 
Boral, Holtite-A, helium, air and paint.  

The complete thermal analysis is performed using the industry standard ANSYS finite element 
modeling package [4.1.1] and the finite volume Computational Fluid Dynamics (CFD) code 
FLUENT [4.1.2]. ANSYS has been previously used and accepted by the NRC on numerous dockets 
[4.4.10,4.V.5.a]. The FLUENT CFD program is independently benchmarked and validated with a 
wide class of theoretical and experimental studies reported in the technical joumals. Additionally, 
Holtec has confirmed the code's capability to reliably predict temperature fields in dry storage 
applications using independent full-scale test data from a loaded cask [4.1.3] . This sUy c.n.luded 
that FLUENDWT can be uc~ed to model] all Modez ofheat trAnzferr, niamely3, conducteionf, con;'ectiG11, d 
radiation in dry ... sk ,ystemz. ,A series of Holtec topical reports, culminating in "Topical report on 
the HI-STAR/HI-STORM thermal model and its benchmarking with full-size cask test data ", Holtec 
Report HI-992252, Rev. 1, document the comparison of the Holtec thermal model against the full
size cask test data [4.1.3]. In reference [4.1.3], the Holtec thermal model is shown to overpredict 
the measured fuel cladding temperature by a modest amount for every test set. In early 2000, PNL 
evaluated the thermal performance of HI-STORM 100 at discrete ambient temperatures using the 
COBRA-SFS Code. (Summary report communicated by TE. Michener to J. Guttman (NRC staff) 
dated May 31, 2000 titled "TEMPEST Analysis of the Utah ISFSI Private Fuel Storage Facility and 
COBRA-SFS Analysis of the Holtec HI-STORM 100 Storage System'). The above-mentioned topical 
report has been updated to include a comparison of the Holtec thermal model results with the PNL 
solution. Once again, the Holtec thermal model is uniformly conservative, albeit by small margins.  
The benchmarking of the Holtec thermal model against the EPRI test data [4.1.3] and PNL COBRA
SFS study validate the suitability of the thermal model employed to evaluate the thermal 
performance of the HI-STORM 100 System in this document.  
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4.2 SUMMARY OF THERMAL PROPERTIES OF MATERIALS

"Materials present in the MPCs include stainless steels (Alloy X), Boral neutron absorber, aluminum 
Alloy 1100 heat conduction elements, and helium. Materials present in the HI-STORM storage 
overpack include carbon steels and concrete. Materials present in the HI-TRAC transfer cask include 
carbon steels, lead, Holtite-A neutron shield, and demineralized water. In Table 4.2.1, a summary 
of references used to obtain cask material properties for performing all thermal analyses is presented.  

Individual thermal conductivities of the alloys that comprise the Alloy X materials and the bounding 
Alloy X thermal conductivity are reported in Appendix L.A of this report. Tables 4.2.2, 4.2.3 and 
4.2.9 provide numerical thermal conductivity data of materials at several representative temperatures.  
Thermal conductivity data for Boral components (i.e., B4C core and aluminum cladding) is provided 
in Table 4.2.8. The temperature dependence of the thermal conductivities of helium and air is shown 
in Figure 4.2.1.  

For the HI-STORM overpack, the thermal conductivity of concrete and the emissivity/absorptivity 
of painted surfaces are particularly important. Recognizing the considerable variations in reported 
values for these properties, we have selected values that are conservative with respect to both 
authoritative references and values used in analyses on previously licensed cask dockets. Specific 
discussions of the conservatism of the selected values are included in the following paragraphs.  

As specified in Table 4.2.1, the concrete thermal conductivity is taken from Marks' Standard 
N Handbook for Mechanical Engineers, which is conservative compared to a variety of recognized 

concrete codes and references. Neville, in his book "Properties of Concrete" (4t Edition, 1996), 
gives concrete conductivity values as high as 2.1 Btu/(hrxftx°F). For concrete with siliceous 
aggregates, the type to be used in HI-STORM overpacks, Neville reports conductivities of at least 
1.2 Btu/(hrxftx°F). Data from Loudon and Stacey, extracted from Neville, reports conductivities of 
0.980 to 1.3 10 Btu/(hrxftx°F) for normal weight concrete protected from the weather. ACI-207.1R 
provides thermal conductivity values for seventeen structures (mostly dams) at temperatures from 
50-150°F. Every thermal conductivity value reported in ACI-207.1R is greater than the 1.05 
Btu/(hrxftx*F) value used in the HI-STORM thermal analyses.  

Additionally, the NRC has previously approved analyses that use higher conductivity values than 
those applied in the HI-STORM thermal analysis. For example, thermal calculations for the NRC 
approved Vectra NUHOMS cask system (June 1996, Rev. 4A) used thermal conductivities as high 
as 1.17 Btu/(hrxftx0 F) at 100'F. Based on these considerations, the concrete thermal conductivity 
value stipulated for HI-STORM thermal analyses is considered to be conservative.  

Holtite-A is a composite material consisting of approximately 37 wt% epoxy polymer, 1% B4C and 
62% Aluminum trihydrate. Thermal conductivity of the polymeric component is low because 
polymers are generally characterized by a low conductivity (0. 05 to 0. 2 Btu/ft-hr-OF). Addition of 
fillers in substantial amounts raises the mixture conductivity up to a factor of ten. Thermal 
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conductivity of epoxy filled resins with Alumina is reported in the technical literaturet as 
approximately 0.5 Btu/ft-hr-°F and higher. In the HI-STORM TSAR, a conservatively postulated 
conductivity of 0.3 Btu/ft-hr-°F is used in the thermal models for the neutron shield region (in the 
HI-TRAC transfer cask). As the thermal inertia of the neutron shield is not credited in the analyses, 
the density and heat capacity properties are not reported herein.  

Surface emissivity data for key materials of construction are provided in Table 4.2.4. The emissivity 
properties of painted external surfaces are generally excellent. Kern [4.2.5] reports an emissivity 
range of 0.8 to 0.98 for a wide variety of paints. In the HI-STORM thermal analysis, an emissivity 
of 0.85tt is applied to painted surfaces. A conservative solar absorptivity coefficient of 1.0 is applied 
to all exposed overpack surfaces.  

In Table 4.2.5, the heat capacity and density of the different overpack materials are presented. These 
properties are used in performing transient (i.e., hypothetical fire accident condition) analyses. The 
temperature dependence of the viscosities of helium and air are provided in Table 4.2.6 and plotted 
in Figure 4.2.2.  

The heat transfer coefficient for exposed surfaces is calculated by accounting for both natural 
convection and thermal radiation heat transfer. The natural convection coefficient depends upon the 
product of Grashof (Gr) and Prandtl (Pr) numbers. Following the approach developed by Jakob and 
Hawkins [4.2.9], the product GrxPr is expressed as L3ATZ, where L is height of the overpack, T is 
overpack surface temperature differential and Z is a parameter based on air properties, which are 
known functions of temperature, evaluated at the average film temperature. The temperature IJ 
dependence of Z is provided in Table 4.2.7.  

t "Prinicples of Polymer Systems", F. Rodriguez, Hemisphere Publishing Company (Chapter 10).  ft This is conservative with respect to prior cask industry practice, which has historically 
utilized higher emissivities. For example, a higher emissivity for painted surfaces (e = 0.95) 
is used in the previously licensed TN-32 cask TSAR (Docket 72-1021).  
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Table 4.2.1

SUMMARY OF HI-STORM SYSTEM MATERIALS 
THERMAL PROPERTY REFERENCES

Material Emissivity Conductivity Density Heat Capacity 
Helium N/A Handbook Ideal Gas Law Handbook 

[4.2.2] [4.2.2] 

Air N/A Handbook Ideal Gas Law Handbook 
[4.2.2] [4.2.2] 

Zircaloy EPRI NUREG Rust [4.2.4] Rust [4.2.4] 
[4.2.3] [4.2.6], [4.2.7] 

U0 2  Not Used NUREG Rust [4.2.4] Rust [4.2.4] 
[4.2.6], [4.2.7] 

Stainless Steel Kern [4.2.5] ASME [4.2.8] Marks' [4.2.1] Marks' [4.2.1] 
Carbon Steel Kern [4.2.5] ASME [4.2.8] Marks' [4.2.1] Marks' [4.2.1] 

Boralt Not Used Test Data Test Data Test Data 
Holtite-Alt  Not Used Test Data 4est-Deta Test Pa 

Lower Bound Not Used Not Used 
Value Used 

Concrete Not Used Marks' [4.2.1] Marks' [4.2.1] Handbook 
[4.2.2] 

Lead Not Used Handbook Handbook Handbook 
[4.2.2] [4.2.2] [4.2.2] 

Water Not Used ASME [4.2.10] ASME [4.2.10] ASME [4.2.10] 
Aluminum Handbook ASME [4.2.8] ASME [4.2.8] ASME [4.2.8] 
Alloy 1100 [4.2.2] 

(Heat Conduction 
Elements) 

tr AAR Structures Boral thermophysical test data.  

,t From neutron shield manufacturer's data [1.2.11].
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Table 4.2.2 

SUMMARY OF HI-STORM SYSTEM MATERIALS 
THERMAL CONDUCTIVITY DATA

Material @ 200OF @ 450OF @ 700OF 
(Btu/ft-hr-°F) (Btu/ft-hr-OF) (Btu/ft-hr-_F) 

Helium 0.0976 0.1289 0.1575 
Air 0.0173 0.0225 0.0272 

Alloy X 8.4 9.8 11.0 
Carbon Steel 24.4 23.9 22.4 
Heltite A= N-A N.A 
Concretetf 1.05 1.05 1.05 

Lead 19.4 17.9 16.9 
Water 0.392 0.368 N/A 

lt^;-ite A is -nl we.d in 4he 1:U ^ ,onite t.nsfer, e-emack .. .Duing normal use, the 
Peak tem..r..a.r of the Ho..tit. A dee. not eyweed ... . provi:ding a margin of at leat 
4-1-0 F to the material'e long term temferature lim-it. Th -MH TRt fire analy..,, 
dizc sumed in Sectain 11-2, is eansen'atively peromed sueh that the results rn r not 
dependent on the conductivity of Holtite A.  

tt Assumed constant for the entire range oftemperatures.
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Table 4.2.3

SUMMARY OF FUEL ELEMENT COMPONENTS 
THERMAL CONDUCTIVITY DATA

Zircaloy Cladding Fuel (U0 2) 

Temperature (OF) Conductivity Temperature (°F) Conductivity 
(Btu/ft-hr-0F) (Btu/ft-hr-°F) 

392 8.28t 100 3.48 
572 8.76 448 3.48 
752 9.60 570 3.24 

932 10.44 793 2.281

Lowest values of conductivity used in the thermal analyses for conservatism.
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Table 4.2.4 

SUMMARY OF MATERIALS SURFACE EMISSIVITY DATA

Note: The emissivity of a metal surface is a function of the surface finish. In general, oxidation of 
a metal surface increases the emissivity. As stated in Marks' Standard Handbook for Mechanical 
Engineers: "Unless extraordinary pains are taken to prevent oxidation, however, a metallic surface 
may exhibit several times the emittance or absorptance of a polished specimen." This general 
statement is substantiated with a review of tabulated emissivity data from several standard 
references. These comparisons show that oxidized metal surfaces do indeed have higher emissivities 
than clean surfaces.

ix
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Material Emissivity 

Zircaloy 0.80 
Painted surfaces 0.85 

Stainless steel 0.36 

Carbon Steel 0.66 
Sandblasted Aluminum 0.40



Table 4.2.5

DENSITY AND HEAT CAPACITY PROPERTIES SUMMARY

Material Density (Ibm/ft) Heat Capacity (Btu/lbm-°F) 

Helium (Ideal Gas Law) 1.24 

Zircaloy 409 0.0728 

Fuel (UO2) 684 0.056 
Carbon steel 489 0.1 

Stainless steel 501 0.12 

Boral 154.7 0.13 

Concrete 14 2 t 0.156 
Lead 710 0.031 

Water 62.4 0.999 

t4e4ite-A 4405. 0.3-9 

Aluminum Alloy 1100 169.9 0.23 
(Heat Conduction Elements) 

A minimum allowable density for concrete is specified as 146 lb/ft3 in Appendix I .D.  
For conservatism in transient heatup calculations, a lower value is specified here.
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Table 4.2.6 

GASES VISCOSITY' VARIATION WITH TEMPERATURE 

Temperature Helium Viscosity Temperature Air Viscosity 
(OF) (Micropoise)tt (OF) (Micropoise) 

167.4 220.5 32.0 172.0 
200.3 228.2 70.5 182.4 
297.4 250.6 260.3 229.4 

346.9 261.8 

463.0 288.7 

537.8 299.8 

737.6 338.8

t Obtained from Rohsenow and Hartnett [4.2.2].  

t, This data is also provided in graphical form in Figure 4.2.2.
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Table 4.2.7

VARIATION OF NATURAL CONVECTION PROPERTIES 
PARAMETER "Z" FOR AIR WITH TEMPERATUREt 

Temperature (°F) Z (fRor3°l) 

40 2.lx1×0 

140 9.0x101 

240 4.6x10 5 

340 2.6x105 

440 1.5x10 5

Obtained from Jakob and Hawkins [4.2.9].
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Table 4.2.8 

BORAL COMPONENT MATERIALS t 

THERMAL CONDUCTIVITY DATA

h

Both B4 C and aluminum cladding thermal conductivity values are obtained from AAR 
Structures Boral thermophysical test data.

HI-STORM TSAR 
REPORT HI-951312

Temperature (°F) B 4C Core Conductivity Aluminum Cladding 
(Btu/ft-hr-°F) Conductivity (Btu/ft-hr-.F) 

212 48.09 100.00 
392 48.03 104.51 
572 47.28 108.04 
752 46.35 109.43
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Table 4.2.9

HEAT CONDUCTION ELEMENTS (ALUMINUM ALLOY 1100) 
THERMAL CONDUCTIVITY DATA 

Temperature ('F) Conductivity (Btu/ft-hr-'F) 

100 131.8 

200 128.5 

300 126.2 

400 124.5
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4.3 SPECIFICATIONS FOR COMPONENTS

HI-STORM System materials and components designated as "Important to Safety" (i.e., required 
to be maintained within their safe operating temperature ranges to ensure their intended function) 
which warrant special attention are summarized in Table 4.3.1. The neutron shielding ability of 
Holtite-A neutron shield material used in the HI-TRAC onsite transfer overpack is ensured by 
demonstrating that the material exposure temperatures are maintained below the maximum allowable 
limit. Long-term integrity of SNF is ensured by the HI-STORM System thermal performance that 
demonstrates that fuel cladding temperatures are maintained below design basis limits. Boral used 
in MPC baskets for criticality control (a composite material composed of B4C and aluminum) is 
stable up to 1000*F for short-term and 850'F for long-term dry storaget. However, for conservatism, 
a significantly lower maximum temperature limit is imposed. The overpack concrete, the primary 
function of which is shielding, will maintain its structural, thermal and shielding properties provided 
that American Concrete Institute (ACI) temperature limits are not exceeded.  

Compliance to 1 OCFR72 requires, in part, identification and evaluation of short-term off-normal and 
severe hypothetical accident conditions. The inherent mechanical stability characteristics of cask 
materials and components ensure that no significant functional degradation is possible due to 
exposure to short-term temperature excursions outside the normal long-term temperature limits. For 
evaluation of HI-STORM System thermal performance under off-normal or hypothetical accident 
conditions, material temperature limits for short-duration events are provided in Table 4.3.1.  

4.3.1 Evaluation of Moderate Burnup Zircaloy Clad Fuel 

Demonstration of fuel cladding integrity against the potential for degradation and gross rupture 
throughout the entire dry cask storage period is mandated by the Code of Federal Regulations (Part 
72, Section 72.122(h)). The specific criteria required to establish fuel cladding integrity, set forth in 
NUREG-1536 (4.0,IV,5&6) are: 

i. For each fuel type proposed for storage, the dry cask storage system should 
ensure a very low probability of cladding breach during long-term storage.  

ii. Fuel cladding damage resulting from creep cavitation should be limited to 
15% of the original cladding cross sectional area during dry storage.  

Consistent with the NUREG-1536 criteria, the HI-STORM System is designed to preclude gross fuel 
cladding failures during the entire duration of storage. A method for establishing the peak cladding 
temperature limits in accordance with the diffusion-controlled cavity growth (DCCG) methodology 
was proposed by the Lawrence Livermore National Laboratory [4.3.5]. Recent NRC guidelinestt, 

t AAR Advanced Structures Boral thermophysical test data.  
t t Interim Staff Guidance-11, "Storage of Spent Fuel Having Bumups in Excess of 45,000 

MWD/MtU", USNRC.  
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applicable for high burnup fuel (greater than 45,000 MWD/MTU), require that alternate methods be 
adopted for computing peak cladding temperature limits (see Appendix 4.A). Even•though 05s -For [i the TSAR eony-requestsfor approval for fuel bumups up to 45,000 MWD/MTU, the PNL-6189 
[4.3.1] creep rupture criteria has been conservatively adopted in accord with the latest NRC 
guidelines so as to develop more restrictive permissible peak fuel cladding temperatures for the HI
STORM System. A discussion of the DCCG and PNL criteria for establishing allowable cladding 
temperatures is provided in the balance of the section.  

4.3.1.1 Cladding Temperature Limits (DCCG Criteria) 

For SNF of a given age (decay time), the permissible peak cladding temperature is a direct function 
of the cladding hoop stress, which in turn depends on the radius-to-thickness ratio of the fuel rod and 
its internal pressure. The rod internal pressure Pi is a function of the maximum initial fill pressures 
(Tables 4.3.2 and 4.3.5) and fuel bumup dependent fission gas release. The free rod volumes in the 
third column of Tables 4.3.2 and 4.3.5 are defined as free rod volumes in each fuel rod available for 
pressurization with fill gas. The free rod volume is the cumulative sum of the open top plenum 
space, the pellet-to-cladding annular space and the inter-pellet junction space. As a lower bound 
value of the free rod volume is conservative for cladding stress at operating temperatures, only the 
nominal gas plenum space is shown. The plenum length for miscellaneous BWR fuel assemblies is 
set to 12 inches. The radius-to-thickness ratio r* is determined based on rod nominal dimension 
values (Tables 4.3.3 and 4.3.6), with consideration of maximum cladding thickness loss due to in
reactor oxidation, as reported by PNL [4.3.4].  

The data presented in Tables 4.3.2 and 4.3.5 are combined with theoretical bounding fuel rod internal 
gas pressures from published technical sources [4.3.1 and 4.3.6], to absolutely ensure that bounding 
clad hoop stress values are used in the determination of gross cladding integrity. These bounding 
pressures are so large that they approach physical upper bounds for some fuel assemblies, as the 
corresponding hoop stresses approach the yield stress of zircaloy (approximately 172 MPa at 750'F 
[4.3.7]). The theoretical bounding rod internal pressure for PWR assemblies is compared, in Figure 
4.3.1, to the published test data for assemblies from two different plants. From this figure, the large 
conservatism in the theoretical bounding pressure is evident.  

These theoretical bounding pressures, from two sources, are provided below for PWR and BWR 
fuel: 

PWR: 2416 psia [4.3.1], 16 MPa (2320 psia) [4.3.6] 
BWR: 1094 psia [4.3.1], 70 atm (1029 psia) [4.3.6] 

The coincident gas plenum temperatures reported in the PNL report [4.3.1] are 387'C for PWR 
assemblies and 311 PC for BWR assemblies at reactor operating conditions. It can be seen in Figures 
4.4.16 and 4.4.17 that the zevage-temperature distribution of gas in the fuel rods, a great bulk of 
which is located in the top gas plenum, is well below the in-core condition gas temperatures reported 
above (PWRfuel) and for the mostpart in the BWRfuel. In the interest of conservatism, no credit 
is taken for the substantially lower gas plenum temperatures that prevail during dry storage.  
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Furthermore, the greater of the literature pressure data listed above is adopted for performing peak 
clad temperature limit calculations. The values utilized for Pi are 2416 psia for PWRt assemblies and 
1094 psia for BWR assemblies.  

By utilizing Pi and r*, the cladding stress for various PWR fuel types is calculated from Lame's 
formula and summarized in Table 4.3.3. For certain outlier fuel types (PWR), the stress calculations 
are provided in Table 4.3.9. An inspection of cladding stress data summarized in Tables 4.3.9 and 
4.3.3 indicates 152.7 MPa as the theoretical bounding value of cladding stress (am.) for the PWR 
SNF. Corresponding fill gas data and calculations of cladding stress for the various BWR SNF types 
are summarized in Tables 4.3.5 and 4.3.6, respectively. An inspection of the cladding stress data in 
Table 4.3.6 indicates that the theoretical bounding value of the cladding hoop stress for the BWR 
SNF is 72.7 MPa. The theoretical bounding values of am for the array of PWR and BWR SNF types 
are thus 152.7 MPa and 72.7 MPa, respectively.  

In this manner, the maximum conceivable values of cladding hoop stress are calculated for use in 
subsequent DCCG method calculations. As an additional conservatism, the peak fuel rod cladding 
hoop stresses are conservatively held constant throughout the dry storage period. In practice, the rod 
cladding hoop stresses are the maximum when the casks are initially loaded and monotonically 
decrease with the time-decreasing heat load and temperature. The Ideal Gas Law governs the 
decrease in pressure with decreasing temperature.  

As stated earlier, the value of-of a.m is required to establish the peak cladding temperature limit 
using the DCCG method. The DCCG model-based zircaloy cladding temperature limit computation, 
in accordance with the LLNL procedure [4.3.5], requires a solution to the following equation 
expressed in terms of the area fraction of de-cohesion (A): 

At am to + tstt 

"A f to 

where: 
Ai = initial area fraction of de-cohesion 
Af = end of storage life area fraction of de-cohesion (limited to 0.15) 
t. = age of fuel prior to dry cask storage (years) 
t, = dry cask storage period (40 years) 
f(A) = area fraction of de-cohesion function 
G(t) = damage function 

The term on the left-hand side of this equation represents the area fraction of de-cohesion that occurs 
over the dry storage period. The term on the right-hand side represents the cumulative damage over 
the same period. The area fraction of de-cohesion function and the damage function, f(A) and G(t) 
respectively, are: 

t Certain outlier fuels (Table 4.3.9) are stipulated to be below a postulated limiting rodpressure.  
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[1(Al-)1] (1-A) 

f(A)=A 
A1/21n 1 3 + AA 

2 A 4 4 

G(t) = 32 F 11
2 (a) £')S 0'• (t) DGB [T(t)] 

3 1/2 F, (a) KA/, T(t) 

where: 

F1(a) = 7Z sin 2 (a) 

Fv(o) = - (2- 3 cos a + cos 3 a) 

T(t) = time-dependent peak cladding temperature 
K = Boltzmann constant (1.38053 x 10-23 J/K) 

A discussion on the balance of parameters in the damage function G(t) is provided below.  

Cladding Hoop Stress (a.. (t)) 

The cladding hoop stress is principally dependent upon the specific fuel rod dimensions, initial fill 
rod pressure, time-dependent storage temperature, and fuel bumup dependent fission gas release 
from the fuel pellets into the rod plenum space. The peak fuel rod pressure for various analyzed 
PWR and BWR fuel types at the start of the dry storage period are summarized in Tables 4.3.3 and 
4.3.6. The highest peak rod stress among the various PWR and BWR fuel types, previously defined 
as amx, are conservatively applied as constant (time-independent) cladding hoop stresses in the 
DCCG model-based damage function.  

Grain Boundary Cavity Dihedral Angle (ca) 

The LLNL report [4.3.5] has determined the dihedral angle (a) for pure metals to be 750. To account 
for possible non-ideal conditions, a conservatively lower cc equal to 60' is applied to the DCCG 
model.  

Zirconium Atomic Volume (92) 

The zirconium atomic volume estimated from several literature sources as documented in the LLNL 
report [4.3.5] is in the range of 2.31x10"29 m3 to 3.37x10-29 m 3. In the interest of conservatism, the 
maximum estimated atomic volume equal to 3.37x 102 9 m3 is used for the analysis.  
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Grain Boundary Thickness (8)

The LLNL report [4.3.5] has recommended a grain boundary thickness of three Burgers vectors to 
be adequate for the analysis. Thus, 6 = 3 (3.23x10-I) = 9.69x10-1' m is used in the analysis.  

Average Cavity Spacing W) 

The type of nucleation mechanism and the density of nucleation sites control cavity spacing. The 
LLNL report [4.3.5] references an experimental study that found that the cavity spacing is in the 
range of 1 Ox 1 0-6 to 20x 1 0-6 m. In the interest of conservatism, the minimum reported cavity spacing 
equal to l0x 10-6 m is used in the analysis.  

Grain Boundary Diffusion Rate (DB) 

Two grain boundary diffusion rate correlations for zirconium are reported in the LLNL report 
[4.3.5]. The two correlations provide diffusion rate estimates that are approximately two orders of 
magnitude apart from each other. Consequently, the more conservative correlation that provides a 
higher estimate of the grain boundary diffusion rate is used in the analysis. This more conservative 
correlation, yielding units of m2/sec, is: 

DGB = 5.9x 10- exp [- 131,000/RT] 

where R is the universal gas constant in J/molxK units.  

Time-Dependent Peak Cladding Temperature (T(t)) 

The peak cladding temperature during long-term storage is principally dependent upon the thermal 
heat load from the stored fuel assemblies, which is imposed on the cask. It is well established that 
the rate of radioactive decay in a fuel assembly exponentially attenuates with the age of fuel.  
Consequently, the peak cladding temperature during long-term storage will also attenuate rapidly 
as a direct consequence of the heat load reduction with time, which is modeled using the data 
provided in USNRC Regulatory Guide 3.54 [4.3.3]. To confirm the applicability of the Reg. Guide 
3.54 data, comparisons with the ORIGEN-S source term calculation results discussed in Chapter 5 
of this TSAR were performed. Figures 4.3.2 and 4.3.3 present graphical comparisons of the decay 
heat versus decay time profiles from the Reg. Guide data with the profiles from the ORIGEN-S 
calculations. For the design-basis maximum decay heat load (which is approached with 5-year old 
fuel), the Reg. Guide data agrees favorably with the ORIGEN-S calculation results. The Reg. Guide 
data is, in fact, slightly conservative with respect to the ORIGEN-S calculations.  
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It should be noted that the area fraction of de-cohesion function f(A) approaches zero in the 

Ai 

limit as A -* A1 . Consequently, the mathematical singularity in the integral • ()is numerically 

accommodated by using an alternate form given below: 

AdA A, A1 12 [1n 1 3 +A(IA]dA 

f fA = Limit -e- 0 f 2 A 4 4 

A 

The allowable area fraction of de-cohesion using Ai = 0.05, = 0.0001, and Af = 0.15 is determined 
to be equal to 0.15211.  

This is consistent with an alternate form of the DCCG model reported in the PNL study [4.3.1, 
Appendix D] as reproduced below: 

If 

A= fG(t)dt 0.15 

The cumulative damage G(t) can be evaluated as a function of the initial fuel cladding temperature 
and corresponding cladding stress, which are the two primary constituents of the damage function.  
The initial cladding hoop stress at a bounding storage temperature has already been determined. All 
other parameters in the G(t) function (except for the initial peak cladding temperature limit To) have 1' 
been defined as discussed previously in this section. The cumulative cladding damage experienced 
during the 40-year dry cask storage period is determined by integrating the G(t) function. The initial 
peak cladding temperature limit parameter T, is iteratively adjusted to limit the cumulative damage 
to 15% as required by the NUREG- 1536 Criterion (ii) discussed earlier in this section. The initial 
peak cladding temperature limits for the bounding PWR and BWR fuel assemblies are provided in 
Table 4.3.7.  

4.3.1.2 Permissible Cladding Temperatures (PNL Method) 

In this subsection, the permissible peak clad temperature limits for the HI-STORM System are 
computed using the so-called "generic CSFM temperature limits" data provided in a PNL report 
[4.3.1 ]. The generic CSFM temperature limits, known to be more conservative than the previously 
discussed DCCG method, define the maximum permissible initial storage temperature (TP) of 
cladding as a function of initial cladding stress (amax) and fuel age (-of) at the start of dry storage. The 
stress developed in cladding is a function of rod diameter-to-thickness ratio (d,) and the internal rod 
gas pressure (P1) which prevails during dry storage conditions. In the previous subsection, the 
W-14xl4 and GE-7x7 fuel types were identified to have the highest dc in the class of PWR)t-and 

"f Certain outlier fuels are excluded from this class as the cladding stress is bounded by the design basis 
W 14x14fuel (Table 4.3.9).  
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BWR fuels, respectively. The cladding thickness data in Tables 4.3.3 and 4.3.6 is the corroded wall 
thickness after including maximum oxidation loss during reactor operation. The dc for bounding 

PWR and BWR SNF is 18.3 and 19.3, respectively.

The throy amcsate of gas confinifed iniside a fuel rod is specified by two parameters~gas 
pr-ess~e-E(R) and gas temperature (-Td. Theoretically, boundinig rod gas preassure data correspondinig 

to in carereactar a eraz is presnfted ini the previous subsection. For copuin PA-_the-AenAAl 
coniditionis of a fuel roed during dry storage in a HI STOQRM System, axial rod temper_-ature arito 
dlata for- the hottest fuel rod is presented in Figures 1.4.16 an;;d 4.1.17 for. PWRP and BWUR SNF-, 

F-°pO+t

For- compuating the av~er-age gas temper~atue in the fuel roed fro-m t-he axial cladding temper-ature 
profile, two& distinct axial zones (r-egions) in the ifu~el ro-d wfie identified. One zone is the fuel;rod 
pellets stack region wvher-ein the gas space consists of the annuilar gap b-A _etween theR pellet andth 
cladding in-sid-e surmf-ace. The otuherf regioni is the gas plenumff space above the fuel pellet-s. Ths two; 

reiosar epicted inthled afx-i-al temfiperature plots (Figureas 4.4.16 And 1.1.17). The ao fueElro average 
gas temperature (T) is obtgaied by a gas volume weighe avrae of the mean rod tempertaur-e in 
the two r-egions. The avergn process is expr-essed by the following formul1A: 

1 0  V L" 

v+V 

T(z ): axia rod teWOmpeatr proGfile 
I: gas vOlumfe in pellet to clad gap 

V: plenum. . gas volume 
a:_ length of pellet stack region~a 

fu Ael rod length 

F-romi the results of the avergin c,270 0 C9and 235 0C boun-Md-s th-e _averag rod gas temperature 
of the W lx1414 anfd GE 7x7 fue~l-gassmblies, r-espectively. The4 rod initernal pr-essure par-amfeter (PA' 
is readily computed froma this inofomation as follovs 

The cladding stress in a fuel rod is principally dependent upon the rod internal pressure Po which 
is postulated to reasonably bound rod pressures of SNF during dry storage. PNL [4.3.2] and EPRI 
[4.3.4]provide in-core irradiation rod pressures information which are theoretical upper bounds.
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For reference, they are provided herein in Subsection 4.3.1.]. Other robust sourcesf which 
authoritatively deal with this matter report peak rod pressures of 1600 psia (PWR) and 900 psia (BWR) during in-core irradiation. The conservatism in the in-core irradiation rod pressures for bounding rods pressure during dry cask storage is illustrated in Figure 4.3.1. From published test data on rods pressure measured from two different plants, the projected rods pressure in dry storage 
is significantly lower than the in-core irradiation pressure (-1350 psia for PWR). For computing 
permissible cladding temperatures for SNF storage in the HI-STORM System, a conservatively 
postulated Po of2000 psia (PWR) and 1000 psia (BWR) are employed in this work. her••.  

Ta +273 

Tg + 273 

The dry storage rod pressure Po for PWR and BWR types is postulated eeifqR'.ted@as 2000 4-988 psia and 1000 9-5- psia, respectively. Having obtained PoPN, the cladding stress (Oma) is readily 
obtained by the product of Po P1-and d, and dividing the result by 2 (Lame's formula). The cladding 
stress computed in this manner is 18,300psi (126.1 MPa)8,190 psi (125.3 .. P..) and 9,650 psia (66.5... .M)9,17 psi (63.3 MP. ) for PWR and BWR fuel, respectively. From the generic CSFM temperature limits table in the PNL report [4.3.1, page 3-19] and cymax, the permissible peak clad temperature limit (Td) as a function of tf is readily obtained. The TP vs. -tf results for PWR and BWR fuel are presented in Table 4.3.7. The peak clad temperature limits (DCCG criteria) and permissible 
cladding temperature limits (PNL criteria) data are graphically depicted in Figure 4.3.4. The more restrictive results (PNL criteria) are applied to the HI-STORM Systemm. Iln Table 4.3.8, permissible 
(PNL criteria) temperatures for an outlier fuel type (Dresden-i thin clad) are evaluated at a 1) conservatively bounding stress (94.1 MPa, Table 4.3.6). These temperatures aare applicable to Low 
Heat Emitting (LHE) fuel evaluated in Subsection 4.4.1.1.13-.  

4.3.2 Evaluation of Stainless Steel Clad Fuel 

Approximately 2,200 PWR and BWR fuel assemblies stored in the United States were manufactured 
with stainless steel cladding. All stainless steel cladding materials are of the austenitic genre with the ASTM alloy compositions being principally type 304 and 348H. For long-term storage 
conditions, a recent EPRI/PNL study [4.3.4] recommends a 430'C (806'F) peak stainless steel cladding temperature limit. This temperature limit is substantially higher than the peak fuel cladding 
temperatures calculated for the HI-STORM System with design-basis maximum decay heat loads 
and zircaloy clad fuel (see Tables 4.4.9 and 4.4.10).  

It is recognized that the peak cladding temperature of stainless fuel will differ from zircaloy clad fuel 
principally due to the following differences: 

i. Differences in decay heat levels 

f NRC SERfor HI-STORM System (Docket 72-1014) 
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ii. Differences in cladding emissivity 
iii. Differences in cladding conductivity 
"iv. Differences in fuel rod array dimensions 

The net planar thermal resistance of the equivalent homogenized axisymmetric MPC basket 
containing stainless steel clad fuel is greater than that with zircaloy clad fuel. The higher resistance 
arises principally from the significantly lower emissivity of the stainless steel cladding. This factor 
is, however, offset by significantly lower design-basis heat loads prescribed for a [H-STORM 
System containing stainless steel clad fuel. A 20% (MPC-68, MPC-24, and MPC-24E) and 25% 
(MPC-32) 2°,-E)or greater reduction in the design basis heat duty for stainless steel fuel (i.e., 20%
25% lower than zircaloy clad fuel) bounds the nominal percentage decrease in MPC basket 
effeective thermal conductivityt (stainless steel fueled baskets are between 9% (MPC-68) to 25% 
4-3(MPC-3$2 24) less conaducting, as shown in Table 4.4.3). CempaFiag The design basis maximum 
allowable decay heatfor MPCs fueled with stainless steel clad fuel are conservatively set to be 20% 
lower than zircaloy-fueled basket maximum heat load for MPC-24, MPC-24E, and MPC-68 (25% 
lower for MPC-32). is significantly mare than 20% for both P-Rp, an•d• fuel. Theerefore, it is 
concluded that the peak cladding temperature for stainless steel clad fuel will be bounded by zircaloy 
clad fuel results. Consequently, in view of the conservative heat loads prescribed for stainless steel 
clad fuel, a separate thermal analysis to demonstrate the adequacy of stainless steel cladding integrity 
for storage in the HI-STORM System is not necessary.  

4.3.3 Short-Term Cladding Temperature Limit 

For short-term durations, relatively high fuel cladding temperature limits have been historically 
accepted. For example, the Safety Analysis Report of the STC transport cask (Docket No. 71-9235), 
recently certified by the USNRC, permits 1200'F (approximately 649°C) as the maximum value of 
the peak cladding temperature, Tin, for transport of SNF with up to 45,000 MWD/MTU bumup.  
NUREG-1536 and PNL test data [4.3.2], limiting themselves to medium burnup levels (28,800 
MWD/MTU), endorse a somewhat lower Tmax (Tmax = 570'C or 1058°F). Based on the published 
industry test data, guidance in the literature, and analytical reasoning, we herein prescribe 570'C as 
the admissible value of T,. for SNF, with accumulated burnups up to 45,000 MWD/MTU, in the 
HI-STORM System.  

A Brookhaven report written for EPRI [4.3.6] asserts that fuel cladding rupture becomes "virtually 
absent at stresses below about 200 MPa". It can be readily deduced that the peak cladding stress for 
the limiting condition of 570'C cladding temperature will be below 200 MPa for the SNF bumup 
levels considered in this TSAR. Recalling that am.x = 152.7 MPa (Table 4.3.3) at a 387°C average 
rod gas temperature, the cladding circumferential stress apeak at 570'C is obtained by direct 
proportionality in absolute gas temperature: 

The term "effective conductivity" of the fuel basket is defined in Section 4.4.1.  
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up= ama, x (570 + 2 7 3 )/(387 + 273) = 195.0 MPa 

Therefore, a short-term fuel cladding temperature limit Tmax = 570'C is considered safe to preclude 
fuel cladding failure. For fuel claddings which have been exposed to higher levels of in-core 
irradiation, the irradiation process progressively hardens the cladding material, making high 
burnup fuel less susceptible to stress-induced creep and fracture at these stress levels (up to 200 
MPa). A recent high burnup fuel cladding integrity study by German researcherst corroborates this 
physical reasoning. In the German study, fuel rods with up to 64, 000 MWD/MTU burnup were tested 
at substantially higher stresses (-400 MPa and 600 MPa) without cladding failure.  

The EPRI report [4.3.6] cites experiments on fourteen irradiated Turkey Point Unit 3 rods carried 
out by Einziger et al.tt in 1982 which showed no breach in cladding even after as much as 7% strain 
was accumulated in elevated temperatures lasting for 740-1,000 hours. Einziger's test data 
corroborates our selection of Tm.x = 570'C as the short duration limiting temperature.  

t "Short-time Creep and Rupture Tests on High Burnup Fuel Rod Cladding ", by W. Goll, 
E. Toscano andH. Spilker.

tt "High Temperature Post Irradiation Materials Performance of Spent Pressurized Water 
Reactor Fuel Rods under Dry Storage Conditions," by R.E. Einziger, S.D. Atkin, D.E.  
Stallrecht, and V.S. Pasupathi, Nuclear Technology, 57:65-80 (1982).
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Table 4.3.1 

HI-STORM SYSTEM MATERIAL TEMPERATURE LIMITS

Material Normal Long-Term Short-Term Temperature 
Temperature Limits [°Fj Limits ['F] 

Zircaloy fuel cladding (Moderatet Burnup) 1058 

See Table 4.3.7 
Stainless steel fuel cladding 806 1058 
Boraltt 800 950 
Holtite-Atft 300 300 
Concrete 200 350 
Water 3 07tttf N/A 

t High burnupfuel storage limits are established in Appendix 4.A.  

tt Based on AAR Structures Boral thermophysical test data.  

ttt See Section 1.2.1.3.2.  

tttt Saturation temperature at HI-TRAC water jacket design pressure.
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Table 4.3.2 

SUMMARY OF PWR ASSEMBLY RODS INITIAL GAS FELL DATA

Free Rod 
Volume (in3)

Fill Pressure 
(psig) at 
70OF

Fill Gas Volume at STPt

Per Rod 
(Liters)

Per 
Assembly

W-14xl4Std. 179 0.67n 0-460 0.845 151.2 
W-15x15 Std. 204 0.67n 0-475 0.633 129.1 
W-17x17 Std. 264 0.59tf 275-500 0.666 175.8 
B&W-15xl5 208 1.308 415 0.582 121.1 
Mark B 
B&W-17xl7 264 0.819 435 0.381 100.6 
Mark C 
CE-14x14 164 1.693 300-450 0.814 133.5 
Std.  
CE-16x16 220 1.411 300-450 0.678 149.2 
Std.  
B&W-15x15 208 1.260 415 0.560 116.5 
Mark B-11 
CE-14x14 176 1.728 300-450 0.831 146.2 
(MP2) I I 

STP stands for standard temperature (O°C) and pressure (1 atmosphere).  

n Bounding low values verified from Holtec's the Cempany!f proprietary information 
database.
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Table 4.3.3 

BOUNDING VALUES OF FUEL CLADDING STRESS FOR PWR SNF 

W- W- W- B&W- B&W- CE- CE- CE-14xl4 

14X14 15X15 17x17 15X15 17X17 14X14 16X16 (MP2) 
Std. Std. Std. Mark B Mark C Std. Sys 80 

Fresh Fuel 0.4220 0.422 0.374 0.430 0.379 0.440 0.382 0.440 
Rods O.D.  
(inch) 

End of Life 0.0027 0.0027 0.0027 0.0027 0.0027 0.0027 0.0027 0.0027 
Oxidation 
Thickness 
(inch)t 

End of Life 0.4166 0.4166 0.3686 0.4246 0.3736 0.4346 0.3766 0.4346 
Rods O.D.  
(inch) 

Rods I.D. 0.3734 0.373 0.329 0.377 0.331 0.384 0.332 0.388 
(inch) 

Average Tube 0.3950 0.3948 0.3488 0.4008 0.3523 0.4093 0.3493 0.4113 
Diameter (inch) 

Wall Thickness 0.0216 0.0218 0.0198 0.0238 0.0213 0.0253 0.0223 0.0233 
(inch) 

Theoretical 16.7 16.7 16.7 16.7 16.7 16.7 16.7 16.7 
Bounding Rod 
Pressure (MPa 
gage)"t 

Bounding 152.7 151.2 147.1 140.6 138.1 135.0 130.8 147.4 
Cladding Stress 
(MPa)

ft
PNL-4835 [4.3.2] reported maximum cladding thickness loss due to in-reactor oxidation.  

PNL-6189 [4.3.1] data.
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Table 4.3.4 

INTENTIONALLY DELETED.
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SUMMARY OF BWR
Table 4.3.5 

ASSEMBLY RODS INITIAL GAS FILL DATA
Assembly Type Rods Per Free Rod Fill Pressure Fill Gas Volume at STP 

Assembly Volume (in3) (psig) at 70'F 
Per Rod Per Assembly 

(liters) (liters) 
GE-7x7 (1966) 49 2.073 0-44.1f 0.126 6.17 
GE-7x7 (1968) 49 2.073 0-44.1 0.126 6.17 

GE-7x7R 49 1.991 0-44.1 0.121 5.93 

GE-8x8 60 1.504 0-44.1 0.0915 5.49 

GE-8x8R 60 1.433 0-147tt 0.240 14.4 
Exxon-9x9 79 1.323 58.8-88.2•t 0.141 11.1 
6x6 GE Dresden-1 36 2.304 58.8-88.2 0.245 8.82 
6x6 Dresden-i MOX 36 2.286 58.8-88.2 0.243 8.75 
6x6 GE Humboldt Bay 36 2.346 58.8-88.2 0.250 9.0 
7x7 GE Humboldt Bay 49 1.662 58.8-88.2 0.177 8.67 
8x8 GE Dresden-i 64 1.235 58.8-88.2 0.131 8.38 
8x8 SPC 63 1.615 58.8-88.2 0.172 10.8 
9x9 SPC-2 water rods 79 1.248 58.8-88.2 0.133 10.5 
9x9 SPC- 1 water rod 80 1.248 58.8-88.2 0.133 10.6 
9x9 GEl l/GEl3 74 1.389 58.8-88.2 0.150 11.1 
9x9 Atrium 9B SPC 72 1.366 58.8-88.2 0.145 10.4 
lOx 10 SVEA-96 96 1.022 58.8-88.2 0.109 10.5 
10xl0 GE12 92 1.167 58.8-88.2 0.124 11.4 
6x6 Dresden-I 36 2.455 58.8-88.2 0.261 9.4 
7x7 Oyster Creek 49 2.346 58.8-88.2 0.250 12.2 
8x8 Oyster Creek 64 1.739 58.8-88.2 0.185 11.8 
8x8 Quadt Westinghouse 64 1.201 58.8-88.2 0.128 8.2 
8x8 TVA Browns Ferry 61 1.686 58.8-88.2 0.179 10.9 
9x9 SPC-5 76 1.249 58.8-88.2 0.133 10.1 
ANF 8x8 62 1.61 58.8-88.2 0.172 10.7 
ANF-9X (9x9) 72 1.249 58.8-88.2 0.133 9.6 

f Conservatively bounding for GE-7x7 (1966), GE-7x7 (1968), GE-7x7R and GE-8x8 

(ORNL/TM-9591N1-R1).  

Conservatively bounding initial fill pressure. ORNL/TM-9591NI-RI reports GE-8x8R pre
pressurized to 3 atm.  

t BWR fuel rods internal pressurization between 4 to 6 atm (PNL-4835).
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BOUNDING

Table 4.3.6 

VALUES OF FUEL CLADDING STRESS FOR BWR SNF

t PNL-6189 [4.3.1] data.

HI-STORM TSAR 
REPORT HI-951312

4.3-16

GE-7x7 GE-7x7 GE-7x7R GE-8x8 GE-8x8R Exxon-9x9 
(1966) (1968) 

Fresh Fuel 0.563 0.570 0.563 0.493 0.483 0.42 
Rods O.D.  
(inch) 

End of Life 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 
Oxidation 
Thickness 
(inch) 

End of Life 0.5536 0.5606 0.5536 0.4836 0.4736 0.4106 
Rods O.D.  
(inch) 

Rods I.D. 0.499 0.499 0.489 0.425 0.419 0.36 
(inch) 

Average Tube 0.5263 0.5298 0.5213 0.4543 0.4463 0.3853 
Diameter 
(inch) 

Wall 0.0273 0.0308 0.0323 0.0293 0.0273 0.0253 
Thickness 
(inch) 

Theoretical 7.54 7.54 7.54 7.54 7.54 7.54 
Bounding 
Rod Pressure 
(MPa gage)t 
Bounding 72.7 64.8 60.8 58.5 61.6 57.4 
Cladding 
Stress (MPa)
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Table 4.3.6 (continued)

BOUNDING VALUES OF FUEL CLADDING STRESS FOR BWR SNF

t PNL-6189 [4.3.1] data.

HI-STORM TSAR 
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6x6 GE 6x6 MOX 6x6 GE 7x7 GE 8x8 GE 8x8 SPC 
Dresden- I Dresden- I Humboldt Humboldt Dresden-1 

Bay Bay 
Fresh Fuel 0.5645 0.5625 0.563 0.486 0.412 0.484 
Rods O.D.  
(inch) 

End of Life 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 
Oxidation 
Thickness 
(inch) 
End of Life 0.5551 0.5531 0.5536 0.4766 0.4026 0.4746 
Rods O.D.  
(inch) 
Rods I.D. 0.4945 0.4925 0.499 0Q42 0.362 0.4144 
(inch) 0.4204 

Average Tube 0.5248 0.5228 0.5263 0 4483 0.3813 0.4443 
Diameter 
(inch) 0.4485 

Wall 0.0303 0.0303 0.0273 0g028- 0.0203 0.0303 
Thickness 
(inch) 0.0281 

Theoretical 7.54 7.54 7.54 7.54 7.54 7.54 
Bounding 
Rod Pressure 
(MPa gage)t 
Bounding 65.3 65.0 72.7 59,-7 70.8 55.3 
Cladding 60.1 
Stress (MPa)
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Table 4.3.6 (continued) 

BOUNDING VALUES OF FUEL CLADDING STRESS FOR BWR SNF

Fresh Fuel 
Rods O.D.  
(inch) 

End of Life 
Oxidation 
Thickness 
(inch) 

End of Life 
Rods O.D.  
(inch) 

Rods 1.D.  
(inch) 

Average Tube 
Diameter 
(inch) 

Wall 
Thickness 
(inch) 

Theoretical 
Bounding 
Rod Pressure 
(MPa gage)t 

Bounding 
Cladding 
Stress (MPa)

9x9 SPC-2 
water rods

0.424

9x9 SPC-1 

water rod 

0.423

0.0047 0.0047

9x9 GE-1 1/13

0.44

0.0047

9x9 SPC 
Atrium 9B

0.433

IOxl0 SVEA
96

ITi - I
0.379

t 4 4
0.0047 0.0047

10xlO GE12

0.404

0.0047

0.4146 0.4136 0.4306 0.4236 0.3696 0.3946

0.364 0.364 0.384 0.3808 0.3294 0.352

0.3888
t I I .1.

0.4073 0.4022 0.3495 0.3733

0.0253 0.0248 0.0233 0.0214 0.0201 0.0213

7.54 

58.0

r -, ra � .f f I
1.34

59.1

7.54 7.54

t - ± + I
65.9 70.9 65.6

7.54

66.1

________ - _____________ J ______________ L ______________ I. ______________

t PNL-6189 [4.3.1] data.  
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Table 4.3.6 (continued)

BOUNDING VALUES OF FUEL CLADDING STRESS FOR BWR SNF

6x6 Dresden-it 7x7 Oyster Creek 8x8 Oyster Creek 8x8 Quadr 
Thin Clad 

Fresh fuel Rods 0.5625 0.57 0.5015 0.4576 
O.D. (inch) 
End-of-Life 0.0047 0-0047 0.0047 0.0047 
Oxidzation Thin 
Clad (inch) 
End-of-Life Rods 0.5531 0.5606 0.4921 0.4482 
O.D. (inch) 
Rods I.D. (inch) 0.5105 0.499 0.4295 0.3996 
Average Tube 0.5318 0.5298 0.4608 0.4239 
Diameter (inch) 
Wall Thickness 0.0213 0.0308 0.0313 0.0243 
(inch) 
Theoretical 7.54 7.54 7.54 7.54 
Boundary Rod 
Pressure (MPa 
gauge) 
Bounding Cladding 94.1 64.5 55.5 65.8 
Stress (MPa) I I _ I 

f Outlier fuel type evaluated in Table 4.3.8.
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I Table 4.3.6 (continued) 

BOUNDING VALUES OF FUEL CLADDING STRESS FOR B WR SNF 

8x8 TVA Browns 9x9 SPC-5 ANF 8x8 ANF-9X 
Ferry (9x9) 

O.D. Inch 0.483 0.417 0.484 0.424 
End-of-Life Oxidation 0.0047 0.0047 0.0047 0.0047 
Thickness (inch) 
End-of-Life Rods O.D. 0.4736 0.4076 0.4746 0.4146 
(inch) 
Rods I.D. (inch) 0.423 0.364 0.414 0.364

(inch)
I. 'tf03 U.0385

...... I I. - 4
Wall Thickness (inch)
Theoretical Bounding 
Rod Pressure (MPa) 
Bounding Cladding 
Stress (MPa)

0.0253
+0 021

7 .546 
.

7.54 

66.7

0.4443 

0.0303 
7.54 

55.3

I __________ 
j
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0.3893 

0.0253 
7.54 
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Table 4.3.7 

ZIRCALOY CLADDING TEMPERATURE LIMITS AND PERMISSIBLE 
TEEMPERATURES 

Fuel Age (years) PWR SNF (0G) [OF] BWR SNF (0CG) 10°F1 
Permissible Permissible 

DCCG Limit PNL DCCG Limit PNL 
Limit Limit 

5 419.4 [787] 366.0 [691] 440.2 [824] 394.4 [742]J 
__46646K92 

6 416.7 [782] 358.0 [676] 436.2 [817] 379.2 [7144] 

7 397.0 [747] 335.0 [635] 416.4 [781] 354.8 [6714-] 

10 379.4 [715] 329.6 [625] 398.9 [750] 348.8 [6660] 

15 370.2 [698] 323.2 [614] 390.2 [734] 342.1 [6448] 
__ 323.8 [6I51
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Table 4.3.8 

PERMISSIBLE TEMPERATURES FOR OUTLIER FUEL TYPES

----- I

I1-, 334.9

HI-STORM TSAR 
REPORT HI-951312

4.3-22

5 383.7 [7231 
6 370.9 [700] 
7 347.7 [658] 

10 342.1 [648]

[6351

Rev. 11

[635

/"117 ..... •,

(Yxears)Fuel Age 6x6 Dresden-] Thin Clad r°C f°F1 (B WR)



Table 4.3.9

BOUNDING CLADDING STRESS FOR OUTLIER PWR FUEL

t Rodpressure to be limited to 2175 psia at 387°C gas plenum temperature.

HI-STORM TSAR 
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B& W 15x15 
Mark B-11

Fresh Fuel Rods O.D. (inch) 0.414 
End of Life Oxidation Thickness (inch) 0.0027 
End of Life Rods O.D. (inch) 0.4086 
Rods ID. (inch) 0.370 
Average Rod Diameter (inch) 0.3893 
Limiting Rod Pressure (MPa) 15t 
Bounding Cladding Stress (MPa) 151.3
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4.4 THERMAL EVALUATION FOR NORMAL CONDITIONS OF STORAGE

Under long-term storage conditions, the HI-STORM System (i.e., HI-STORM overpack and MPC) 
thermal evaluation is performed with the MPC cavity backfilled with helium. Thermal analysis 
results for the long-term storage scenarios are obtained and reported in this section.  

4.4.1 Thermal Model 

The MPC basket design consists of we-four distinct geometries to hold 24 or 32 PWR, or 68 BWR 
fuel assemblies. The basket is a matrix of square compartments designed to hold the fuel assemblies 
in a vertical position. The basket is a honeycomb structure of alloy steel (Alloy X) plates with full
length edge-welded intersections to form an integral basket configuration. All individual cell walls, 
except outer periphery cell walls in the MPC-68 and MPC-32, are provided with Boral neutron 
absorber sandwiched between the box wall and a stainless steel sheathing plate over the full length 
of the active fuel region.  

The design basis decay heat generation (per PWR or BWR assembly) for long-term normal storage 
is specified in Table 2.1.6. The decay heat is conservatively considered to be non-uniformly 
distributed over the active fuel length based on the design basis axial burnup distributions provided 
in Chapter 2 (Table 2.1.11).  

Transport of heat from the interior of the MPC to its outer surface is accomplished by a combination 
of conduction through the MPC basket metal grid structure, and conduction and radiation heat 
transfer in the relatively small helium gaps between the fuel assemblies and basket cell walls. Heat 
dissipation across the gap between the MPC basket periphery and the MPC shell is by a combination 
of helium conduction, natural convection (by means of the "Rayleigh" effect) t radiation across the 
gap and conduction in the aluminum alloy 1100 heat conduction elements. MPC internal helium 
circulation is recognized in the thermal modeling analyses reported herein. Heat rejection from the 
outer surface of the MPC to the environment is primarily accomplished by convective heat transfer 
to a buoyancy driven airflow through the MPC-to-overpack annular gap. Inlet and outlet ducts in the 
overpack cylinder at its bottom and top, respectively, allow circulation of air through the annulus.  
A secondary heat rejection path from the outer surface of the MPC to the environment involves 
thermal radiation heat transfer across the annular gap, radial conduction through the overpack 
cylinder, and natural convection and thermal radiation from the outer surface of the overpack to the 
atmosphere.  

4.4.1.1 Analytical Model - General Remarks 

Transport of heat from the heat generation region (fuel assemblies) to the outside environment 
(ambient air or ground) is analyzed broadly in terms of three interdependent thermal models.  

t Neglected in this model for conservatismm.  
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1. The first model considers transport of heat from the fuel assembly to the basket cell walls.  
This model recognizes the combined effects of conduction (through helium) and radiation, 
and is essentially a finite element technology based update of the classical Wooton & Epstein 
[4.4.1 ] (which considered radiative heat exchange between fuel rod surfaces) formulation.  

2. The second model considers heat transport within an MPC cross section by conduction and 
radiation. The effective cross sectional thermal conductivity of the basket region, obtained 
from a combined fuel assembly/basket heat conduction-radiation model developed on 
ANSYS, is applied to an axisymmetric thermal model of the HI-STORM System on the 
FLUENT [4.1.2] code.  

3. The third model deals with the transmission of heat from the MPC exterior surface to the 
external environment (heat sink). The upflowing air stream in the MPC/cask annulus extracts 
most of the heat from the external surface of the MPC, and a small amount of heat is radially 
deposited on the HI-STORM inner surface by conduction and radiation. Heat rejection from 
the outside cask surfaces to ambient air is considered by accounting for natural convection 
and radiative heat transfer mechanisms from the vertical (cylindrical shell) and top cover 
(flat) surfaces. The reduction in radiative heat exchange between cask outside vertical 
surfaces and ambient air, because of blockage from the neighboring casks arranged for 
normal storage at an ISFSI pad as described in Section 1.4, is recognized in the analysis. The 
overpack top plate is modeled as a heated surface in convective and radiative heat exchange 
with air and as a recipient of heat input through insolation. Insolation on the cask surfaces 
is based on 12-hour levels prescribed in 1OCFR71, averaged over a 24-hour period, after 
accounting for partial blockage conditions on the sides of the overpack.  

Subsections 4.4.1.1.1 through 4.4.1.1.9 contain a systematic description of the mathematical models 
devised to articulate the temperature field in the HI-STORM System. The description begins with 
the method to characterize the heat transfer behavior of the prismatic (square) opening referred to 
as the "fuel space" with a heat emitting fuel assembly situated in it. The methodology utilizes a finite 
element procedure to replace the heterogeneous SNF/fuel space region with an equivalent solid body 
having a well-defined temperature-dependent conductivity. In the following subsection, the method 
to replace the "composite" walls of the fuel basket cells with an equivalent "solid" wall is presented.  
Having created the mathematical equivalents for the SNF/fuel spaces and the fuel basket walls, the 
method to represent the MPC cylinder containing the fuel basket by an equivalent cylinder whose 
thermal conductivity is a function of the spatial location and coincident temperature is presented.  

Following the approach of presenting descriptions starting from the inside and moving to the outer 
region of a cask, the next subsections present the mathematical model to simulate the overpack.  
Subsection 4.4.1.1.9 concludes the presentation with a description of how the different models for 
the specific regions within the HI-STORM System are assembled into the final FLUENT model.  
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Overview of the Thermal Model

Thermal analysis of the HI-STORM System is performed by assuming that the system is subject to 
its maximum heat duty with each storage location occupied and with the heat generation rate in each 
stored fuel assembly equal to the design-basis maximum value. While the assumption of equal heat 
generation imputes a certain symmetry to the cask thermal problem, the thermal model must 
incorporate three attributes of the physical problem to perform a rigorous analysis of a fully loaded 
cask: 

i. While the rate of heat conduction through metals is a relatively weak function of 
temperature, radiation heat exchange is a nonlinear function of surface temperatures.  

ii. Heat generation in the MPC is axially non-uniform due to non-uniform axial burnup 
profiles in the fuel assemblies.  

iii. Inasmuch as the transfer of heat occurs from inside the basket region to the outside, 
the temperature field in the MPC is spatially distributed with the maximum values 
reached in the central core region.  

It is clearly impractical to model every fuel rod in every stored fuel assembly explicitly. Instead, the 
cross section bounded by the inside of the storage cell, which surrounds the assemblage of fuel rods 
and the interstitial helium gas, is replaced with an "equivalent" square (solid) section characterized 
by an effective thermal conductivity. Figure 4.4.1 pictorially illustrates the homogenization concept.  
Further details of this procedure for determining the effective conductivity are presented in 
Subsection 4.4.1.1.2; it suffices to state here that the effective conductivity of the cell space will be 
a function of temperature because the radiation heat transfer (a major component of the heat 
transport between the fuel rods and the surrounding basket cell metal) is a strong function of the 
temperatures of the participating bodies. Therefore, in effect, every storage cell location will have 
a different value of effective conductivity (depending on the coincident temperature) in the 
homogenized model. The temperature-dependent fuel assembly region effective conductivity is 
determined by a finite volume procedure, as described in Subsection 4.4.1.1.2.  

In the next step of homogenization, a planar section of MPC is considered. With each storage cell 
inside space replaced with an equivalent solid square, the MPC cross section consists of a metallic 
gridwork (basket cell walls with each square cell space containing a solid fuel cell square of effective 
thermal conductivity, which is a function of temperature) circumscribed by a circular ring (MPC 
shell). There are five distinct materials in this section, namely the homogenized fuel cell squares, the 
Alloy X structural materials in the MPC (including Boral sheathing), Boral, Alloy 1100 aluminum 
heat conduction elements, and helium gas. Each of the five constituent materials in this section has 
a different conductivity. It is emphasized that the conductivity of the homogenized fuel cells is a 
strong function of temperature.  

In order to replace this thermally heterogeneous MPC section with an equivalent conduction-only 
region, resort to the finite element procedure is necessary. Because the rate of transport of heat 
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within the MPC is influenced by radiation, which is a temperature-dependent effect, the equivalent 
conductivity of the MPC region must also be computed as a function of temperature. Finally, it is I. Ž! 
recognized that the MPC section consists of two discrete regions, namely, the basket region and the 
peripheral region. The peripheral region is the space between the peripheral storage cells and the 
MPC shell. This space is essentially full of helium surrounded by Alloy X plates and Alloy 1100 
aluminum heat conduction elements. Accordingly, as illustrated in Figure 4.4.2 for MPC-68, the 
MPC cross section is replaced with two homogenized regions with temperature-dependent 
conductivities. In particular, the effective conductivity of the fuel cells is subsumed into the 
equivalent conductivity of the basket cross section. The finite element procedure used to accomplish 
this is described in Subsection 4.4.1.1.4. The ANSYS finite element code is the vehicle for all 
modeling efforts described in the foregoing.  

In summary, appropriate finite-element models are used to replace the MPC cross section with an 
equivalent two-region homogeneous conduction lamina whose local conductivity is a known 
function of coincident absolute temperature. Thus, the MPC cylinder containing discrete fuel 
assemblies, helium, Boral and Alloy X, is replaced with a right circular cylinder whose material 
conductivity will vary with radial and axial position as a function of the coincident temperature.  
Finally, HI-STORM is simulated as a radially symmetric structure with a buoyancy-induced flow 
in the annular space surrounding the heat generating MPC cylinder.  

The thermal analysis procedure described above makes frequent use of equivalent thermal properties 
to ease the geometric modeling of the cask components. These equivalent properties are rigorously 
calculated values based on detailed evaluations of actual cask system geometries. All these [ 
calculations are performed conservatively to ensure a bounding representation of the cask system.  
This process, commonly referred to as submodeling, yields accurate (not approximate) results. Given 
the detailed nature of the submodeling process, experimental validation of the individual submodels 
is not necessary.  

Internal circulation of helium in the sealed MPC is modeled as flow in a porous media in the fueled 
region containing the SNF (including top and bottom plenums). The basket-to-MPC shell clearance 
space is modeled as a helium filled radial gap to include the downcomer flow in the thermal model.  
The downcomer region, as illustrated in Figure 4.4.2, consists of an azimuthally varying gap formed 
by the square-celled basket outline and the cylindrical MPC shell. At the locations of closest 
approach a differential expansion gap (a small clearance on the order of 1/10 of an inch) is 
engineered to allow free thermal expansion of the basket. At the widest locations, the gaps are on 
the order of the fuel cell opening (-6" (BJWR) and -9" (PWR) MPCs). It is heuristically evident that 
heat dissipation by conduction is maximum at the closest approach locations (low thermal resistance 
path) and that convective heat transfer is highest at the widest gap locations (large downcomer 
flow). In the FLUENT thermal model, a radial gap that is large compared to the basket-to-shell 
clearance and small compared to the cell opening is used. As a relatively large gap penalizes heat 
dissipation by conduction and a small gap throttles convective flow, the use of a single gap in the 
FL UENT model understates both conduction and convection heat transfer in the downcomer region.  
Heat dissipation by the inclusion of aluminum heat conduction elements, as stated earlier, is 
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conservatively neglected in the thermosiphon- enabled-thermal models employed in this revision of 
the SAR.  

The FLUENT thermal modeling methodology has been benchmarked with full-scale cask test data 
(EPRI TN-24P cask testing), as well as with PNNL's COBRA-SFS modeling of the HI-STORM 
System. The benchmarking work has been documented in a Holtec topical report HI-992252 
("Topical Report on the HI-STAR/HI-STORM Thermal Model and Its Benchmarking with Full-Size 
Cask Test Data').  

In this manner, a loaded MPC standing upright on the ISFSI pad in a HI-STORM overpack is 
replaced with a right circular cylinder with spatially varying temperature-dependent conductivity.  
Heat is generated within the basket space in this cylinder in the manner of the prescribed axial 
burnup distribution. In addition, heat is deposited from insolation on the external surface of the 
overpack. Under steady state conditions the total heat due to internal generation and insolation is 
dissipated from the outer cask surfaces by natural convection and thermal radiation to the ambient 
environment and from heating of upward flowing air in the annulus. Details of the elements of 
mathematical modeling are provided in the following.  

4.4.1.1.2 Fuel Region Effective Thermal Conductivity Calculation 

Thermal properties of a large number of PWR and BWR fuel assembly configurations manufactured 
by the major fuel suppliers (i.e., Westinghouse, CE, B&W, and GE) have been evaluated for 
inclusion in the HI-STORM System thermal analysis. Bounding PWR and BWR fuel assembly 
configurations are determined using the simplified procedure described below. This is followed by 
the determination of temperature-dependent properties of the bounding PWR and BWR fuel 
assembly configurations to be used for cask thermal analysis using a finite volume (FLUENT) 
approach.  

To determine which of the numerous PWR assembly types listed in Table 4.4.1 should be used in 
the thermal model for the PWR M4PG 24 fuel baskets (MPC-24, MPC-24E, MPC-32), we must 
establish which assembly type has the maximum thermal resistance. The same determination must 
be made for the MPC-68, out of the menu of SNF types listed in Table 4.4.2. For this purpose, we 
utilize a simplified procedure that we describe below.  

Each fuel assembly consists of a large array of fuel rods typically arranged on a square layout. Every 
fuel rod in this array is generating heat due to radioactive decay in the enclosed fuel pellets. There 
is a finite temperature difference required to transport heat from the innermost fuel rods to the 
storage cell walls. Heat transport within the fuel assembly is based on principles of conduction heat 
transfer combined with the highly conservative analytical model proposed by Wooton and Epstein 
[4.4.1 ]. The Wooton-Epstein model considers radiative heat exchange between individual fuel rod 
surfaces as a means to bound the hottest fuel rod cladding temperature.  
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Transport of heat energy within any cross section of a fuel assembly is due to a combination of radiative energy exchange and conduction through the helium gas that fills the interstices between I V the fuel rods in the array. With the assumption of uniform heat generation within any given horizontal cross section of a fuel assembly, the combined radiation and conduction heat transport 
effects result in the following heat flow equation: 

Q=crCoFA[T4 -T4 ] + 13.5740 L Kc, [Tc- TB] 

where: 

F, = Emissivity Factor 

1 

EC, 6B= emissivities of fuel cladding, fuel basket (see Table 4.2.4) 
C, = Assembly Geometry Factor 

_4N 
- 2 (when N is odd) 

4 (when N is even) 
N+2 

N = Number of rows or columns of rods arranged in a square array 
A = fuel assembly "box" heat transfer area = 4 x width x length 
L = fuel assembly length 
Kc. = fuel assembly constituent materials volume fraction weighted mixture conductivity 
Tc = hottest fuel cladding temperature (OR) 
TB = box temperature (OR) 
Q = net radial heat transport from the assembly interior 
a = Stefan-Boltzmann Constant (0.1714x 10-8 Btu/ft2 -hr-OR 4) 

In the above heat flow equation, the first term is the Wooten-Epstein radiative heat flow contribution while the second term is the conduction heat transport contribution based on the classical solution to the temperature distribution problem inside a square shaped block with uniform heat generation [4.4.5]. The 13.574 factor in the conduction term of the equation is the shape factor for twodimensional heat transfer in a square section. Planar fuel assembly heat transport by conduction occurs through a series of resistances formed by the interstitial helium fill gas, fuel cladding and enclosed fuel. An effective planar mixture conductivity is determined by a volume fraction weighted sum of the individual constituent material resistances. For BWR assemblies, this formulation is applied to the region inside the fuel channel. A second conduction and radiation model is applied between the channel and the fuel basket gap. These two models are combined, in series, to yield a 
total effective conductivity.  
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The effective conductivity of the fuel for several representative PWR and BWR assemblies is 
presented in Tables 4.4.1 and 4.4.2. At higher temperatures (approximately 450'F and above), the 
zircaloy clad fuel assemblies with the lowest effective thermal conductivities are the W- 1 7x 17 OFA 
(PWR) and the GEl 1-9x9 (BWR). A discussion of fuel assembly conductivities for some of the 
recent vintage Row I lOx 10 array and certain plant specific BWR fuel designs is presented near the 
end of this subsection. As noted in Table 4.4.2, the Dresden 1 (intact and damaged) fuel assemblies 
are excluded from consideration. The design basis decay heat load for Dresden-1 intact and damaged 
fuel (Table 2.1.7) is approximately 58% lower than the MPC-68 design-basis maximum heat load 
(Table 2.1.6). Examining Table 4.4.2, the effective conductivity of the damaged Dresden-1 fuel 
assembly in a damaged fuel container is approximately 40% lower than the bounding (GE-1 9x9) 
fuel assembly. Consequently, the fuel cladding temperatures in the HI-STORM System with 
Dresden-1 intact or damaged fuel assemblies will be bounded by design basis fuel cladding 
temperatures. Based on this simplified analysis, the W-17x 17 OFA PWR and GEl 1-9x9 BVWR fuel 
assemblies are determined to be the bounding configurations for analysis of zircaloy clad fuel at 
design basis maximum heat loads. As discussed in Section 4.3.1, stainless clad fuel assemblies with 
significantly lower decay heat emission characteristics are not deemed to be bounding.  

For the purpose of determining axial flow resistance for inclusion of MPC thermosiphon effect in 
the HI-STORM system modeling, equivalent porous media parameters for the W-J 7x1 70FA and 
GE11-9x9 fuels are computed Theoretically bounding expansion and contraction loss factors are 
applied at the grid spacer locations to conservatively maximize flow resistance. As an additional 
measure of conservatism, the grids are modeled by postulating that they are formed using thick 
metal sheets which have the effect of artificially throttling flow. Heat transfer enhancement by grid 
spacers turbulation is conservatively ignored in the analysis.  

Having established the governing (most resistive) PWR and BWR SNF types, we use a finite
volume code to determine the effective conductivities in a conservative manner. Detailed 
conduction-radiation finite-volume models of the bounding PWR and BWR fuel assemblies 
developed on the FLUENT code are shown in Figures 4.4.3 and 4.4.4, respectively. The PWR model 
was originally developed on the ANSYS code, which enables individual rod-to-rod and rod-to-basket 
wall view factor calculations to be performed using the AUX12 processor. Limitations of radiation 
modeling techniques implemented in ANSYS do not permit taking advantage of quarter symmetry 
of the fuel assembly geometry. Unacceptably long CPU time and large workspace requirements 
necessary for performing gray body radiation calculations for a complete fuel assembly geometry 
on ANSYS prompted the development of an alternate simplified model on the FLUENT code. The 
FLUENT model is benchmarked with the ANSYS model results for a Westinghouse 17x 17 fuel 
assembly geometry for the case of black body radiation (emissivities = 1). The FLUENT model is 
found to yield conservative results in comparison to the ANSYS model for the "black" surface case.  
The FLUENT model benchmarked in this manner is used to solve the gray body radiation problem 
to provide the necessary results for determining the effective thermal conductivity of the governing 
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PWR fuel assembly. The same modeling approach using FLUENT is then applied to the governing I 
BWR fuel assembly, and the effective conductivity of GE-1l 9x9 fuel determined. 3 
The combined fuel rods-helium matrix is replaced by an equivalent homogeneous material that fills 
the basket opening by the following two-step procedure. In the first step, the FLUENT-based fuel 
assembly model is solved by applying equal heat generation per unit length to the individual fuel 
rods and a uniform boundary temperature along the basket cell opening inside periphery. The 
temperature difference between the peak cladding and boundary temperatures is used to determine 
an effective conductivity as described in the next step. For this purpose, we consider a two
dimensional cross section of a square shaped block with an edge length of 2L and a uniform 
volumetric heat source (qg), cooled at the periphery with a uniform boundary temperature. Under the 
assumption of constant material thermal conductivity (K), the temperature difference (T) from the 
center of the cross section to the periphery is analytically given by [4.4.5]: 

AT = 0.29468 qg L2 
K This analytical formula is applied to determine the effective material conductivity from a known 

quantity of heat generation applied in the FLUENT model (smeared as a uniform heat source, qg) 
basket opening size and AT calculated in the first step.  

As discussed earlier, the effective fuel space conductivity must be a function of the temperature 
coordinate. The above 4ve-4teptwo-step analysis is carried out for a number of reference 
temperatures. In this manner, the effective conductivity as a function of temperature is established.  

In Table 4.4.5, 1Ox 10 array type BWR fuel assembly conductivity results from a simplified analysis 
are presented to determine the most resistive fuel assembly in this class. The Atrium- 10 fuel type 
is determined to be the most resistive in this class of fuel assemblies. A detailed finite-element model 
of this assembly type was developed to rigorously quantify the heat dissipation characteristics. The 
results of this study are presented in Table 4.4.6 and compared to the BWR bounding fuel assembly 
conductivity depicted in Figure 4.4.5. The results of this study demonstrate that the bounding fuel 
assembly conductivity is conservative with respect to the lOx 10 class of BWR fuel assemblies.  

Table 4.4.23 summarizes plant specific fuel types' effective conductivities. From these analytical 
results, SPC-5 is determined to be the most resistive fuel assembly in this group of fuel. A finite 
element model of the SPC-5 fuel assembly was developed to confirm that its in-plane heat dissipation 
characteristics are boundedfrom below by the Design Basis BWRfuel conductivities used in the HI
STORM thermal analysis.  

Temperature-dependent effective conductivities of PWR and BWR design basis fuel assemblies 
(most resistive SNF types) are shown in Figure 4.4.5. The finite volume results are also compared 
to results reported from independent technical sources. From this comparison, it is readily apparent 
that FLUENT-based fuel assembly conductivities are conservative. The FLUENT computed values 
(not the published literature data) are used in the MPC thermal analysis presented in this document.  
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Effective Thermal Conductivity of Boral/Sheathing/Box Wall Sandwich

Each MPC basket cell wall (except the MPC-68 and MPC-32 outer periphery cell walls) is 
manufactured with a Boral neutron absorbing plate for criticality control. Each Boral plate is 
sandwiched in a sheathing-to-basket wall pocket. A schematic of the "Box Wall-Boral-Sheathing" 
sandwich geometry of an MPC basket is illustrated in Figure 4.4.6. During fabrication, a uniform 
normal pressure is applied to each "Box Wall-Boral-Sheathing" sandwich in the assembly fixture 
during welding of the sheathing periphery on the box wall. This ensures adequate surface-to-surface 
contact for elimination of any macroscopic air gaps. The mean coefficient of linear expansion of the 
Boral is higher than the thermal expansion coefficients of the basket and sheathing materials.  
Consequently, basket heat-up from the stored SNF will further ensure a tight fit of the Boral plate 
in the sheathing-to-box pocket. The presence of small microscopic gaps due to less than perfect 
surface finish characteristics requires consideration of an interfacial contact resistance between the 
Boral and box-sheathing surfaces. A conservative contact resistance resulting from a 2 mil Boral to 
pocket air gap is applied in the analysis. Note that this gap would actually be filled with helium, so 
this is very conservative. In other words, no credit is taken for the interfacial pressure between Boral 
and stainless plate/sheet stock produced by the fixturing and welding process. Furthermore, no credit 
is taken for the presence of helium in and radiative heat exchange across the Boral-to-sheathing or 
Boral-to-box wall gaps.  

Heat conduction properties of a composite "Box Wall-Boral-Sheathing" sandwich in the two 
principal basket cross sectional directions as illustrated in Figure 4.4.6 (i.e., lateral "out-of-plane" 
and longitudinal "in-plane") are unequal. In the lateral direction, heat is transported across layers of 
sheathing, air-gap, Boral (B4C and cladding layers) and box wall reesista-cez whichresistances that 
are essentially in series (except for the small helium filled end regions shown in Figure 4.4.7). Heat 
conduction in the longitudinal direction, in contrast, is through an array of essentially parallel 
resistances comprised of these several layers listed above. Resistance network models applicable to 
the two directions are illustrated in Figure 4.4.7. It is noted that, in addition to the essentially series 
and parallel resistances of the composite wall layers for the "out-of-plane" and "in-plane" directions 
respectively, the effect of small helium filled end regions is also included in the resistance network 
analogy. For the ANSYS based MPC basket thermal model, corresponding non-isotropic effective 
thermal conductivities in the two orthogonal sandwich directions are determined and applied in the 
analysis.  

4.4.1.1.4 Finite Element Modeling of Basket In-Plane Conductive Heat Transport 

The heat rejection capability of each MPC basket design (i.e., MPC-24, and4-MPC-68, MPC-32 and 
MPC-24E) is evaluated by developing a thermal model of the combined fuel assemblies and 
composite basket walls geometry on the ANSYS finite element code. The ANSYS model includes 
a geometric layout of the basket structure in which the basket "Box Wall-Boral-Sheathing" sandwich 
is replaced by a "homogeneous wall" with an equivalent thermal conductivity. Since the thermal 
conductivity of the Alloy X material is a weakly varying function of temperature, the equivalent 
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"homogeneous wall" must have a temperature-dependent effective conductivity. Similarly, as 
illustrated in Figure 4.4.7, the conductivities in the "in-plane" and "out-of-plane" directions of the 
equivalent "homogeneous wall" are different. Finally, as discussed earlier, the fuel assemblies and 
the surrounding basket cell openings are modeled as homogeneous heat generating regions with an 
effective temperature dependent in-plane conductivity. The methodology used to reduce the 
heterogeneous MPC basket - fuel assemblage to an equivalent homogeneous region with effective 
thermal properties is discussed in the following.  

Consider a cylinder of height, L, and radius, ro, with a uniform volumetric heat source term, qg, 
insulated top and bottom faces, and its cylindrical boundary maintained at a uniform temperature, 
T.. The maximum centerline temperature (Th) to boundary temperature difference is readily obtained 
from classical one-dimensional conduction relationships (for the case of a conducting region with 
uniform heat generation and a constant thermal conductivity Kj): 

(Th - T.) = qg r.2/(4 Ks) 

Noting that the total heat generated in the cylinder (Qt) is 7tr,2 L qg, the above temperature rise 
formula can be reduced to the following simplified form in terms of total heat generation per unit 
length (Q1/L): 

(Th - Te) = (Q, / L)/ (4 n K,) 

This simple analytical approach is employed to determine an effective basket cross-sectional 
conductivity by applying an equivalence between the ANSYS finite element model of the basket and 
the analytical case. The equivalence principle employed in the thermal analysis is depicted in Figure 
4.4.2. The 2-dimensional ANSYS finite element model of the MPC basket is solved by applying a 
uniform heat generation per unit length in each basket cell region (depicted as Zone 1 in Figure 
4.4.2) and a constant basket periphery boundary temperature, T,'. Noting that the basket region with 
uniformly distributed heat sources and a constant boundary temperature is equivalent to the 
analytical case of a cylinder with uniform volumetric heat source discussed earlier, an effective MPC 
basket conductivity (Kff) is readily derived from the analytical formula and ANSYS solution leading 
to the following relationship: 

Keff = N (Qf'/L) / (4 7c [Th' - Tc']) 

where: 
N = number of fuel assemblies 
(Qf'/L) = per fuel assembly heat generation per unit length applied in ANSYS model 
Th' = peak basket cross-section temperature from ANSYS model 

Cross sectional views of MPC basket ANSYS models are depicted in Figures 4.4.9 and 4.4.10.  
Notice that many of the basket supports and all shims have been conservatively neglected in the 
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models. This conservative geometry simplification, coupled with the conservative neglect of thermal 
xpanzion•- whicxpansion that would minimize the gaps, yields conservative gap thermal resistances. Temperature-dependent equivalent thermal conductivities of the fuel regions and 

composite basket walls, as determined from analysis procedures described earlier, are applied to the ANSYS model. The planar ANSYS conduction model is solved by applying a constant basket 
periphery temperature with uniform heat generation in the fuel region. Table 4.4.3 summarizes 
effective thermal conductivity results of each basket design obtained from the ANSYS models. The effective calculated basket cross sectional conductivity and the effective axial direction effective 
coonductivity are assumed to be equal in the comprehensive HI-STORM System theermal model.  
It is recalled that the equivalent thermal conductivity values presented in Table 4.4.3 are lower bound values because, among other elements of conservatism, the effective conductivity of the most 
resistive SNF types (Tables 4.4.1 and 4.4.2) is afe used in the MPC finite element simulations.  

The basket in-plane conductivities are computedfor intact fuel storage and containerizedfuel stored in Damaged Fuel Containers (DFCs). The MPC-24E is provided with four enlarged cells designated 
for storing damaged fuel. The MPC-68 has sixteen peripheral locations for damaged fuel storage in generic DFC designs. As a substantialfraction of the basket cells are occupied by intact fuel, the 
overall effect of DFC fuel storage on the basket heat dissipation rate is quite small. Including the effect of reduced conductivity of the DFC cells in MPC-24E, the basket conductivity is computed to drop slightly (-0. 6%). In a bounding calculation in which all cells of MPC-68 are assumed occupied 
by fuel in DFC, the basket conductivity drops by about 5%. Conservatively, assuming 95% of intact 
fuel basket heat load adequately covers damaged fuel storage in the MPC-24E and MPC-68.  

4.4.1.1.5 Heat Transfer in MPC Basket Peripheral Region 

Both of the MPC designs for storing PWR or BWR fuel are provided with relatively large regions, 
formed between the relatively cooler MPC shell and hot basket peripheral panels, filled with helium gas. Heat transfer in these helium-filled regions corresponds to the classical case of heat transfer in a differentially heated closed cavity. Many investigators, including Eckert and Carlson (Int. J. Heat 
Mass Transfer, vol. 2, p. 106, 1961) and Elder (J. Fluid Mech., vol. 23, p. 77, 1965) have performed 
experimental studies of this arrangement. The peripheral region between the basket and MPC inner surface is simulated as a tall fluid-filled cavity of height H formed between two differentially heated surfaces (AT) separated by a small distance L. In a closed cavity, an exchange of hot and cold fluids occurs near the top and bottom ends of the cavity, resulting in a net transport of heat across the gap.  
The rate of heat transfer across the cavity is characterized by a Rayleigh number, RaL, defined as: 

RaL- Cp p g,8 AT L' 

where: 
CP = fluid heat capacity 
p = fluid density 
g = acceleration due to gravity 
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f3 = coefficient of thermal expansion (equal to reciprocal of absolute temperature 
for gases) '1 ..  

AT = temperature difference between the hot and cold surfaces 
L = spacing between the hot and cold surfaces 
t = fluid viscosity 

K = fluid conductivity 

Hewitt et al. [4.4.6] recommends the following Nusselt number correlation for heat transport in tall 
cavities: 

NUL = 0.42 Ra" 14 Pr 00'2 H 
L (L 

where Pr is the Prandtl number of the cavity fill gas.  

A Nusselt number of unity implies heat transfer by fluid conduction only, while a higher than unity 
Nusselt number is due to the "Rayleigh" effect which monotonically increases with increasing 
Rayleigh number. Nusselt numbers applicable to helium-filled PWR and BWR fueled HI-STORM 
MPC peripheral voids used in the original licensing analysis are provided in Table 4.4.4. For 
conservatism, however, the contribution of the Rayleigh effect is ignored in the thermal model of 

the MPC.  

4.4.1.1.6 Effective Thermal Conductivity of MPC Basket-to-Shell Aluminum Heat Conduction 
Elements 

[ J) As shown in HI-STORM System MPC drawings in Section 1.5, full-length heat conduction elements 
fabricated from thin aluminum Alloy 1100 sheet metal are inserted between the large MPC basket
to-shell gaps to provide uninterrupted metal pathways to transport heat from the basket to the MPC 
shell. Due to the high thermal conductivity of aluminum Alloy 1100 (about 15 times that of Alloy 
X), a significant rate of net heat transfer is possible along thin plates. Figure 4.4.11 shows the 
mathematical idealization of a typical conduction element inserted in a basket periphery panel-to
MPC shell space. The aluminum heat conduction element is shown to cover the MPC basket Alloy 
X peripheral panel and MPC shell (Regions I and III depicted in Figure 4.4.11) surfaces along the 
full-length of the basket. Heat transport to and from the aluminum heat conduction element is 
conservatively postulated to occur across a thin helium gap as shown in the figure (i.e., no credit is 
taken for contact between the aluminum heat conduction element and the Alloy X fuel basket).  
Aluminum surfaces inside the hollow region are sandblasted prior to fabrication to result in a rough 
surface finish which has a significantly higher emissivity compared to smooth surfaces of rolled 
aluminum. The untreated aluminum surfaces directly facing Alloy X panels have a smooth finish 
to minimize contact resistance.  

Net heat transfer resistance from the hot basket periphery panel to the relatively cooler MPC shell 
along the aluminum heat conduction element pathway is a sum of three individual resistances, in 
regions labeled I, II, and III in Figure 4.4.11. In Region I, heat is transported from the basket to the 
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aluminum heat conduction element surface directly facing the basket panel across a thin helium 
resistance gap. Longitudinal transport of heat (in the z direction) in the aluminum plate (in Region 
I) will result in an axially non-uniform temperature distribution. Longitudinal one-dimensional heat 
transfer in the Region I aluminum plate was analytically formulated to result in the following 
ordinary differential equation for the non-uniform temperature distribution: 

a2 T Kme 
t KAI =-- (Tb - T) az2 h 

Boundary Conditions 

aT - =0 at z =0 oz 

T=Th'at z = P 
where (see Figure 4.4.11): 

T(z) = non-uniform aluminum metal temperature distribution 
t = heat conduction element thickness 
KA = heat conduction element conductivity 
KHe= helium conductivity 
h = helium gap thickness 
TI= hot basket temperature 
Th' = heat conduction element Region I boundary temperature at z = P 
P = heat conduction element Region I length 

Solution of this ordinary differential equation subject to the imposed boundary condition is: 
(Th_ T) = (Th -_Th,) [•*• 

[e / + e 
where cc is a dimensional parameter equal to (hxtxKAI/Khe). The net heat transfer (Q1) across the 
Region I helium gap can be determined by the following integrated heat flux to a heat conduction 
element of length L as: 

P 

Q .=JJKi(Th -T) (L) dz 
0 h 

Substituting the analytical temperature distribution result obtained in Equation c, the following 
expression for net heat transfer is obtained: 

=KHe a_ ___I_ Q h P p (Th -Th') 
(e7. + e-7.=, 

Based on this result, an expression for Region I resistance is obtained as shown below: 

RI - Th - Th, h IP 
QI KHeLe]-a( e71 - ) 
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The Region II resistance expression can be developed from the following net heat transfer equation 
in the vertical leg of the conduction element as shown below: 

Q11 = Ku L t (Th'- T') W 
where W is the conduction element Region II length.  

Rn=ThTC -V_ W 
QU K~u L t 

Similarly, a Region III resistance expression can be analytically determined as shown below: 

(T.'-Tý) 

Qm 

KHeL ýa- eT + e*) 
This completes the analysis for the total thermal resistance attributable to the heat conduction 
elements, which is equal to the sum of the three individual resistances. The total heat conduction 
element resistance is smeared across the basket-to-MPC shell region as an effective uniform annular 
gap conductivity (see Figure 4.4.2). We note that heat transport along the conduction elements is an 
independent conduction path in parallel with conduction and radiation mechanisms in the large 
helium gaps. Helium conduction and radiation in the MPC basket-to-MPC shell peripheral gaps is 
accounted for separately in the ANSYS models for the MPCs, described earlier. Therefore, the net 
conductivity tetal-of the MPC basket-to-MPC shell peripheral gaps region used in the original 
licensing analysis was will-be the sum of the heat conduction elements effective conductivity and 
the helium gap conduction-radiation effective conductivity. For conservatism, however, the 
contribution of the heat conduction elements is ignored in the thermosiphon-enabled thermal model.  

4.4.1.1.7 Annulus Air Flow and Heat Exchange 

The HI-STORM storage overpack is provided with four inlet ducts at the bottom and four outlet 
ducts at the top. The ducts are provided to enable relatively cooler ambient air to flow through the 
annular gap between the MPC and storage overpack in the manner of a classical "chimney". Hot air 
is vented from the top outlet ducts to the ambient environment. Buoyancy forces induced by density 
differences between the ambient air and the heated air column in the MPC-to-overpack annulus 
sustain airflow through the annulus.  

In contrast to a classical chimney, however, the heat input to the HI-STORM annulus air does not 
occur at the bottom of the stack. Rather, the annulus air picks up heat from the lateral surface of the 
MPC shell as it flows upwards. The height dependent heat absorption by the annulus air must be 
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properly accounted for to ensure that the buoyant term in the Bernoulli equation is not overstated 
making the solution unconservative. To fix ideas, consider two cases of stack heat input; Case A where the heat input to the rising air is all at the bottom (the "fireplace" scenario), and Case B, where the heat input is uniform along the entire height (more representative of the ventilated cask conditions). In both cases, we will assume that the air obeys the perfect gas law; i.e., at constant 
pressure, p = C/T where p and T are the density and the absolute temperature of the air and C is a 
constant.  

Case A: Entire Heat Input at the Bottom 

In a stack of height H, where the temperature of the air is raised from Tj to TO at the bottom (Figure 
4.4.12; Case A), the net fluid "head" P, is given by: 

p = PI H - p. H 

p1 and p. are the densities of air corresponding to absolute temperatures Tj and To, respectively.  

C C Since pi-andP = -, we have: 
Ti To 

(11) 
p) =CH(--1 p=HTi T•o 

or 

CHAT 
P1=Ti To 

where: AT = To - Tj 

Let AT << Ti, then we can write: 
1 1 

To T, (I+A---T) 
Ti 

I A T 1 
i Ti 

Substituting in the above we have: 

=CH8 
p, (1 C 0-8 . ..... ) 

Ti 

where 8 = A-T (dimensionless temperature rise) 
Ti 
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or p =p Hg -O (g 2). 1.  
Case B: Uniform Heat Input 

In this case, the temperature of air rises linearly from Ti at the bottom to T. at the top (Figure 4.4.12; 
Case B): 

T= Ti +, h; 0• h • H 
where: 

To-Ti _6T 
H H 

The total buoyant head, in this case, is given by: 

H 

P2 = •p H- Jp dh 
0 

H 

=PAH-C f-dh 
0T 

A p7H-C dh 
f: (T + (" h) 

Using the logarithmic expansion relationship and simplifying we have: 

P2 = Pi _- O(A 2 ) 
2 

Neglecting terms of higher order, we conclude that P2 is only 50% of p,, i.e., the buoyancy driver in 
the case of uniformly distributed heat input to the air is half of the value if the heat were all added 
at the bottom.  

In the case of HI-STORM, the axial heat input profile into the annulus air will depend on the 
temperature difference between the MPC cylindrical surface and the rising air along the height (Case 
C in Figure 4.4.12). The MIPC surface temperature profile, of course, is a strong function of the axial 
decay heat generation profile in the SNF. Previous analyses show that the HI-STORM "chimney" 
is less than 50% as effective as a classical chimney. As we explain in Subsection 4.4.1.1.9, this fact 
is fully recognized in the global HI-STORM thermal model implementation of FLUENT.  
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Determination of Solar Heat Input

The intensity of solar radiation incident on an exposed surface depends on a number of time varying 
terms. The solar heat flux strongly depends upon the time of the day as well as on latitude and day 
of the year. Also, the presence of clouds and other atmospheric conditions (dust, haze, etc.) can 
significantly attenuate solar intensity levels. Rapp [4.4.2] has discussed the influence of such factors 
in considerable detail.  

Consistent with the guidelines in NUREG-1536 [4.4.10], solar input to the exposed surfaces of the 
HI-STORM overpack is determined based on 12-hour insolation levels recommended in lOCFR71 
(averaged over a 24-hour period) and applied to the most adversely located cask after accounting for 
partial blockage of incident solar radiation on the lateral surface of the cask by surrounding casks.  
In reality, the lateral surfaces of the cask receive solar heat depending on the azimuthal orientation 
of the sun during the course of the day. In order to bound this heat input, the lateral surface of the 
cask is assumed to receive insolation input with the solar insolation applied horizontally into the cask 
array. The only reduction in the heat input to the lateral surface of the cask is due to partial blockage 
offered by the surrounding casks. In contrast to its lateral surface, the top surface of HI-STORM is 
fully exposed to insolation without any mitigation effects of blockage from other bodies. In order 
to calculate the view factor between the most adversely located HI-STORM system in the array and 
the environment, a conservative geometric simplification is used. The system is reduced to a 
concentric cylinder model, with the inner cylinder representing the HI-STORM unit being analyzed 
and the outer shell representing a reflecting boundary (no energy absorption).  

Thus, the radius of the inner cylinder (Rj) is the same as the outer radius of a HI-STORM overpack.  
The radius of the outer cylinder (R,) is set such that the rectangular space ascribed to a cask is 
preserved. This is further explained in the next subsection. It can be shown that the view factor from 
the outer cylinder to the inner cylinder (Fcii) is given by [4.4.3]: 

F 0. 1 = I- x[cos ( B) ((A+2) 2 -(2 R) 2 XCOS, B 
R ;rR A 2L RAo 

+ B sin' I -r A (-) -___ 

R 2 

where: 
F.-i = View Factor from the outer cylinder to the inner cylinder 
R = Outer Cylinder Radius to Inner Cylinder Radius Ratio (R0 /RP) 
L = Overpack Height to Radius Ratio 
A=L 2 +R_- 1 
B=L 2-R 2 + 1 
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Applying the theorem of reciprocity, the view factor (Fi.) from outer overpack surface, represented 
by the inner cylinder, to the ambient can be determined as: 

Fi.,, =1- F-i 
Ri 

Finally, to bound the quantity of heat deposited onto the HI-STORM surface by insolation, the 
absorptivity of the cask surfaces is assumed to be unity.  

4.4.1.1.9 FLUENT Model for HI-STORM 

In the preceding subsections, a series of analytical and numerical models to define the thermal 
characteristics of the various elements of the HI-STORM System are presented. The thermal 
modeling begins with the replacement of the Spent Nuclear Fuel (SNF) cross section and 
surrounding fuel cell space with a solid region with an equivalent conductivity. Since radiation is 
an important constituent of the heat transfer process in the SNF/storage cell space, and the rate of 
radiation heat transfer is a strong function of the surface temperatures, it is necessary to treat the 
equivalent region conductivity as a function of temperature. Because of the relatively large range of 
temperatures in a loaded HI-STORM System under the design basis heat loads, the effects of 
variation in the thermal conductivity of the Alloy X basket wall with temperature are included in the 
numerical analysis model. The presence of significant radiation effects in the storage cell spaces adds 
to the imperative to treat the equivalent storage cell lamina conductivity as temperature-dependent.  

Numerical calculations and FLUENT finite-volume simulations have been performed to establish 
the equivalent thermal conductivity as a function of temperature for the limiting (thermally most 
resistive) BWR and PWR spent fuel types. Utilizing the most limiting SNF (established through a 
simplified analytical process for comparing conductivities) ensures that the numerical idealization 
for the fuel space effective conductivity is conservative for all non-limiting fuel types.  

Having replaced the fuel spaces by solid square blocks with a temperature-dependent conductivity 
essentially renders the basket into a non-homogeneous three-dimensional solid where the non
homogeneity is introduced by the honeycomb basket structure composed of interlocking basket 
panels. The basket panels themselves are a composite of Alloy X cell wall, Boral neutron absorber, 
and Alloy X sheathing metal. A conservative approach to replace this composite section with an 
equivalent "solid wall" was described earlier.  
In the next step, a planar section of the MPC is considered. The MPC contains a non-symmetric 
basket lamina wherein the equivalent fuel spaces are separated by the "equivalent" solid metal walls.  
The space between the basket and the MPC, called the peripheral gap, is filled with helium gas and 
aluminum heat conduction elements. The equivalent thermal conductivity of the MPC section is 
computed using a finite element procedure on ANSYS. To this "helium conduction-radiation" based 
peripheral gap conductivity, the effective conductivity of the aluminum heat conduction elements 
is added to obtain a combined peripheral gap effective conductivity. At this stage in the thermal 
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analysis, the SNF/basket/MPC assemblage has been replaced with a two-zone (Figure 4.4.2) 
cylindrical solid whose thermal conductivity is a strong function of temperature.  

The fuel assembly and MPC basket effective conductivity evaluations are performed for two distinct 
scenarios described earlier in this section. In the first scenario, the MPC cavity is backfilled with 
helium only. In the second scenario, gaseous fission products from a hypothetical rupture of 10% 
of the stored fuel rods dilute the backfill helium gas. As previously stated, thermal analysis results 
for both scenarios are obtained and reported in this section.  

The thermal model for the HI-STORM overpack is prepared as a three-dimensional axisymmetric 
body. For this purpose, the hydraulic resistances of the inlet ducts and outlet ducts, respectively, are 
represented by equivalent axisymmetric porous media. Two overpack configurations are evaluated 
- HI-STORM 100 and a shorter variation (HI-STORM 100S) overpack thatpermits the overpack 
to clear the truck bay (or rail bay) door in certain plants with low profile door openings. The fuel 
cladding temperatures for MPC emplaced in a HI-STORM 100S overpack are confirmed to be 
bounded by the HI-STORM 100 System thermal model solution. Thus, separate table summaries for 
HI-STORM 100S overpack are not provided The axial resistance to airflow in the MPC/overpack 
annulus (which includes longitudinal channels to "cushion" the stresses in the MPC structure during 
a postulated non-mechanistic tip-over event) is replaced by a hydraulically equivalent annulus. The 
surfaces of the ducts and annulus are assumed to have a relative roughness (s) of 0.001. This value 
is appropriate for rough cast iron, wood stave and concrete pipes, and is bounding for smooth painted 
surfaces (all internal and external HI-STORM overpack carbon steel surfaces are painted). Finally, ,N it is necessary to describe the external boundary conditions to the overpack situated on an ISFSI pad.  
An isolated HI-STORM will take suction of cool air from and reject heated air to, a semi-infinite 
half-space. In a rectilinear HI-STORM array, however, the unit situated in the center of the grid is 
evidently hydraulically most disadvantaged, because of potential interference to air intake from 
surrounding casks. To simulate this condition in a conservative manner, we erect a hypothetical 
cylindrical barrier around the centrally local HI-STORM. The radius of this hypothetical cylinder, 
R0, is computed from the equivalent cask array downflow hydraulic diameter (Dh) which is obtained 
as follows: 

4 x Flow Area 
WettedPerimeter 

4(A, -•d 2) 4" 
7r do, 

where: 
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A.= Minimum tributary area ascribable to one HI-STORM (see Figure 4.4.24).  
do = HI-STORM overpack outside diameter 

The hypothetical cylinder radius, R., is obtained by adding half Dh to the radius of the [I1-STORM 
overpack. In this manner, the hydraulic equivalence between the cask array and the HI-STORM 
overpack to hypothetical cylindrical annulus is established.  

For purposes of the design basis analyses reported in this chapter, the tributary area Ao is assumed 
to be equal to 346 sq. ft. Sensitivity studies on the effect of the value of Ao on the thermal 
performance of the HI-STORM System shows that the system response is essentially insensitive to 
the assumed value of the tributary area. For example, a thermal calculation using Ao = 225 sq. ft.  
(corresponding to 15ft. square pitch) and design basis heat load showed that the peak cladding 
temperature is less than 1 °t7 greater than that computed using Ao = 346 sq. ft. Therefore, the 
distance between the vertically arrayed HI-STORMs in an ISFSI should be guided by the practical 
(rather than thermal) considerations, such as personnel access to maintain air ducts or painting the 
cask external surfaces.  

The internal surface of the hypothetical cylinder of radius R. surrounding the HI-STORM module 
is conservatively assumed to be insulated. Any thermal radiation heat transfer from the HI-STORM 
overpack to this insulated surface will be perfectly reflected, thereby bounding radiative blocking 
from neighboring casks. Then, in essence, the HI-STORM module is assumed to be confined in a 
large cylindrical "tank" whose wall surface boundaries are modeled as zero heat flux boundaries. The i air in the "tank" is the source of "feed air" to the overpack. The air in the tank is replenished by 
ambient air from above the top of the HI-STORM overpacks. There are two sources of heat input 
to the exposed surface of the HI-STORM overpack. The most important source of heat input is the 
internal heat generation within the MPC. The second source of heat input is insolation, which is 
conservatively quantified in the manner of the preceding subsection.  

The FLUENT model consisting of the axisymmetric 3-D MPC space, the overpack, and the 
enveloping tank is schematically illustrated in Figure 4.4.13. A FLUENT gener-ated .ro. s s ,tion 
of the model can be found in . Fgure 4.1.4.4 The HI-STORM thermosiphon-enabled solution is 
computed in a two-step process. In the first step, a HI-STORM overpack thermal model computes 
the ventilation effect from annulus heating by MPC decay heat. In this model, heat dissipation is 
conservatively restricted to the MPC shell (i.e., heat dissipation from MPC lid and baseplate 
completely neglected This modeling assumption has the effect of overstating the MPC shell, annulus 
air and concrete temperatures. In the next step, the temperature of stored fuel in a pressurized 
helium canister (thermosiphon model) is determined using the overpack thermal solution in the first 
step to fashion a bounding MPC shell temperature profile for the MPC thermal model. The modeling 
details are provided in the Holtec benchmarking report [4.4.12].  

A summary of the essential features of this model is presented in the following: 

HI-STORM TSAR I 1 
REPORT [-1-951312 Rev. 11

4.4-20



* A conservatively lower bound canister pressure of 5 atm is postulated for the thermosiphon 
modeling.  

*T-h@ FLUWENT model0 ofthe 1I STOQRM SysStemf conftainjS 3,933 axicyffff@#c elements.  

*The two zonie M4PC "seliEV" is repr-esenfted by 1,188 axisymmfetic. elements. Thle effective 
4-erM-al conductivity of the N4PC solid is a funcetion of temperature.  

Heat input due to insolation is applied to the top surface and the cylindrical surface of the 
overpack with a bounding maximum solar absorbtivity equal to 1.0.  

* The heat generation in the MPC is assumed to be uniform in each horizontal plane, but to vary 
in the axial direction to correspond to the axial power distribution listed in Chapter 2.  

The most disadvantageously placed cask (i.e., the one subjected to maximum radiative blockage), 
is modeled.  

The bottom surface of the overpack, in contact with the ISFSI pad, rejects heat through the pad 
to the constant temperature (77°F) earth below. For some scenarios, the bottom surface of the 
overpack is conservatively assumed to be adiabatic.  

The finite-volume model constructed in this manner will produce an axisymmetric temperature 
distribution. The peak temperature will occur at the centerline and is expected to be above eseeuat 
the axial location of peak heat generation. As will be shown in Subsection 4.4.2, the results of the 
finite-volume solution bear out these observations.  

The HI-STORM 100 System is evaluated for two fuel storage scenarios. In one scenario, designated 
as uniform loading, every basket cell is assumed to be occupied with fuel producing heat at the 
maximum rate. Storage of moderate burnup and high burnup fuels are analyzed for this loading 
scenario. In another scenario, denoted as regionalized loading, a two-region fuel loading 
configuration is stipulated. The two regions are defined as an inner region (for storing hot fuel) and 
an outer region with low decay heat fuel physically enveloping the inner region. This scenario is 
depicted in Figure 4.4.25. The inner region is shown populated with fuel having a heat load ofq1 
andpost-core decay time (PCDT) or age r, and the outer region with fuel of heat load q2 and age 
r2, where ql > q2. For conservatism the outer region fuel permissible cladding temperature (T2) 
is assumed to be that of oldfuel (r = 15 years). By ensuring that the interface boundary temperature 
is less than or equal to T2 ensures that fuel in the outer region is below permissible temperatures 
for any fuel age. To permit hot fuel storage in the inner region, a uniform low decay heat rate is 
stipulated for the outer region fuel. The maximum allowable heat load for inner region fuel (ql), 
then, is a function of fuel age-dependent permissible temperature set forth in Table 4.3.7 and 
Appendix 4.A for moderate and high burnup fuels, respectively. For the regionalized loading 
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scenario, the most restrictive of the two burnups dependent permissible temperature limits is used 
in the thermal evaluation. In the HI-STORM 100 System, four central locations in the MPC-24 and 

MPC-24E, twelve inner cells in MPC-32 and 32 in MPC-68 are designated as inner region locations 
in the regionalized fuel-loading scenario. Results of thermal evaluations for both scenarios are 
present in Subsection 4.4.2.  

4.4.1.1.10 Effect of Fuel Cladding Crud Resistance 

In this subsection, a conservatively bounding estimate of temperature drop across a crud film 
adhering to a fuel rod during dry storage conditions is determined. The evaluation is performed for 
a BWR fuel assembly based on an upper bound crud thickness obtained from the PNL-4835 report 
([4.3.2], Table 3). The crud present on the fuel assemblies is predominately iron oxide mixed with 
small quantities of other metals such as cobalt, nickel, chromium, etc. Consequently, the effective 
conductivity of the crud mixture is expected to be in the range of typical metal alloys. Metals have 
thermal conductivities several orders of magnitude larger than that of helium. In the interest of 
extreme conservatism, however, a film of helium with the same thickness replaces the crud layer.  
The calculation is performed in two steps. In the first step, a crud film resistance is determined based 
on a bounding maximum crud layer thickness replaced with a helium film on the fuel rod surfaces.  
This is followed by a peak local cladding heat flux calculation for the GE 7x7 array fuel assembly 
postulated to emit a conservatively bounding decay heat equal to 0.5kW. The temperature drop 
across the crud film obtained as a product of the heat flux and crud resistance terms is determined 
to be less than 0.1 'F. The calculations are presented below.

Bounding Crud Thickness(s) = 
Crud Conductivity (K) = 
GE 7x7 Fuel Assembly: 

Rod O.D.  
Active Fuel Length = 
Heat Transfer Area = 
Axial Peaking Factor = 

Decay Heat

)130pim (4.26x 10 ft) (PNL-4835) 
0.1 Btu/ft-hr-°F (conservatively assumed as helium) 

0.563" 
150" 
(7x7) x (xO.563) x (150/144) = 90.3 ft2 

1.195 (Burnup distribution Table 2.1.11) 
500W (conservative assumption)
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8 4.26 x 10"4 ft2 - hr- oF Crud Resistance . ... 4.26 x 10- h 
K 0.1 Btu 

Peak Heat Flux- (500 x 3.417) Btu/hr 
90.3 ft2 

18.92x 1.195 = 22.6 Btu 

ft2 hr 
Temperature drop (A Tj) across crud film 

=4.26x 10-3 ft2 - hr-OF Btu = 426 ~x 22.6 
Btu ft2 -hr 

- 0.0960 F 

(i.e.,less than 0.1 0 F) 

Therefore, it is concluded that deposition of crud does not materially change the SNF cladding 
temperature.  

4.4.1.1.11 Thermal Conductivity Calculations with Diluted Backfill Helium 

In this subsection, the thermal conductivities of mixtures of the helium backfill gas and the gaseous 
fission products released from a hypothetical rupture of 10% of the stored fuel rods are evaluated.  
The gaseous fission products release fractions are stipulated in NUREG-1536. The released gases 
will mix with the helium backfill gas and reduce its thermal conductivity. These reduced thermal 
conductivities are applied to determine fuel assembly, and MPC fuel basket and basket periphery 
effective conductivities for thermal evaluation of the HI-STORM System.  

Appendix C of NUREG/CR-0497 [4.4.7] describes a method for calculating the effective thermal 
conductivity of a mixture of gases. The same method is also described by Rohsenow and Hartnett 
[4.2.2]. The following expression is provided by both references: 

k,,• kixi, 

= xj + ý0#oxj 
j=l 
j~i 

where: 
kiX = thermal conductivity of the gas mixture (Btu/hr-ft-0 F) 
n = number of gases 
k, = thermal conductivity of gas component i (Btu/hr-ft-°F) 
xi= mole fraction of gas component i 

In the preceding equation, the term Djj is given by the following: 
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(PY u 1+ 2.4 (Mi -Mj XMj -O'.142 -" Mj) 
I24 (M' + MY -M) 

where Mi and Mj are the molecular weights of gas components i and j, and Oij is: 

1 1 -12 

1 + -) M7 ki 

3+1 M, )2 

Table 4.4.7 presents a summary of the gas mixture thermal conductivity calculations for the MPC-24 
and MPC-68 MPC designs containing design basis fuel assemblies.  

Having calculated the gas mixture thermal conductivities, the effective thermal conductivities of the 
design basis fuel assemblies are calculated using the finite-volume model described in Subsection 
4.4.1.1.2. Only the helium gas conductivity is changed, all other modeling assumptions are the same.  
The fuel assembly effective thermal conductivities with diluted helium are compared to those with 
undiluted helium in Table 4.4.8. I

Next, the effective thermal conductivities of the MPC-24 and MPC-68 fuel basket and basket 
periphery regions are determined as described in Subsection 4.4.1.1.4. This calculation incorporates 
both the diluted helium thermal conductivity and the effective thermal conductivity of the fuel 
assembly with diluted helium. The R.yleigh effe"t th..mea cendutivity muttipliers are une.h•ged 
in this analysis. This is, conser.'ative because the released rod gases will incr-ease the aver-age fluid 
den.Sity and deceaS@ the gaS the.. .. al on.ductivity, cns. uently inecreasing the Rayleigh numbor.  
The MPC fuel basket and basket periphery effective thermal conductivities with diluted helium are 
compared to those with undiluted helium in Table 4.4.8. From this table, it is observed that a 10% 
rod rupture condition has a relatively minor impact on the basket effective conductivity. The 
hypothetical 100% roed upture assumption iis included in the basket eonducetivity dctermination 9for 
evaluation-of off normal and accident evoents in Chapter- 11I.  

4.4.1.1.12 Effects of Hypothetical Low Fuel Rod Emissivity 

The value of emissivity (s) utilized in this TSAR was selected as 0.8 based on: 

i. the recommendation of an EPRI report [4.1.3]
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ii. Holtec's prior licensing experience with the rI-STAR 100 System

iii. other vendors' cask licensing experience with the NRC 

iv. authoritative literature citations 

The table below provides relevant third party information to support the emissivity value utilized 
in this TSAR.  

Source Reference Zircaloy Emissivity 
EPRI [4.1.3] 0.8 

TN-68 TSAR Docket 72-1027 0.8 
TN-40 Prairie Island Site Specific 0.8 

ISFSI 
TN-32 Docket 72-1021 0.8 

Todreas & Mantuefel [4.4.8] 0.8 
DOE SNF Report [4.4.9] 0.8 

The appropriateness of the selected value of F is further supported by the information provided by 
PNL-4835 [4.3.2] and NUREG/CR-0497 [4.4.7]. PNL-4835 reports cladding oxidatiorn thickness 
in U.S. Zircaloy LWR SNF assemblies (20 gim for PWR and 30 pim for BWR fuel). If these oxide 
thickness values are applied to the mathematical formulas presented for emissivity determination in 
[4.4.7], then the computed values are slightly higher than our assumed value of 0.8. It should be 
recognized that the formulas in [4.4.7] include a conservative assumption that depresses the value 
of computed emissivity, namely, absence of crud. Significant crud layers develop on fuel cladding 
surfaces during in-core operation. Crud, which is recognized by the above-mentioned NUREG 
document as having a boosting effect on c, is completely neglected.  

The above discussion provides a reasonable rationale for our selection of 0.8 as the value for S.  
However, to determine the effect of a hypothetical low emissivity of 0.4, an additional thermal 
analysis adopting this value has been performed. In this analysis, each fuel rod of a fuel assembly 
is stipulated to have this uniformly low s = 0.4 and the effective fuel thermal conductivity is 
recalculated. In the next step, all cells of an MPC basket are assumed to be populated with this low 
s eP-el 44hfuel that is further assumed to be emitting decay heat at design basis level. The effective 
conductivity of this basket populated with low c fuel is recalculated. Using the recalculated fuel 
basket conductivity, the HI-STORM system temperature field is recomputed. This exercise is 
performed for the MPC-24 basket because, as explained in the next paragraph, this basket design, 
which accommodates a fewer number of fuel assemblies (compared to the MPC-68 and MPC-32) 
has a higher sensitivity to the emissivity parameter. This analysis has determined that the impact of 
a low s assumption on the peak cladding temperature is quite small (about 5'C). It is noted that these 
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sensitivity calculations were performed under the completely suppressed helium thermosiphon cooling assumption. Consequently, as the burden of heat dissipation shouldered by radiation heat t.  transfer under this assumption is much greater, the resultant computed sensitivity is a conservative 
upper bound for the HI-STORM system.  

The relatively insignificant increase in the computed peak clad temperature as a result of applying a large penalty in e (50%) is consistent with the findings in a German Ph.D. dissertation [4.4.11].  Dr. Anton's study consisted of analyzing a cask containing 4 fuel assemblies with a total heat load 
of 17 kW and helium inside the fuel cavity. For an emissivity of 0.8, the calculated peak cladding 
temperature was 337 0C. In a sensitivity study, wherein the emissivity was varied from 0.7 to 0.9, the temperature changed only by 5°C, i.e. to 342'C and 332*C. Dr. Anton ascribed two reasons for this low impact of emissivity on computed temperatures. Although the radiative heat emission by a surface decreases with lower emissivity, the fraction of heat reflected from other surfaces increases.  
In other words, the through-assembly heat dissipation by this means increases thereby providing 
some compensation for the reduced emission. Additionally, the fourth power of temperature 
dependence of thermal radiation heat transfer reduces the impact of changes in the coefficients on computed temperatures. For storage containers with larger number of fuel assemblies (like the HI
STORM System), an even smaller impact would be expected, since a larger fraction of the heat is 
dissipated via the basket conduction heat transfer.  

4.4.1.1.13 HI-STORM Temperature Field with Low Heat Emitting Fuel 

The HI-STORM 1,00 thermal evaluations for BWR fuel are grouped in two categories of fuel A assemblies proposed for storage in the MPC-68. The two groups are classified as Low Heat Emitting (LHE) fuel assemblies and Design Basis (DB) fuel assemblies. The LHE group offuel assemblies 
are characterized by low burnup, long cooling time, and short active fuel lengths. Consequently, 
their heat loads are dwarfed by the DB group of fuel assemblies. The Dresden-i (6x6 and 8x8), 
Quad+, and Humboldt Bay (7x7 and 6x6) fuel assemblies are grouped as the LHE fuel. This fuel is 
evaluated when encased in Damaged Fuel Containers (DFC). As a result of interruption of radiation heat exchange between the fuel assembly and the fuel basket by the DFC boundary, this 
configuration is bounding for thermal evaluation. In Table 4.4.2, two canister types for encasing 
LHE fuel are evaluated - a Holtec design and an existing canister in which some of the Dresden-i 
fuel is currently stored (Transnuclear D-J canister). The most resistive LHE fuel assembly (Dresden
1 8x8) is considered for thermal evaluation (see Table 4.4.2) in a DFC container. The MPC-68 
basket effective conductivity, loaded with the most resistive fuel assembly (encased in a canister) is provided in Table 4.4.3. To this basket, LHE decay heat is applied and a HI-STORM 100 System 
thermal solution computed The peak cladding temperature is computed as 513°F, which is 
substantially below the temperature limit for long cooled fuel (-6357).  

A thoria rod canister designed for holding a maximum of twenty fuel rods arrayed in a 5x4 configuration is currently stored at the Dresden-i spent fuel pool. The fuel rods were originally 
constituted as part of an 8x8 fuel assembly and used in the second and third cycle of Dresden-i 
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operation. The maximum fuel burnup of these rods is quite low (-14,400 MWD/MTU). The thoria 
rod canister internal design is a honeycomb structure formed from 12-gage stainless steel plates.  
The rods are loaded in individual square cells. This long cooled, part assembly (18fuel rods) and 
very low fuel burnup thoria rod canister renders it a miniscule source of decay heat. The canister 
all-metal internal honeycomb construction serves as an additional means of heat dissipation in the 
fuel cell space. In accordance with fuel loading stipulation in the Technical Specifications, long 
cooled fuel is loaded toward the basket periphery (i.e., away from the hot centrol core of the fuel 
basket). All these considerations provide ample assurance that these fuel rods will be stored in a 
benign thermal environment and, therefore, remain protected during long-term storage.  

4.4.1.2 Test Model 

A detailed analytical model for thermal design of the HI-STORM System was developed using the 
FLUENT CFD code and the industry standard ANSYS modeling package, as discussed in 
Subsection 4.4.1 .1. As discussed throughout this chapter and specifically in Section 4.4.6, the 
analysis incorporates significant conservatisms so as to compute bounding fuel cladding 
temperatures. Furthermore, compliance with specified limits of operation is demonstrated with 
adequate margins. In view of these considerations, the HI-STORM System thermal design complies 
with the thermal criteria set forth in the design basis (Sections 2.1 and 2.2) for long-term storage 
under normal conditions. Additional experimental verification of the thermal design is therefore not 
required.  

4.4.2 Maximum Temperatures 

All four B4th MPC-basket designs developed for the HI-STORM System have been analyzed to 
determine temperature distributions under long-term normal storage conditions, and the results 
summarized in this subsection. A cross-reference of HI-STORM thermal analyses at other conditions 
with associated subsection of the TSAR summarizing obtained results is provided in Table 4.4.22.  
The MPC baskets are considered to be fully loaded with design basis PWR or BWR fuel assemblies, 
as appropriate. The systems are arranged in an ISFSI array and subjected to design basis normal 
ambient conditions with insolation.  

As discussed in Subsection 4.4.1.1.1, the thermal analysis is performed using a submodeling process 
where the results of an analysis on an individual component are incorporated into the analysis of a 
larger set of components. Specifically, the submodeling process yields directly computed fuel 
temperatures from which fuel basket temperatures are then calculated. This modeling process differs 
from previous analytical approaches wherein the basket temperatures were evaluated first and then 
"a basket-to-cladding temperature difference calculation by Wooten-Epstein or other means provided 
"a basis for cladding temperatures. Subsection 4.4.1.1.2 describes the calculation of an effective fuel 
assembly thermal conductivity for an equivalent homogenous region. It is important to note that the 
result of this analysis is a function of thermal conductivity versus temperature. This function for fuel 
thermal conductivity is then input to the fuel basket effective thermal conductivity calculation 
described in Subsection 4.4.1.1.4. This calculation uses a finite-element methodology, wherein each 
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1LI ...

fuel cell region containing multiple finite-elements has temperature-varying thermal conductivity properties. The resultant temperature-varying fuel basket thermal conductivity computed by this basket-fuel composite model is then input to the fuel basket region of the FLUENT cask model.  

Because the FLUENT cask model incorporates the results of the fuel basket submodel, which in turn incorporates the fuel assembly submodel, the peak temperature reported from the FLUENT model is the peak temperature in any component. In a dry storage cask, the hottest components are the fuel 
assemblies. It should be noted that, because the fuel assembly models described in Subsection 
4.4.1.1.2 include the fuel pellets, the FLUENT calculated peak temperatures reported in Tables 4.4.9 and 4.4.10 are actually peak pellet centerline temperatures which bound the peak cladding 
temperatures, and are therefore conservatively reported as the cladding temperatures.  

Applying the radiative blocking factor applicable for the worst case cask location, conservatively 
bounding axial temperatures at the most heated fuel cladding are shown in Figures 4.4.16 and 4.4.17 
for the MPC-24 and MPC-68 to depict the thermosiphon effect in PWR and BWR SNF. From these plots, the upward movement of the hot spot is quite evident. basket-desigan-As discussed in this chapter, these calculated temperature distributions incorporate many conservatisms. The maximum 
fuel clad temperatures for zircaloy clad fuel assemblies are listed in Tables 4.4.9, -and-4.4.10, 4.4.26, and 4.4.27, which also summarize maximum calculated temperatures in different parts of the MPCs 
and HI-STORM overpack (Table 4.4.36)..  

Figures 4.4.19 and 4.4.20, respectively, show the .onsc.. atively botunding depict radial temperature 
distribution in the PWR (MPC-24) and the BWR (MPC-68) at the horizontal plane where maximum { ,, fuel cladding temperature occurs is indieated for the tow diEffereRt basket designs. Finally, ceronenatively bounding axial variations of the ventilation air temperatures and that of the inner shell 
e..e.ete-surface are depicted shown-in Figures 1.1.22 nd1123 forte PW? andBWR MP two 
MPG-designs in Figure 4.4.26for a bounding heat load.  

The following additional observations can be derived by inspecting the temperature field obtained 
from the finite volume analysis: 

The fuel cladding temperatures are in compliance with the temperature limits determined 
using both the DCCG methodology [4.3.5] and the PNL CSFM methodology [4.3.1].  

The maximum temperature of the basket structural material is within the stipulated design 
temperature.  

The maximum temperature of the Boral neutron absorber is below the material supplier's 
recommended limit.  

The maximum temperatures of the MPC pressure boundary materials are well below their 
respective ASME Code limits.  
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The maximum temperatures of concrete are within the NRC's recommended limits [4.4.10] 
(See Table 4.3.1.) 

Noting that the permissible peak cladding temperature is a function of fuel age, parametric peak fuel 
cladding temperature versus total decay heat load information is computed from the FLUENT 
thermal model solution T4abk for- the MP•C 24 and MPG 68 basket designs were developed. This 
lower than design basis heat load perfeforance data is presented in Tablcs 4.4.17 and 4.4.18. Figure 
"2.1.6 wa develeopd based on* these tables -and T7he allowable fuel cladding temperature limits are 
presented in Section 4.3 for moderate and-hgh-burnup fuel and in Appendix 4.A for high-burnup 
fuel.  

Because the peak clad temperature limits are dependent on burnup and the fuel age at the start of dry 
storage, the allowable decay heat load is also age-dependent -.on these parameters. -Tables 4.4.20, 
-aAd• -4.4.21, 4.4.28, and 4.4.29, for the MPC-24 and MPC-68, MPC-32 and MPC-24E, respectively, 
present the allowable decay heat load as a function of fuel age for moderate burnupfuel. Tables 
4.4.32 through 4.4.35 present the results for high burnup fuel. Burnup and cooling-time curves, 
developed in source-term calculations in Chapter 5 and reported in Chapter 2, are generatedfrom 
sush -hat the heat load limits in those tables. -abe••4•4.4.2 and 414.21 are not e.ceeded. It is noted 
that the burnup and cooling time curves are developed for the most limiting fuel assemblyt of each 
type (PWR and BWR), but are applied to all assemblies of each type. By definition, the limiting fuel 
assembly emits more heat than any other assembly of its type at a given bumup and cooling time 
does. Thus, if the limiting fuel assembly meets the allowable clad temperature limit by a certain 
margin, then the other fuel assemblies of its type with equal burnup and cooling time will meet the 
clad temperature limit by an even greater margin. The added margin can be quite considerable. For 
example, the design-basis PWR assembly is the B&W 15x 15, which is used to determine Technical 
Specification limits for bumup in the HI-STORM System. For certain Westinghouse fuel types, the 
decay heat loads corresponding to these burnup limits will be about 15% less than that of the design
basis assembly. This decay heat over-prediction for other than design-basis assemblies renders the 
predicted peak temperatures extremely conservative for those assemblies.  

For the regionalized loading scenario as depicted in Figure 4.4.25, outer region decay heat limits 
are stipulated in Table 4.4.30. The inner region heat load limit will be governed by the peak 
cladding temperature limit for the hot fuel, provided that the interface cladding temperature limit 
for long cooled fuel is not exceeded The MPC-32 and MPC-68 heat load limits are determined by 
analysis to be governed by this requirement. In the MPC-24 and MPC-24E regionalized loading 
scenarios, the interface cladding temperature limit is reached first for certain fuel cooling times.  
Thus, the peak cladding temperatures for these MPCs are below their permissible values by a 
greater margin. The inner region heat load limits are provided in Table 4.4.31.  

The limiting fuel assembly (also referred to as the design-basis assembly) is defined as that 
assembly which is the most heat emissive of its type (PWR or BWR) as a given bumup and 
cooling time.  
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The calculated temperatures are based on a series of analyses, described previously in this chapter, 
that incorporate many conservatisms. A list of the significant conservatisms is provided in 1) Subsection 4.4.6. As such, the calculated temperatures are upper bound values that would exceed 
actual temperatures.  

The above observations lead us to conclude that the temperature field in the HI-STORM System 
with a fully loaded MPC containing design-basis heat emitting SNF complies with all regulatory and 
industry temperature limits. In other words, the thermal environment in the [H-STORM System will 
be conducive to long-term safe storage of spent nuclear fuel.  

4.4.3 Minimum Temperatures 

In Table 2.2.2 of this report, the minimum ambient temperature condition for the [1-STORM storage 
overpack and MPC is specified to be -40'F. If, conservatively, a zero decay heat load with no solar 
input is applied to the stored fuel assemblies, then every component of the system at steady state 
would be at a temperature of -40'F. All HI-STORM storage overpack and MPC materials of 
construction will satisfactorily perform their intended function in the storage mode at this minimum 
temperature condition. Structural evaluations in Chapter 3 show the acceptable performance of the overpack and MPC steel and concrete materials at low service temperatures. Criticality and shielding 
evaluations (Chapters 5 and 6) are unaffected by temperature.  

4.4.4 Maximum Internal Pressure 

The MPC is initially filled with dry helium after fuel loading and drying prior to installing the MPC 
closure ring. During normal storage, the gas temperature within the MPC rises to its maximum 
operating basis temperature as determined based on the thermal analysis methodology described 
earlier. The gas pressure inside the MPC will also increase with rising temperature. The pressure rise is determined based on the ideal gas law, which states that the absolute pressure of a fixed volume 
of gas is proportional to its absolute temperature. Tables -4.4.12, and 4.4.13, 4.4.24, and 4.4.25 
present summaries of the calculations performed to determine the net free volume in the MPC-24, 
-apd-MPC-68, MPC-32, and MPC-24E, respectively.  

The MPC maximum gas pressure is considered for a postulated accidental release of fission product 
gases caused by fuel rod rupture. For these fuel rod rupture conditions, the amounts of each of the 
release gas constituents in the MPC cavity are summed and the resulting total pressures determined 
from the Ideal Gas Law. Based on fission gases release fractions (per NUREG 1536 criteria 
[4.4.10]), net free volume and initial fill gas pressure, the bounding maximum gas pressures with 1% 
(normal), 10% (off-normal) and 100% (accident condition) rod rupture are given in Table 4.4.14.  
The maximum gas pressures listed in Table 4.4.14 are all below the MPC internal design pressure 
listed in Table 2.2.1.  
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The inclusion of PWR non-fuel hardware (BPRA control elements and thimble plugs) to the PWR 
baskets influences the MPC internal pressure through two distinct effects. The presence of non-fuel 
hardware increases the effective basket conductivity, thus enhancing heat dissipation and lowering 
fuel temperatures as well as the temperature of the gas filling the space between fuel rods. The gas 
volume displaced by the mass of non-fuel hardware lowers the cavity free volume. These two effects, 
namely, temperature lowering and free volume reduction, have opposing influence on the MPC 
cavity pressure. The first effect lowers gas pressure while the second effect raises it. In the HI
STORM thermal analysis, the computed temperature field (with non-fuel hardware excluded) has 
been determined to provide a conservatively bounding temperature fieldfor the PWR baskets (MPC
24, MPC-24E, and MPC-32). The MPC cavity free space is computed based on volume displacement 
by the heaviest fuel (bounding weight) with non-fuel hardware included.  

During in-core irradiation of BPRAs, neutron capture by the B-JO isotope in the neutron absorbing 
material produces helium. Two different forms of the neutron absorbing material are used in 
BPRAs: Borosilicate glass and B4 C in a refractory solid matrix (A 1203). Borosilicate glass 
(primarily a constituent of Westinghouse BPRAs) is used in the shape of hollow pyrex glass tubes 
sealed within steel rods and supported on the inside by a thin-walled steel liner. To accommodate 
helium diffusion from the glass rod into the rod internal space, a relatively high void volume (-40%) 
is engineered in this type of rod design. The rod internal pressure is thus designed to remain below 
reactor operation conditions (2,300 psia and approximately 600 °F coolant temperature). The B4C
A t20 neutron absorber material is principally used in B& W and CE fuel BPRA designs. The 
relatively low temperature of the poison material in BPRA rods (relative to fuel pellets) favor the 
entrapment of helium atoms in the solid matrix.  

Several BPRA designs are used in PWRfuel that differ in the number, diameter, and length ofpoison 
rods. The older Westinghouse fuel (W-14x14 and W-15x15) has used 6, 12, 16, and 20 rods per 
assembly BPRAs and the later (W- I7x] 7) fuel uses up to 24 rods per BPRA. The BPRA rods in the 
older fuel are much larger than the later fuel and, therefore, the B-JO isotope inventory in the 20-rod 
BPRAs bounds the newer W-J 7x] 7fuel. Based on bounding BPRA rods internal pressure, a large 
hypothetical quantity of helium (7.2 g-moles/BPRA) is assumed to be available for release into the 
MPC cavity from each fuel assembly in the PWR baskets. The MPC cavity pressures (including 
helium from BPRAs) are summarized in Table 4.4.14.  

4.4.5 Maximum Thermal Stresses 

Thermal expansion induced mechanical stresses due to non-uniform temperature distributions are 
reported in Chapter 3 of this report. Table 4.4.15 provides a summary of HI-STORM System 
component temperature inputs for structural evaluation. Table 4.4.19 provides a summary of 
confinement boundary temperatures during normal storage conditions. Structural evaluation in 
Section 3.4.4 references these temperature results to demonstrate confinement boundary integrity.  
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4.4.6 Evaluation of System Performance for Normal Conditions of Storage

The HI-STORM System thermal analysis is based on a detailed and complete heat transfer model 
that conservatively accounts for all modes of heat transfer in various portions of the MPC and 
overpack. The thermal model incorporates many conservative features that render the results for 
long-term storage to be extremely conservative: 

1. The most severe levels of environmental factors for long-term normal storage, which are an 
ambient temperature of 80*F and 1OCFR71 insolation levels, were coincidentally imposed 
on the system.  

2. A hypothetical rupture of 10% of the stored fuel rods was conservatively considered for 
determining the thermal conductivity of the diluted helium backfill gas.  

3. The most adversely located HI-STORM System in an ISFSI array was considered for 
analysis.  

4. A conservative assessment of Ne credit was taken for the thermosiphon effect in the MPC, 
which is intrinsic to the HI-STORM fuel basket design is included in the thermal analyses.  

5. Radiation heat transfer and the presence of helium within the Boral sheathing space are 
neglected.  

6. No credit was considered for contact between fuel assemblies and the MPC basket wall or 
between the MPC basket and the basket supports. The fuel assemblies and MPC basket were 
conservatively considered to be in concentric alignment.  

7. The MPC is assumed to be loaded with the SNF type which has the maximum equivalent 
thermal resistance of all fuel types in its category (BWR or PWR), as applicable.  

8. The design basis maximum decay heat loads are used for all thermal-hydraulic analyses. For 
casks loaded with fuel assemblies having decay heat generation rates less than design basis, 
additional thermal margins of safety will exist. This is assured by defining the bumup limits, 
as a function of age, for the fuel assemblies based on the bounding (i.e., most heat emissive) 
fuel assembly types within each class (PWR or BWR). As demonstrated in the source-term 
calculations described Chapter 5, the B&W 15x 15 and GE 7x7 are the goveming PWR and 
BWR fuel assemblies, respectively. For all other fuel types, the heat emission rates at the 
design-basis burnup levels will be below the design-basis heat emission rate.  

9. The interstitial space between Boral, and the Alloy X pocket in which it is contained, will 
be filled with helium. However, for conservatism, the conductivity of air is used instead.  
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10. The enhancement of heat transfer owing to the so-called "Rayleigh effect" in the 
basket/MPC interface region, which was included in the analyses underlying the original 
CoC on the HI-STORM 100 System, is neglected in this revision of the SAR for 
conservatism.  

11. Presence of aluminum conduction elements for heat dissipation in the downcomer spacers, 
utilized in the original analysis underlying the initial certification of HI-STORM 100, is 
conservatively ignored in this revision of the SAR in the HI-STORM thermosiphon-enabled 
model.  

Temperature distribution results obtained from this highly conservative thermal model show that the 
maximum fuel cladding temperature limits are met with adequate margins. Expected margins during 
normal storage will be much greater due to the many conservative assumptions incorporated in the 
analysis. The long-term impact of decay heat induced temperature levels on the rH-STORM System 
structural and neutron shielding materials is considered to be negligible. The maximum local MPC 
basket temperature level is below the recommended limits for structural materials in terms of 
susceptibility to stress, corrosion and creep-induced degradation. Furthermore, stresses induced due 
to imposed temperature gradients are within Code limits. Therefore, it is concluded that the HI
STORM System thermal design is in compliance with 1OCFR72 requirements.
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Table 4.4.1 

SUMMARY OF PWR FUEL ASSEMBLY EFFECTIVE 
THERMAL CONDUCTIVITIES

Fuel @ 200-F @ 450OF @ 700-F 

(Btu/ft-hr-°F) (Btu/ft-hr-0 F) (Btu/ft-hr-°F) 
W - 17x17 OFA 0.182 0.277 0.402 
W - 17x17 Standard 0.189 0.286 0.413 
W - 17x 17 Vantage 0.182 0.277 0.402 
W -15x 15 Standard 0.191 0.294 0.430 
W - 14x 14 Standard 0.182 0.284 0.424 
W - 14x14 OFA 0.175 0.275 0.413 
B&W- 17x17 0.191 0.289 0.416 
B&W- 15x15 0.195 0.298 0.436 
CE - 16x16 0.183 0.281 0.411 
CE- 14x14 0.189 0.293 0.435 
HN t- 15x15 SS 0.180 0.265 0.370 

W - 14x14 SS 0.170 0.254 0.361 
B&W-•• x. 5 0.187 .0.289 0.424 
Mark B-I I 
CE-14x14 (MP2) 0.188 0.293 0.434 
IP-] (PLJ.t4)_S.S 0.125 0.197 0.293

Haddam Neck Plant B&W or Westinghouse stainless steel clad fuel assemblies.  
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Table 4.4.2

SUMMARY OF BWR FUEL ASSEMBLY EFFECTIVE 
THERMAL CONDUCTIVITIES

t Cladding temperatures of low heat emitting Dresden (intact and damaged) SNF in the 
HI-STORM System will be bounded by design basis fuel cladding temperatures.  

Therefore, these fuel assembly types are excluded from the list of fuel assemblies 
(zircaloy clad) evaluated to determine the most resistive SNF type.  

tt Allis-Chalmers stainless steel clad fuel assemblies.

H1-•SIOR(M TSAR 
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Fuel @ 200°F @ 450-F @ 700 -F 

(Btu/ft-hr-°F) (Btulfl-hr-°F) (Btu/ft-hr-°F) 
Dresden 1 - 8x8t 0.119 0.201 0.319 

Dresden 1 - 6x6t 0.126 0.215. 0.345 

GE - 7x7 0.171 0.286 0.449 

GE - 7x7R 0.171 0.286 0.449 

GE - 8x8 0.168 0.278 0.433 
GE - 8x8R 0.166 0.275 0.430 

GE10 -8x8 0.168 0.280 0.437 

GE 1 - 9x9 0.167 0.273 0.422 

ACtt-10x10 SS 0.152 0.222 0.309 

Exxon-IxIO SS 0.151 0.221 0.308 
Damaged Dresden- 1 0.107 0.169 0.254 
8x8t (in a Holtec 
damaged fuel 
container) 

Humboldt Bay- 7x7f 0.12 7 0.215 0.343 

Dresden-i Thin Clad 0.124 0.212 0.343 
6x6t 

Damaged Dresden-1 0.107 0.168 0.252 
8x8 (in TN D-1 
canister) f 
8x8 Quad+ 0.164 0.276 0.435 
Westinghouset
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Table 4.4.3 ) 
MPC BASKET EFFECTIVE THERMAL CONDUCTIVITY RESULTS 

FROMANSYS MODELS 

Basket @200 -F @450 -F @700 -F 
(Btu/ft-hr- OF) (Btu/ft-hr- 0F) (Btu/ft-hr- °F) MPC-24 (Zircaloy 1.109 1.495 1.955 

Clad Fuel) 
MPC-68 (Zircaloy 1.111 1.347 1.591 

Clad Fuel) 
MPC-24 (Stainless 0.897 1.213 1.577(a) 
Steel Clad Fuel) t 
MPC-68 (Stainless 1.070 1.270 1.451(b) 
Steel Clad Fuel)t 
MPC-32 (Zircaloy 1.015 1.2 1.546 

Clad Fuel) 

MPC-32 (Stainless .3806 0.987 1.161 (c) 
Steel Clad Fuel) t 

MPC-24E (Zircaloy 1.216 1.6397 2.133 Clad Fuel) 
MPC-24E (Stainless 0.991 1.351 1.F766 (d) :I ' 

Steel Cladu uel)ct f 

(a) Conductivity is 19% less than corresponding zircaloy fueled basket.  
(b) Conductivity is 9% less than corresponding zircaloy fueled basket.  (c) Conductivity is 25% less than corresponding zircaloy fueled basket.  
(d) Conductivity is 17% less than corresponding zircaloy fueled basket.  

t Evaluated in a damagedfuel canister (conservatively bounding) 
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Table 4.4.4

CLOSED CAVITY NUSSELT NUMBER RESULTS 
FOR HELIUM-FILLED MPC PERIPHERAL VOIDSt

Temperature (*F) Nusselt Number Nusselt Number 

(PWR Baskets) (BWR Basket) 
200 3.17 2.41 
450 2.56 1.95 
700 2.21 1.68

f For conservatism the Rayleigh effect is ignored in the MPC thermal analysses.
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Table 4.4.5 

SUMMARY OF 1Ox 10 ARRAY TYPE BWR FUEL ASSEMBLY 
EFFECTIVE THERMAL CONDUCTIVITIESt

Fuel Assembly

GE-12/14

Atrium- 10

@ 200°F 
(Btu/ft-hr-°F)

t I
0.166

+ i

0.164
I L

SVEA-96 0.164

@ 450-F @ 700-F 
(Btu/ft-hr-°F) (Btu/ft-hr-.F) 

0.269 0.412 

0.266 0.409 

0.269 0.416

t The conductivities reported in this table are obtained by the simplified method described 

in the beginning of Subsection 4.4.1.1.2.  
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Table 4.4.6

COMPARISON OF ARTIUM-10 BWR FUEL ASSEMBLY CONDUCTIVITY' WITH 
THE BOUNDINGtt BWR FUEL ASSEMBLY CONDUCTIVITY 

Temperature (°F) Atrium-10 BWR Assembly Bounding BWR Assembly 

(Btu/ft-hr-°F) (W/m-K) (Btu/ft-hr-°F) (W/m-K) 
200 0.225 0.389 0.171 0.296 
450 0.345 0.597 0.271 0.469 
700 0.504 0.872 0.410 0.710

The reported effective conductivity has been obtained from a rigorous finite-element 
model.  

tf The bounding BWR fuel assembly conductivity applied in the MPC-68 basket thermal 
analysis.
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Table 4.4.7

SUMMARY OF THERMAL CONDUCTIVITY CALCULATIONS 
FOR MPC HELIUM DILUTED BY RELEASED ROD GASES

Component Gas Molecular Weight 
(g/mole)

Component Gas Mole Fractions and 
Mixture Conductivity (Btu/hr-ft-°F)

MPC Backfill Helium 4 0.951 0.962 
Fuel Rod Backfill Helium 4 0.023 5.750x 10-3 

Rod Tritium 3 1.154x 10.' 4.483x 10-5 
Rod Krypton 85 2.372x 10.3  2.905x 10-3 
Rod Xenon 131 0.024 0.030 
Rod Iodine 129 1.019x 10- 1.273x 10-3 

Mixture of Gases (diluted N/A 0.088 at 200OF 0.086 at 200OF 
helium) 0.116 at 450OF 0.113 at 450°F 

0.142 at 700OF 0.139 at 700OF 

LI 0 C--o I 'I'1VI a •)At1I• 
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Table 4.4.8

COMPARISON OF COMPONENT THERMAL CONDUCTIVITIES 
WITH AND WITHOUT BACKFILL HELIUM DILUTION

GE-Il 9x9 Fuel Assembly with 
Undiluted Helium

@ 200 °F 

(Btu/hr-ft-°F)

0.171

@ 450°F 

(Btu/hr-ft-°F)

0.271

GE-Il 9x9 Fuel Assembly with 0.158 0.254 0.385 
Diluted Helium 
W 17x 17 OFA Fuel Assembly with 0.257 0.406 0.604 
Undiluted Helium 
W 17x17 OFA Fuel Assembly with 0.213 0.347 0.537 
Diluted Helium 

MPC-24 Fuel Basket with -108 1.495 .954 
Undiluted Helium 1.109 1.955 

MPC-24 Fuel Basket with Diluted 1.047 1.425 1.883 
Helium 
MPC-24 Basket Periphery with 0-.264 O.4025 O.a60 
Undiluted Helium 0.2050 0.3522 0.5644 

MPC-24 Basket Periphery with 0.2506 038-79 0 902• 
Diluted Helium 0.1967 0.3417 0.5502 

MPC-68 Fuel Basket with 0.959 4 .4-32 
Undiluted Helium 1.111 1.347 1.591 

MPC-68 Fuel Basket with Diluted 0.94 .4-168 4.404 
Helium 1.090 1.326 1.562 

MPC-68 Basket Periphery with 041484 0 =-94 0354-3 
Undiluted Helium 0.1143 0.2020 0.3316 

MPC-68 Basket Periphery with 0.3•95 0-:2-01 0-.43R 
Diluted Helium 0.1090 0.1954 0.3234

4.4-41

@ 700°F 

(Btu/hr-ft-°F) 

0.410
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Table 4.4.9 

HI-STORMt SYSTEM LONG-TERM NORMAL 
STORAGE MAXIMUM TEMPERATURES 

(MPC-24 BASKET)

Component 

Fuel Cladding 

MPC Basket 

Basket Periphery 

MPC Outer Shell 

Concr-ete Ovrakinner- Shl 
Conclrete Croz4Sectona 

O'er-pack L-id Top Plate 
Air Gofl-atI•

Normal 
Condition 
Temp. (IF) 

69.2691 

6 650 

4J-1--486 

2A,4$ 344 

-14-66 
44-4 

4--34.

Long-Term 
Temperature 

Limit (ff) 

787nt 

725t** 

725tt* 

450 

4200 

-2-044 

2-044, 

- N0•

t Bounding overpack temperatures are provided in Table 4.4.36.  

tt The temperature limit is in accordance with DCCG (gross rupture) criteria. Permissible 
peak cladding temperature is 691 °F 6922 (PNL Criteria).  

tit f The ASME Code allowable temperature of the fuel basket Alloy X materials is 800'F.  
This lower temperature limit is imposed to add additional conservatism to the analysis of 
the HI-STORM System.  

4- Long t -r tempea.Fre i•mit f con.r.ete in c .ntact with the met•a•l pl o.  
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Table 4.4.10

HI-STORMt SYSTEM LONG-TERM NORMAL 
STORAGE MAXIMUM TEMPERATURES 

(MPC-68 BASKET)

t Bounding overpack temperatures are provided in Table 4.4.36.  

t t The temperature limit is in accordance with DCCG (gross rupture) criteria. Permissible cladding 
temperature is 742'F (PNL criteria).  

ttt The ASME Code allowable temperature of the fuel basket Alloy X materials is 800'F.  
This lower temperature limit is imposed to add additional conservatism to the analysis of 
the HI-STORM System.

........ limit 01~p Honreqlate in conitact w~ith the me~tal nl~ate.

4.4-43

Component Normal Long-Term 
Condition Temperature 
Temp. (*F) Limit (°F) 

Fuel Cladding 740 A4. 8 2 41t 
MPC Basket 720-22 725ttt 

Basket Periphery 501-366 725ttt 

MPC Outer Shell 347304- 450 
C-"ncrete over pack i,.n.er. Shell 4-74

Con.r.te Crevs Sectina5 44- 2

Concr-te tverpaak Outer S 443-1
OVer-paGI Lid BottoM Plate at 443.4 

ONerPackE Lid TOP Plat 44W441 
_ _ _ _ _ _ _ _ _ _ _ __&Nj
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Table 4.4.11 [ 9 
INTENTIONALLY DELETED
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Table 4.4.12 

SUMMARY OF MPC-24 FREE VOLUME CALCULATIONS 

Item Volume (ftI) 
Cavity Volume 368.3 
Basket Metal Volume 47.0 
Bounding Fuel Assemblies Volume 78.8
Basket Supports and Fuel Spacers Volume 
Aluminum Conduction Elements 

Net Free Volume

6.1 

5. 9 t 

230.5 (6,529 liters)

Bounding 1,000 lbs weight assumed.

M- Qrnl? xir TA D
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Table 4.4.13

SUMMARY OF MPC-68 FREE VOLUME CALCULATIONS

£ )

Bounding 1,000 lbs weight assumed.

LH Q rTnID Aff TQO An
R J-P O RLT3I F951312 REPORT 111-951312

Item Volume (ft) 
Cavity Volume 367.3 
Basket Metal Volume 45.6 
Bounding Fuel Assemblies Volume 93.0 
Basket Supports and Fuel Spacers Volume 11.3 
Aluminum Conduction Elements 5.9t 
Net Free Volume 211.5 (5,989 liters)

t
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Table 4.4.14

SUMMARY OF MPC CONFINEMENT BOUNDARY PRESSURES' 
FOR LONG-TERM STORAGE

Per NUREG- 1536, pressure analyses with ruptured fuel rods (including BPRA rods for 
PWRfuel) is performed with release of 100% of the ruptured fuel rod fill gas and 30% of 
the significant radioactive gaseous fission products.

.t.I-,3 I '.JIXIVI i 01.. M 

REPORT HI-951312 Rev. 11

4.4-47

Condition Pressure (psig) 
MPC-24: 

Initial backfill (at 701F) 31.3 444 2-4 
Normal condition 66.4 -6?4 -54 
With 1% rods rupture 66.1349 494 
With 10% rods rupture 72.2 44-•624 
With 100% rods rupture 132.5 944 94.  

MPC-68: 

Initial backfill (at 700F) 31.324 
Normal condition 67.1 64-74 
With 1% rods rupture 67. 5 -5.9- -756 
With 10% rods rupture 71.1 424-! 604 
With 100% rods rupture 107.4 90,79-74 

MPC-32: 

Initial backfill (at 70 -F) 31.3-74 
Normal Condition 65.6447 
With 1% rods rupture 66.5224 
With 10% rods rupture 75.0 294.  
With 100% rods rupture 160.194.4 

MPC-24E: 

Initial backfill (at 70 F) 31.3 4 
Normal Condition 65.8 3" 
With 1% rods rupture 66. 4 4-4 
With 10% rods rupture 72.5424 
With 100% rods rupture 133.5 92-4

I



Table 4.4.15 

SUMMARY OF HI-STORM SYSTEM COMPONENT TEMPERATURES 
FOR LONG-TERM STORAGE (fF)

Location MPC-24
MPC Basket Top: 

Basket periphery 485 224. 501 244 496 488 
MPC shell 344 244- 348 209 351 346 
Overpack Inner Shell 199 4--0 199 468 199 199 
Overpack Outer Shell 124 4-14 124 44-6 124 124 

MPC Basket Bottom: 
Basket periphery 281 44-9 280 4-40 290 284 
MPC shell 256.4-46 258 4.-2-8 261 258 
Overpack Inner Shell 106 4-04 106 4-00 106 106 
Overpack Outer Shell 107 104 107403. 107 107

R E--O.R 1 T./'iIVI 1-1913 REPORT HI-95 1312
Rev. 11
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Table 4.4.16

INTENTIONALLY DELETED
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Table 4.4.19 

SUMMARY OF MPC CONFINEMENT BOUNDARY 
TEMPERATURE DISTRIBUTIONS 

Location MPC-24 MPC-68 MPC-32 MPC-24E 
(OF) (OF) (0F) (0F) 

MPC Lid Inside Surface at Centerline 224 24-9 487 462 

463 502 
MPC Lid Outside Surface at Centerline 24- .244 447 425 

427 454 
MPC Lid Inside Surface at Periphery -244- 26 383 372 

371 381 
MPC Lid Outside Surface at Periphery 206 202 372 358 

360 375 
MPC Baseplate Inside Surface at 2-54- 4-96 214 209 
Centerline 207 209 

MPC Baseplate Outside Surface at 2-3-:7 4-9 208 202 
Centerline 200 203 

MPC Baseplate Inside Surface at 41-4 4-2-g 249 245 
Periphery 243 246 

MPC Baseplate Outside Surface at 44-1 4-24- 199 195 
Periphery 194 196 

M•4P Shell Mlaximum 3 2

LTm Q1~D~f ''C AT
I21-0 x 'iVI. I a /XIA.  
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Table 4.4.20

MPC-24 DESIGN-BASIS MAXIMUM HEAT LOADt 
VERSUS FUEL AGE AT LOADING (MODERATE BURNUP) 

Fuel Age At Loading (years) Permissible Heat Load (kW) 

5 =092 

27.77 

6 

26.96 

7 94-94 

24.74 

10 

24.23 
15 474; 

23.66

The cask heat load limits (Q) presented in this table pertain to loading the MPC with uniformly aged fuel assemblies emitting heat at the design basis maximum rate (q), where "T" is the age of the fuel at the start 
of dry storage. For a cask loaded with a mix of fuel ages, the cask heat load limit shall be the sum of the 
individual assembly decay heat limits (as a function of T) as specified in the Appendix B to COC 1014.

rjJ3-1tkjIVI 1 AK 
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Table 4.4.21

MPC-68 DESIGN-BASIS MAXIMUM HEAT LOADt 
VERSUS FUEL AGE AT LOADING (MODERATE BURAUP)

Fuel Age At Loading (years) 

5 

6 

7

10

15

Permissible Heat Load (kW) 

28.19

23.60

I .Ji

t The cask heat load limits (Q,) presented in this table pertain to loading the MPC with uniformly aged fuel assemblies emitting heat at the design basis maximum rate (q), where "-" is the age of fuel at the start of dry storage. For a cask loaded with a mix of fuel ages, the cask heat load limit shall be the sum of the individual assembly decay heat limits (as a function of fuel age) as specified in the Appendix B to COC 
1014 

HI-STORM TSAR 
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24. 71 

24.18 
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Table 4.4.22 
MATRIX OF HI-STORM SYSTEM THERMAL EVALUATIONS 

Scenari Description Ultimate Heat Analysis Type Principal Input Parameters Results in TSAR 
0 Sink Subsection 
1 Long Tern Normal Ambient SS NT, QD, ST, SC, Io 4.4.2 
2 Off-Normal Ambient SS(B) OT, QD, ST, SC, Io 11.1.2 

Environment 
3 Extreme Environment Ambient SS(B) Er, QD, ST, SC, Io 11.2.15 
4 Partial Ducts Blockage Ambient SS(B) NT, QD, ST, SC, 11/4 11.1.4 
5 Ducts Blockage Overpack TA NT, QD, ST, SC, Ic 11.2.13 

Accident 
6 Fire Accident Overpack TA QD, F 11.2.4 
7 Tip Over Accident Overpack AH QD 11.2.3 
8 Debris Burial Overpack AH QD 11.2.14 

Accident 

Legend: 
NT - Maximum Annual Average (Normal) Temperature (80 0 F) 10 - All Inlet Ducts Open ST - Insolation Heating (Top) 
OT - Off-Normal Temperature (1 OOOF) 11/2 - Half of Inlet Ducts Open SC - Insolation Heating (Curved) ET - Extreme Hot Temperature (1 25OF) 11/4 - Quarter of Inlet Ducts Open F - Fire Heating (1475 0 F) 
QD - Design Basis Maximum Heat Load IC - All Inlet Ducts Closed 
SS - Steady State 
SS(B) - Bounding Steady State 
TA - Transient Analysis 
AH Adiabatic Heating 

"---_TC'T"D N.4 TQ A D
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Table 4.4.23

PLANT SPECIFIC BWR FUEL TYPES EFFECTIVE CONDUCTIVITYt-

ruel @2o00c 
Bttu~ft-hr-OF]

@450F 
IMu/ft-hr-OF1

Oyster Creek (7x7) 0. 161 0.269 0.422

@700°F 
rFis'l/ff-hr_°py

U'yster CreeK (6X6)
TVA Browns Ferry (8x8)

0.162
0.160

0.266 
0.264

0.413 
0.411

I

SPC-5 (9x9) 0.149 0.245 0.380 ANF8x8 0.167 0.277 0.433 
ANF-9X (9x9) 0.165 0.272 0.423

The conductivities reported in this table are obtained by a simplified analytical method in Subsection 
4.4.1.1.2.

ru-a 1U.V IW •AK 
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Table 4.4.24 

SUMMARY OF MPC-32 FREE VOLUME CALCULATIONS

Item Volume (ft) 
Cavity Volume 367.9 
Basket Metal Volume 29.6 
Bounding Free Assemblies Volume 105.0 
Basket Supports and Fuel Spacers Volume 9.0 
Aluminum Conduction Elements 5.9f 
Net Free Volume 218.4 (6184 liters)

LIT QTCf'DT Ik 4 -
R O I TJ - 1.IXIVI I -95I1.3 REPORT [11-951312
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Table 4.4.25 

SUMMARYOF MPC-24E FREE VOL UME CALCULATIONS

,L),

ru-- I %J1SUVt 13 AJ-U 
REPORT HI-951312

Item Volume (fte) 
Cavity Volume 368.3 
Basket Metal Volume 48.3 
Bounding Fuel Assemblies Volume 78.8 
Basket Supports and Fuel Spacers Volume 6.1 
Aluminum Conduction Elements 5.9 
Net Free Volume 229.3 (6490 liters)
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Table 4.4.26 

HI-STORMJ SYSTEM LONG-TERM NORMAL STORA GE MAXIMUM TEMPERA TURES 
(MPC-32 BASKET)

Component 

Fuel Cladding 
MPC Basket 
Basket Periphery 
MPC Outer Shell

Normal Condition Temp. (fF) 

691 
660 
496 
351

Long- Term Temperature Limit (019 

787tt 

725ttt 
7245tt 

450

t Bounding overpack temperatures are provided in Table 4.4.36.  

t t The temperature limit is in accordance with DCCG (gross rupture) criteria. Permissible peak cladding 
temperature is 691 °F PNL Criteria).  

ttt The ASME Code allowable tempeerature of the fuel basket Alloy X materials is 800TF. This lower 
temperature limit is imposed to add additional conservatism in the analysis of the HI-STORM Systems.  

"-L QrTCD?* X rC' A D
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Table 4.4.27 

HI-STORMt SYSTEMLONG-TERMNORMAL STORAGE MAXIMUM TEMPERA TURES 
(MPC-24E BASKET)

Component 

Fuel Cladding 
MPC Basket 
Basket Periphery 
MPC Outer Shell

Normal Condition Temp. (OF) Long-Term Temperature Limit

691 
650 
492 
347

(CF) 
787tt 
725ttt 
725ttt 

450

Bounding overpack temperatures are provided in Table 4.4.36.  

t t The temperature limit is in accordancee with DCCG (gross rupture) criteria. Permissible peak cladding 
temperature is 691 OF (PNL Criteriaa).  

tt t The ASME Code allowable tempeerature of the fuel basket Alloy X materials is 800°F. This lower 
temperature limit is imposed to add additional conservatism to the analysis of the HI-STORM System.  

J--U-,qTCR XA TQ A
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Table 4.4.28

MPC-32 DESIGN BASIS MAXIMUM HEAT LOADt VERSUS FUEL AGE AT LOADING 
(MODERATE BURNUP)

Fuel Age at Loading (years) Permissible Heat Load (kW) 
5 28.74 
6 27.95 
7 25.79 

10 25.26 
15 24.68

t The cask heat load limits (Q) presented in this table pertain to loading the MPC with uniformly aged fuel 
assemblies emitting heat at the design basis maaximum rate (qj where "T" is the age of fuel at the start of 
dry storage. For a cask loaded with a mix of fueel ages, the cask heat load limit shall be the sum of the 
individual assembly decay heat limits (as a funcetion of fuel age) as specified in the Appendix B to CoC 
10144.
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Table 4.4.29 

MPC-24E DESIGN BASIS MAXIMUMHEATLOADt VERSUS FUEL AGE AT LOADING 
(MODERATE B URNUP)

Fuel Age at Loading (years) 
5 
6 
7 

10 
15

Permissible Heat Load (kW) 
28.17 
27.33 
25.05 
24.53 
23.95

IL

The cask heat load limits (Q) presented in this table pertain to loading the MPC with uniformly aged fuel 
assemblies emitting heat at the design basis maximum rate (q), where "'" is the age offuel at the start of dry storage. For a cask loaded with a mix of fuel ages, the cask heat load limit shall be the sum of the individual assembly decay heat limits (as afunction offuel age) as specified in the Appendix B to COC 
1014.

M_ TLSTCPWA To A D
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Table 4.4.30

REGIONALIZED LOADING OUTER REGION HEAT LOAD LIMITS

4.4-63
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Table 4.4.31 

REGIONALIZED LOADING INNER REGION HEAT LOAD LIMATS (kW)

t Inner region heat load governed by interface cladding temperature limit.  

H1-STORM TSAR 
REPORT H1-951312 

Rev. 11

4.4-64

I 
I

1)

U1

J

I



Table 4.4.32

MPC-24 DESIGN BASIS MAXIMUM HEAT LOADt VERSUS FUEL AGE 
ATLOADING (HIGH BURNUP)

The cask heat load limits (Q) presented in this table pertain to loading the MPC with uniformly aged fuel assemblies emitting heat at the design basis maximum rate (q), where "r" is the age of fuel at the start of dry storage. For a cask loaded with a mix of fuel ages, the cask heat load limit shall be the sum of the 
individual assembly decay heat limits (as afunction of fuel age) as specified in the Appendix B to COC 
1014.  

Tv-TTSTflRM] T•A1•
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Table 4.4.33

MPC-24E DESIGN BASIS MAXIMUM HEAT LOADt 
VERSUS FUEL AGE AT LOADING (HIGH B URNUP)

Fuel Age at Loading (yrs) Permissible Heat Load (kW) 
5 27.50 
6 26.44 
7 25.05 

10 24.31 
15 23.79

t The cask heat load limits (Qd) presented in this table pertain to loading the MPC with uniformly aged fuel 
assemblies emitting heat at the design basis maximum rate (q), where "r" is the age offuel at the start of 
dry storage. For a cask loaded with a mix of fuel ages, the cask heat load limit shall be the sum of the 
individual assembly decay heat limits (as a function offuel age) as specified in the Appendix B to COC 
1014.
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Table 4.4.34 

MPC-32 DESIGN BASIS MAXIMUM HEAT LOADt 
VERSUS FUEL A GE A T LOADING (HIGH BURNUP)

Fuel Age at Loading (yrs) 
5 
6 
7

10 
15

Permissible Heat Load (kW) 
28.10 
27.10 
25.79

T 25.05 
24.-53
24.53

t The cask heat load limits (Qd) presented in this table pertain to loading the MPC with uniformly agedfuel 
assemblies emitting heat at the design basis maximum rate (qd), where "'Y" is the age offuel at the start of 
dry storage. For a cask loaded with a mix offuel ages, the cask heat load limit shall be the sum of the 
individual assembly decay heat limits (as afunction of fuel age) as specified in the Appendix B to COC 
1014.
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Table 4.4.35 

MPC-68 DESIGN BASIS MAXIMUM HEAT LOADr 
VERSUS FUEL AGE AT LOADING (HIGH BURNUP)

Fuel Age at Loading (yrs) 
5 
6 
7 
10 
15

Permissible Heat Load (kW) 
28.19 
26.81

T 24.71 
24.18 
23.60

til,

The cask heat load limits (Q) presented in this table pertain to loading the MPC with uniformly agedfuel 
assemblies emitting heat at the design basis maximum rate (qd), where "r" is the age offuel at the start of 
dry storage. For a cask loaded with a mix offuel ages, the cask heat load limit shall be the sum of the 
individual assembly decay heat limits (as afunction of fuel age) as specified in the Appendix B to COC 
1014.
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Table 4.4.36

BOUNDING LONG-TERM NORMAL STORAGE 
HI-STORM 0 VERPA CK TEMPERA TURES

Componentt Local Section Temperaturett Long-Term Temperature Limit 
(CF) (CF) 

Inner shell 199 350 
Outer shell 145 350 

Lid bottom plate 339 350 
Lid top plate 196 350 

MPC pedestal plate 208 350 
Baseplate 111 350 

Radial shield 172 200 
Air outletttt 206 

f See Figure 1.2.8for a description of HI-STORM components.  
tt Section temperature is defined as the through-thickness average temperature.  
ftt Reported herein for the option of temperature measurement surveillance of outlet ducts air temperature as 

set forth in the Technical Specifications.
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4.5 THERMAL EVALUATION FOR NORMAL HANDLING AND ONSITE 
TRANSPORT 

Prior to placement in a HIf-STORM overpack, an MPC must be loaded with fuel, outfitted with 
closures, dewatered, vacuum dried, backfilled with helium and transported to the HI-STORM 
module. In the unlikely event that the fuel needs to be returned to the spent fuel pool, these steps 
must be performed in reverse. Finally, if required, transfer of a loaded MPC between I1-STORM 
overpacks or between a HI-STAR transport overpack and a rI-STORM storage overpack must be 
carried out in an assuredly safe manner. All of the above operations are short duration events that 
would likely occur no more than once or twice for an individual MPC.  

The device central to all of the above operations is the HI-TRAC transfer cask that, as stated in 
Chapter 1, is available in two anatomically identical weight ratings (100- and 125-ton). The HI
TRAC transfer cask is a short-term host for the MPC; therefore it is necessary to establish that, 
during all thermally challenging operation events involving either the 100-ton or 125-ton rH-TRAC, 
the permissible temperature limits presented in Section 4.3 are not exceeded. The following discrete 
thermal scenarios, all of short duration, involving the HI-TRAC transfer cask have been identified as 
warranting thermal analysis.  

i. Normal Onsite Transport 
ii. MPC Cavity Vacuum Drying 
iii. Post-Loading Wet Transfer Operations 
iv. MPC Cooldown and Reflood for Unloading Operations 

The above listed conditions are described and evaluated in the following subsections. Subsection 
4.5.1 describes the individual analytical models used to evaluate these conditions. Due to the 
simplicity of the conservative evaluation of wet transfer operations, Subsection 4.5.1.1.5 includes 
both the analysis model and analysis results discussions. The maximum temperature analyses for 
onsite transport and vacuum drying are discussed in Subsection 4.5.2. Subsections 4.5.3, 4.5.4 and 
4.5.5, respectively, discuss minimum temperature, MPC maximum internal pressure and thermal 
data for stress analyses during onsite transport.  

4.5.1 Thermal Model 

The HI-TRAC transfer cask is used to load and unload the HI-STORM concrete storage overpack, 
including onsite transport of the MPCs from the loading facility to an ISFSI pad. Section views of 
the HI-TRAC have been presented in Chapter 1. Within a loaded HI-TRAC, heat generated in the 
MPC is transported from the contained fuel assemblies to the MPC shell in the manner described in 
Section 4.4. From the outer surface of the MPC to the ambient air, heat is transported by a 
combination of conduction, thermal radiation and natural convection. It has been demonstrated in 
Section 4.3 that from a thermal standpoint, storage of stainless steel clad fuel assemblies is bounded 
by storage of zircaloy clad fuel assemblies. Thus, only zircaloy clad fuel assemblies shall be 

_ 1HI-STORM TSAR Rev. 11 
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considered in the HI-TRAC thermal performance evaluations. Analytical modeling details of all the 
various thermal transport mechanisms are provided in the following subsection.  

Two HI-TRAC transfer cask designs, namely, the 125-ton and the 100-ton versions, are developed 
for onsite handling and transport, as discussed in Chapter 1. The two designs are principally different 
in terms of lead thickness and the thickness of radial connectors in the water jacket region. The 
analytical model developed for HI-TRAC thermal characterization conservatively accounts for these 
differences by applying the higher shell thickness and thinner radial connectors'thickness to the 
model. In this manner, the HI-TRAC overpack resistance to heat transfer is overestimated, resulting 
in higher predicted MIPC internals and fuel cladding temperature levels.  

4.5.1.1 Analytical Model 

From the outer surface of the MPC to the ambient atmosphere, heat is transported within HI-TRAC 
through multiple concentric layers of air, steel and shielding materials. Heat must be transported 
across a total of six concentric layers, representing the air gap, the HI-TRAC inner shell, the lead 
shielding, the HI-TRAC outer shell, the waterjacket and the enclosure shell. From the surface of the 
enclosure shell heat is rejected to the atmosphere by natural convection and radiation.  

A small diametral air gap exists between the outer surface of the MPC and the inner surface of the 
HI-TRAC overpack. Heat is transported across this gap by the parallel mechanisms of conduction 
and thermal radiation. Assuming that the MPC is centered and does not contact the transfer overpack 
walls conservatively minimizes heat transport across this gap. Additionally, thermal expansion that 
would minimize the gap is conservatively neglected. Heat is transported through the cylindrical wall 
of the HI-TRAC transfer overpack by conduction through successive layers of steel, lead and steel. A 
waterj acket, which provides neutron shielding for the HI-TRAC overpack, surrounds the cylindrical 
steel wall. The waterjacket is composed of carbon steel channels with welded, connecting enclosure 
plates. Conduction heat transfer occurs through both the water cavities and the channels. While the 
water jacket channels are sufficiently large for natural convection loops to form, this mechanism is 
conservatively neglected. Heat is passively rejected to the ambient from the outer surface of the HI
TRAC transfer overpack by natural convection and thermal radiation.  

In the vertical position, the bottom face of the HI-TRAC is in contact with a supporting surface. This 
face is conservatively modeled as an insulated surface. Because the HI-TRAC is not used for long
term storage in an array, radiative blocking does not need to be considered. The HI-TRAC top lid is 
modeled as a surface with convection, radiative heat exchange with air and a constant maximum 
incident solar heat flux load. Insolation on cylindrical surfaces is conservatively based on 12-hour 
levels prescribed in 1 OCFR71 averaged on a 24-hour basis. Concise descriptions of these models are 
given below.  
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4.5.1.1.1 Effective Thermal Conductivity of Water Jacket

The 125-ton HI-TRAC waterjacket is composed of fourteen formed channels equispaced along the 
circumference of the HI-TRAC and welded along their length to the HI-TRAC outer shell. Enclosure 
plates are welded to these channels, creating twenty-eight water compartments. The 100-ton HI
TRAC waterjacket has 15 formed channels and enclosure plates creating thirty compartments. Holes 
in the channel legs connect all the individual compartments in the water jacket. Thus, the annular 
region between the HI-TRAC outer shell and the enclosure shell can be considered as an array of 
steel ribs and water spaces.  

The effective radial thermal conductivity of this array of steel ribs and water spaces is determined by 
combining the heat transfer resistance of individual components in a parallel network. A bounding 
calculation is assured by using the minimum number of channels and channel thickness as input 
values. The thermal conductivity of the parallel steel ribs and water spaces is given by the following 
formula: 

Kr Nr tr ln (Lri)+ Kw Nr tlnr1 
Kne = ÷i+I ro) 

27c LR 2)" LR 

where: 
Kne = effective radial thermal conductivity of water jacket 
ri= inner radius of water spaces 
r= outer radius of water spaces 
K, = thermal conductivity of carbon steel ribs 
Nr = minimum number of channel legs (equal to number of water spaces) 
tr = minimum (nominal) rib thickness (lower of 125-ton and 100-ton designs) 
LR = effective radial heat transport length through water spaces 
K, = thermal conductivity of water 
tw = water space width (between two carbon steel ribs) 

Figure 4.5.1 depicts the resistance network to combine the resistances to determine an effective 
conductivity of the waterj acket. The effective thermal conductivity is computed in the manner of the 
foregoing, and is provided in Table 4.5.1.  

4.5.1.1.2 Heat Rejection from Overpack Exterior Surfaces 

The following relationship for the surface heat flux from the outer surface of an isolated cask to the 
environment applied to the thermal model: 

qS = O. 19 (TS - TA )413 + O.1 714 6 f(Ts + 460 )4 _ (TA + 460 )4] 

100 100 
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where: 
Ts = cask surface temperatures (fF) 
TA = ambient atmospheric temperature (OF) 
q. = surface heat flux (Btu/ft2xhr) 
S = surface emissivity 

The second term in this equation the Stefan-Boltzmann formula for thermal radiation from an 
exposed surface to ambient. The first term is the natural convection heat transfer correlation 
recommended by Jacob and Hawkins [4.2.9]. This correlation is appropriate for turbulent natural 
convection from vertical surfaces, such as the vertical overpack wall. Although the ambient air is 
conservatively assumed to be quiescent, the natural convection is nevertheless turbulent.  

Turbulent natural convection correlations are suitable for use when the product of the Grashof and 
Prandtl (GrxPr) numbers exceeds 10'. This product can be expressed as L3xATxZ, where L is the 
characteristic length, AT is the surface-to-ambient temperature difference, and Z is a function of the 
surface temperature. The characteristic length of a vertically oriented HI-TRAC is its height of 
approximately 17 feet. The value of Z, conservatively taken at a surface temperature of 340'F, is 
2.6x 10'. Solving for the value of AT that satisfies the equivalence L3xATxZ = 109 yields AT = 
0.78°F. For a horizontally oriented HI-TRAC the characteristic length is the diameter of 
approximately 7.6 feet (minimum of 100- and 125-ton designs), yielding AT = 8.76°F. The natural 
convection will be turbulent, therefore, provided the surface to air temperature difference is greater 
than or equal to 0.78°F for a vertical orientation and 8.76°F for a horizontal orientation.  

4.5.1.1.3 Determination of Solar Heat Input 

As discussed in Section 4.4.1.1.8, the intensity of solar radiation incident on an exposed surface 
depends on a number of time varying terms. A twelve-hour averaged insolation level is prescribed in 
10CFR71 for curved surfaces. The HI-TRAC cask, however, possesses a considerable thermal 
inertia. This large thermal inertia precludes the HI-TRAC from reaching a steady-state thermal 
condition during a twelve-hour period. Thus, it is considered appropriate to use the 24-hour averaged 
insolation level.  

4.5.1.1.4 MPC Temperatures During Vacuum Drying Operations 

The initial loading of SNF in the MPC requires that the water within the MIPC be drained and 
replaced with helium. This operation on the MPCs will be carried out using the conventional vacuum 
drying approach. In this method, removal of the last traces of residual moisture from the MPC cavity 
is accomplished by evacuating the M[PC for a short time after draining the MPC.  

Prior to the start of the MPC draining operation, both the HI-TRAC annulus and the MPC are full of 
water. The presence of water in the MIPC ensures that the fuel cladding temperatures are lower than 
design basis limits by large margins. As the heat generating active fuel length is uncovered during 
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the draining operation, the fuel and basket mass will undergo a gradual heat up from the initially cold 
conditions when the heated surfaces were submerged under water.  

The vacuum condition effective fuel assembly conductivity is determined by procedures discussed 
earlier (Subsection 4.4.1.1.2) after setting the thermal conductivity of the gaseous medium to a small 
fraction (one part in one thousand) of helium conductivity. The MPC basket cross sectional effective 
conductivity is determined for vacuum conditions according to the procedure discussed in 4.4.1.1.4.  
Basket periphery-to-MPC shell heat transfer occurs through conduction and radiation.  

As described in Chapter 8 (Operating Procedures) vacuum drying of the MPC is performed with the 
annular gap between the MPC and the I-I-TRAC filled with water. The presence of water in this 
annular gap will maintain the MPC shell temperature approximately equal to the saturation 
temperature of the annulus water. Thus, the thermal analysis of the MPC during vacuum drying is 
performed with cooling of the MPC shell with water.  

An axisymmetric FLUENT thermal model of the MPC is constructed to determine peak cladding 
temperature at design basis heat loads. The boundary conditions applied to this evaluation are: 

i. A bounding steady-state analysis is performed with the MPC decay heat load set 
equal to the largest design-basis decay heat load.  

ii. The entire outer surface of the MPC shell is postulated to be at abounding maximum 
temperature of 232°F, equal to the saturation temperature of water at the bottom of 
the annular gap. This elevated temperature is the result of the hydrostatic pressure of 
the water column.  

iii. The top and bottom surfaces of the MPC are adiabatic.  

Results of vacuum condition analyses are provided in Subsection 4.5.2.2.  

4.5.1.1.5 Maximum Time Limit During Wet Transfer Operations 

In accordance with NUREG- 1536, water inside the MPC cavity during wet transfer operations is not 
permitted to boil. Consequently, uncontrolled pressures in the de-watering, purging, and recharging 
system that may result from two-phase conditions are completely avoided. This requirement is 
accomplished by imposing a limit on the maximum allowable time duration for fuel to be submerged 
in water after a loaded HI-TRAC cask is removed from the pool and prior to the start of vacuum 
drying operations.  

When the HI-TRAC transfer cask and the loaded MPC under water-flooded conditions are removed 
from the pool, the combined water, fuel mass, MPC, and HI-TRAC metal will absorb the decay heat 
emitted by the fuel assemblies. This results in a slow temperature rise of the entire system with time, 
starting from an initial temperature of the contents. The rate of temperature rise is limited by the 
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thermal inertia of the HI-TRAC system. To enable a bounding heat-up rate determination for the HI-i
TRAC system, the following conservative assumptions are imposed: 

1. Heat loss by natural convection and radiation from the exposed HI-TRAC surfaces 
to the pool building ambient air is neglected (i.e., an adiabatic temperature rise 
calculation is performed).  

ii. Design-basis maximum decay heat input from the loaded fuel assemblies is imposed 
on the HI-TRAC transfer cask.  

iii. The smaller of the two (i.e., 100-ton and 125-ton) HI-TRAC transfer cask designs is 
credited in the analysis. The 100-ton design has a significantly smaller quantity of 
metal mass, which will result in a higher rate of temperature rise.  

iv. The smallest of the minimum MPC cavity-free volumes among the two MPC types 
is considered for flooded water mass determination.  

v. Only fifty percent of the water mass in the MPC cavity is credited towards water 
thermal inertia evaluation.  

Table 4.5.5 summarizes the weights and thermal inertias of several components in the loaded HI
TRAC transfer cask. The rate of temperature rise of the HI-TRAC transfer cask and contents during 
an adiabatic heat-up is governed by the following equation: ._L 

dT_ Q 
dt Ch 

where: 
Q = decay heat load (Btu/hr) [Design Basis maximum 28.74 22.2 kW = 98,205 15,940 

Btuihr] 
C1 = combined thermal inertia of the loaded HI-TRAC transfer cask (Btu/°F) 
T = temperature of the contents (*F) 
t = time after HI-TRAC transfer cask is removed from the pool (hr) 

A bounding heat-up rate for the HI-TRAC transfer cask contents is determined to be equal to 3.77 
2-4°6F/hr. From this adiabatic rate of temperature rise estimate, the maximum allowable time 
duration (tm,) for fuel to be submerged in water is determined as follows: 

t = T boi - T i nitiai tmax TI-

(dT/dt) 
where: 

Tboil = boiling temperature of water (equal to 212'F at the water surface in the MPC cavity) 
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Ti,,itj = initial temperature of the HI-TRAC contents when the transfer cask is removed from 
the pool 

Table 4.5.6 provides a summary of t., at several representative HI-TRAC contents starting 
temperature.  

As set forth in the rI-STORM operating procedures, in the unlikely event that the maximum 
allowable time provided in Table 4.5.6 is found to be insufficient to complete all wet transfer 
operations, a forced water circulation shall be initiated and maintained to remove the decay heat 
from the MPC cavity. In this case, relatively cooler water will enter via the MPC lid drain port 
connection and heated water will exit from the vent port. The minimum water flow rate required 
to maintain the MPC cavity water temperature below boiling with an adequate subcooling 
margin is determined as follows: 

MW Q Mw= 

Cpw (T.. - Ti,) 
where: 

Mw = minimum water flow rate (lb/hr) 
CPW = water heat capacity (Btu/lb-0 F) 
T.., = maximum MPC cavity water mass temperature 
Ti. = temperature of pool water supply to MPC 

With the MPC cavity water temperature limited to 150 0F, MPC inlet water maximum temperature 
equal to 125°F and at the design basis maximum heat load, the water flow rate is determined to be 
3928 -3044 lb/hr (7.9 64 gpm).  

4.5.1.1.6 Cask Cooldown and Reflood Analysis During Fuel Unloading Operation 

NUREG-1536 requires an evaluation of cask cooldown and reflood procedures to support fuel 
unloading from a dry condition. Past industry experience generally supports cooldown of cask 
internals and fuel from hot storage conditions by direct water quenching. The extremely rapid 
cooldown rates to which the hot MPC internals and the fuel cladding are subjected during water 
injection may, however, result in uncontrolled thermal stresses and failure in the structural members.  
Moreover, water injection results in large amounts of steam generation and unpredictable transient 
two-phase flow conditions inside the MPC cavity, which may result in overpressurization of the 
confinement boundary. To avoid potential safety concerns related to rapid cask cooldown by direct 
water quenching, the HI-STORM MPCs will be cooled in a gradual manner, thereby eliminating 
thermal shock loads on the MPC internals and fuel cladding.  

In the unlikely event that a HI-STORM storage system is required to be unloaded, the MPC will be 
transported on-site via the HI-TRAC transfer cask back to the fuel handling building. Prior to 
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reflooding the MPC cavity with watert, a forced flow helium recirculation system with adequate 
flow capacity shall be operated to remove the decay heat and initiate a slow cask cooldown lasting 
for several days. The operating procedures in Chapter 8 (Section 8.3) provide a detailed description 
of the steps involved in the cask unloading. An analytical method that provides a basis for 
determining the required helium flow rate as a function of the desired cooldown time is presented 
below, to meet the objective of eliminating thermal shock when the MPC cavity is eventually 
flooded with water.  

Under a closed-loop forced helium circulation condition, the helium gas is cooled, via an external 
chiller, down to I00F. The chilled helium is then introduced into the MPC cavity, near the MPC 
baseplate, through the drain line. The helium gas enters the MPC basket from the bottom oversized 
flow holes and moves upward through the hot fuel assemblies, removing heat and cooling the MPC 
internals. The heated helium gas exits from the top of the basket and collects in the top plenum, from 
where it is expelled through the MPC lid vent connection to the helium recirculation and cooling 
system. The MPC contents bulk average temperature reduction as a function of time is principally 
dependent upon the rate of helium circulation. The temperature transient is governed by the 
following heat balance equation: 

dT 
Ch -- QD- mCP(T-Ti)-QC 

Initial Condition: T = T, at t = 0 

where: 
T = MPC bulk average temperature ('F) 
To= initial MPC bulk average temperature in the HI-TRAC transfer cask 

(equal to 5867F 54 l.8°F) 
t = time after start of forced circulation (hrs) 2F) 
QD = decay heat load (Btu/hr) 

(equal to Design Basis maximum 28.74kW 22.25 kW (i.e., 98,205 Btu/hr 7-5,940 
Bwtw))I 

m = helium circulation rate (lb/hr) 
Cp = helium heat capacity (Btu/lb-°F) 

(equal to 1.24 Btu/lb-0F) 
Qo =heat rejection from cask exposed surfaces to ambient (Btu/hr) (conservatively 

neglected) 
Ch= thermal capacity of the loaded MPC (Btu/*F) 

(For a bounding upper bound 100,000 lb loaded MPC weight and heat capacity of 
Alloy X equal to 0.12 Btu/lb-°F, the heat capacity is equal to 12,000 Btu/IF.) 

Ti = MPC helium inlet temperature ('F) 

Prior to helium circulation, the HI-TRA C annulus is flooded with water to substantially lower the MPC 
shell temperature (approximately 1000F). For low decay heat MPCs (-1O kWor less) the annulus cooling 
is adequate to lower the MPC cavity temperature below the boiling temperature of water.  
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The differential equation is analytically solved, yielding the following expression for time-dependent 
MPC bulk temperature: 

QMC, 
mCp 

T(t) = (Ti + QD)(_e t).[ T. e- Ch 

m Cp 
This equation is used to determine the minimum helium mass flow rate that would cool the MPC 
cavity down from initially hot conditions to less than 200°F (i.e., with a subcooling margin for 
normal boiling temperature ofwatert (212 7F)). For example, to cool the MPC to less than 200'F in 
72 hours using 0°F helium would require a helium mass flow rate of 432 lb/hr -4 Vib (i.e., 647 
SCFM 530SCFM).  

Once the helium gas circulation has cooled the MPC internals to less than 2001F, water can be 
injected to the MPC without risk of boiling and the associated thermal stress concerns. Because of 
the relatively long cooldown period, the thermal stress contribution to the total cladding stress would 
be negligible, and the total stress would therefore be bounded by the normal (dry) condition. The 
elimination of boiling eliminates any concern of overpressurization due to steam production.  

4.5.1.1.7 Study of Lead-to-Steel Gaps on Predicted Temperatures 

Lead, poured between the inner and outer shells, is utilized as a gamma shield material in the HI
TRAC on-site transfer cask designs. Lead shrinks during solidification requiring the specification 
and implementation of appropriate steps in the lead installation process so that the annular space is 
free of gaps. Fortunately, the lead pouring process is a mature technology and proven methods to 
insure that radial gaps do not develop are widely available. This subsection outlines such a method to 
achieve a zero-gap lead installation in the annular cavity of the HI-TRAC casks.  

The 100-ton and 125-ton HI-TRAC designs incorporate 2.5 inch and 4.5 inch annular spaces, 
respectively, formed between a 3/4-inch thick steel inner shell and a 1-inch thick steel outer shell.  
The interior steel surfaces are cleaned, sandblasted and fluxed in preparation for the molten lead that 
will be poured in the annular cavity. The appropriate surface preparation technique is essential to 
ensure that molten lead sticks to the steel surfaces, which will form a metal to lead bond upon 
solidification. The molten lead is poured to fill the annular cavity. The molten lead in the immediate 
vicinity of the steel surfaces, upon cooling by the inner and outer shells, solidifies forming a melt
solid interface. The initial formation of a gap-free interfacial bond between the solidified lead and 
steel surfaces initiates a process of lead crystallization from the molten pool onto the solid surfaces.  
Static pressure from the column of molten lead further aids in retaining the solidified lead layer to 
the steel surfaces. The melt-solid interface growth occurs by freezing of successive layers of molten 
lead as the heat of fusion is dissipated by the solidified metal and steel structure enclosing it. This 
growth stops when all the molten lead is used up and the annulus is filled with a solid lead plug. The 

Certain fuel configurations in PWR MPCs are required to be flooded with borated water, which has a 
higher boiling temperature. Thus, greater subcooling margins are present in this case.  
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shop fabrication procedures, being developed in conjunction with the designated manufacturer ofthe 
HI-TRAC transfer casks, shall contain detailed step-by-step instructions devised to eliminate the 
incidence of annular gaps in the lead space of the HIJ-TRAC.  

In the spirit of a defense-in-depth approach, however, a conservatively bounding lead-to-steel gap is 
assumed herein and the resultant peak cladding temperature under design basis heat load is 
computed. It is noted that in a non-bonding lead pour scenario, the lead shrinkage resulting from 
phase transformation related density changes introduces a tendency to form small gaps. This 
tendency is counteracted by gravity induced slump, which tends to push the heavy mass of lead 
against the steel surfaces. If the annular molten mass of lead is assumed to contract as a solid, in the 
absence of gravity, then a bounding lead-to-steel gap is readily computed from density changes. This 
calculation is performed for the 125-ton HI-TRAC transfer cask, which has a larger volume of lead 
and is thus subject to larger volume shrinkage relative to the 100-ton design, and is presented below.  

The densities of molten (p1) and solid (PS) lead are given on page 3-96 of Perry's Handbook (6th 
Edition) as 10,430 kg/m3 and 11,010 kg/m3, respectively. The fractional volume contraction during 
solidification (8v/v) is calculated as: 

= (p,--P _ (11,010-10,430) =0.0556 
v pA 10,430 

and the corresponding fractional linear contraction during solidification is calculated as: 

-I 1 _ =1.055631 =0.0182 L 

The bounding lead-to-steel gap, which is assumed filled with air, is calculated by multiplying the 
nominal annulus radial dimension (4.5 inches in the 125-ton HI-TRAC) by the fractional linear 
contraction as: 

c5L 
8 = 4.5 x - = 4.5 x 0.0182 = 0.082. inches 

L 

In this hypothetical lead shrinkage process, the annular lead cylinder will contract towards the inner 
steel shell, eliminating gaps and tightly compressing the two surfaces together. Near the outer steel 
cylinder, a steel-to-lead air gap will develop as a result of volume reduction in the liquid to solid 
phase transformation. The air gap is conservatively postulated to occur between the inner steel shell 
and the lead, where the heatflux is higher relative to the outer steel shell, and hence the computed 
temperature gradient is greater. The combined resistance of an annular lead cylinder with an air gap 
(Ry1) is computed by the following formula: 
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R~1 = ln(RI / Ri) + 15 2 -qKpb 2Ri [K,.ir + Kr ] 

where: 
R= inner radius (equal to 35.125 inches) 
R0 = outer radius (equal to 39.625 inches) 
Kpb= bounding minimum lead conductivity (equal to 16.9 Btu/ft-hr-0 F, from Table 4.2.2) 
5 = lead-to-steel air gap, computed above 
Kai, = temperature dependent air conductivity (see Table 4.2.2) 
Kr = effective thermal conductivity contribution from radiation heat transfer across air gap 

The effective thermal conductivity contribution from radiation heat transfer (K,) is defined by the 
following equation: 

K, =4xo-xF, xT3 xS 
where: 

S= Stefan-Boltzmann constant 
Fe (1/s + 1/ 1 pb -- 1)' 

6Cs = carbon steel emissivity (equal to 0.66, HI-STORM TSAR Table 4.2.4) 
pb = lead emissivity (equal to 0.63 for oxidized surfaces at 300'F from McAdams, Heat 

Transmission, 3rd Ed.) 
T = absolute temperature 

Based on the total annular region resistance (Rcy1) computed above, an equivalent annulus 
conductivity is readily computed. This effective temperature-dependent conductivity results are 
tabulated below: 

Temperature Effective Annulus Conductivity 
(OF) (Btulft-hr-0 F) 
200 1.142 
450 1.809 

The results tabulated above confirm that the assumption of a bounding annular air gap grossly 
penalizes the heat dissipation characteristics of lead filled regions. Indeed, the effective conductivity 
computed above is an order of magnitude lower than that of the base lead material. To confirm the 
heat dissipation adequacy of HI-TRAC casks under the assumed overly pessimistic annular gaps, the 
HI-TRAC thermal model described earlier is altered to include the effective annulus conductivity 
computed above for the annular lead region. The peak cladding temperature results are tabulated 
below: 
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Annular Gap Assumption Peak Cladding Temperature Cladding Temperature 
(OF) Limit (IF) 

None 87292 1058 
Bounding Maximum 924947- 1058 

From these results, it is readily apparent that the stored fuel shall be maintained within safe 
temperature limits by a substantial margin of safety (in excess of 100°F).  

4.5.1.2 Test Model 

A detailed analytical model for thermal design of the HI-TRAC transfer cask was developed using 
the FLUENT CFD code, the industry standard ANSYS modeling package and conservative adiabatic 
calculations, as discussed in Subsection 4.5.1.1. Furthermore, the analyses incorporate many 
conservative assumptions in order to demonstrate compliance to the specified short-term limits with 
adequate margins. In view of these considerations, the HI-TRAC transfer cask thermal design 
complies with the thermal criteria established for short-term handling and onsite transport.  
Additional experimental verification of the thermal design is therefore not required.  

4.5.2 Maximum Temperatures 

4.5.2.1 Maximum Temperatures Under Onsite Transport Conditions I ] 

An axisymmetric FLUENT thermal model of an MPC inside a HI-TRAC transfer cask was 
developed to evaluate temperature distributions for onsite transport conditions. A bounding steady
state analysis of the HI-TRAC transfer cask has been performed using the hottest MPC, lea-A 

r....able , PC= basket thrmal c••, ativ,,y (MPG 68), the highest design-basis decay heat load 
(Table 2.1.6), and design-basis insolation levels. While the duration of onsite transport may be short 
enough to preclude the MPC and HI-TRAC from obtaining a steady-state, a steady-state analysis is 
conservative. Information listing all other thermal analyses pertaining to the HI-TRAC cask and 
associated subsection of the TSAR summarizing obtained results is provided in Table 4.5.8.  

A converged temperature contour plot is provided in Figure 4.5.2. Maximum fuel clad temperatures 
are listed in Table 4.5.2, which also summarizes maximum calculated temperatures in different parts 
of the I-I-TRAC transfer cask and MPC. As described in Subsection 4.4.2, the FLUENT calculated 
peak temperature in Table 4.5.2 is actually the peak pellet centerline temperature, which bounds the 
peak cladding temperature. We conservatively assume that the peak clad temperature is equal to the 
peak pellet centerline temperature.  

The maximum computed temperatures listed in Table 4.5.2 are based on the HI-TRAC cask at 
Design Basis Maximum heat load, passively rejecting heat by natural convection and radiation to 
a hot ambient environment at 1 00°F in still air in a vertical orientation. In this orientation, there is 

I 
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apt to be a ss of metal-to-metal contact between the physically distinct entitities, viz., fuel, fuel 
basket, MPC shell and HI-TRAC cask. For this reason, the gaps resistance between these parts is 
higher than in a horizontally oriented HI-TRAC. To bound gaps resistance, the various parts are 
postulated to be in a centered configuration. MPC internal convection at a postulated low cavity 
pressure of 5 atm is included in the thermal model. The peak cladding temperature computed under 
these adverse Ultimate Heat Sink (UHS) assumptions is 8727F 902which is substantially lower 
than the she-4tefwnshort-term temperature limit of 1058°F. Consequently, cladding integrity 
assurance is provided by large safety margins (in excess of l00F) during onsite transfer of an MPC 
emplaced in a HI-TRAC cask.  

As a defense-in-depth measure, cladding integrity is demonstrated for a theoretical bounding 
scenario. For this scenario, all means of convective heat dissipation within the canister are 
neglected in addition to the bounding relative configuration for the fuel, basket, MPC shell and HI
TRAC overpack assumption stated earlier for the vertical orientation. This means that the fuel is 
centered in the basket cells, the basket is centered in the MPC shell and the MPC shell is centered 
in the HI-TRAC overpack to maximize gaps thermal resistance. The peak cladding temperature 
computedfor this scenario (1025°F) is below the short-term limit of 10587F.  

As discussed in Sub-section 4.5.1.1.6, MPC fuel unloading operations are performed with the MPC 
inside the HI-TRAC cask. For this operation, a helium cooldown system is engaged to the MPC via 
lid access ports and a forced helium cooling of the fuel and MPC is initiated. With the HI-TRAC 
cask external surfaces dissipating heat to a UHS in a manner in which the ambient air access is not 
restricted by bounding surfaces or large objects in the immediate vicinity of the cask, the 
temperatures reported in Table 4.5.2 will remain bounding during fuel unloading operations. Under 
a scenario in which the cask is emplaced in a area with ambient air access restrictions (for example 
in a cask pit area), additional means shall be devised to limit the cladding temperature rise arising 
from such restrictions to less than 1 00°F. These means are discussed next.  

The time duration allowed for the cask to be emplaced in a ambient air restricted area with the 
helium cooling system non-operational shall be limited to 22 hours. Conservatively postulating that 
the rate ofpassive cooling is substantially degraded by 90% (i.e., 10% of decay heat is dissipated 
to ambient), Eliminating all cr-edit for- passive cooling machanisfs during this 21 hou3r tiiRi-limnit, 
cladding integrity is demonstrated based on adiahatie cask heating considerations from the 
undissipated heat. At a bounding heat load of 28. 74kW, 22.25 kW, the HI-TRAC cask system 
thermal inertia (19,532 Btu/°F, 29,9 F, Table 4.5.5), limits the adiabatie temperature rise to 
4.52°F/hr. lese-;thaPn-4Tl . Thus, the computed cladding temperature rise during this time period 
will be less than 100°F.  

A forced supply of ambient air near the bottom of the cask pit to aid heat dissipation by the natural 
convection process is another adequate means to maintain the fuel cladding within safe operating 
limits. Conservatively assuming this column of moving air as the UHS (i.e. to which all heat 
dissipation occurs) with no credit for enhanced cooling as a result of forced convection heat transfer, 
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a nominal air supply of 1000 SCFM (4850 lbs/hr) adequately meets the cooling requirement. At this 
flow rate, the temperature rise of the UHS resulting from cask decay heat input to the aekhi: airflow j '4 will be less than 1000F. The cladding temperature elevation will consequently be bounded by this 
temperature rise.  

4.5.2.2 Maximum MPC Basket Temperature Under Vacuum Conditions 

As stated in Subsection 4.5.1.1.4, above, an axisymmetric FLUENT thermal model of the MPC is 
used to evaluate the vacuum drying condition temperature distributions. Each MPC is analyzed at 
its respective design maximum heat load. The peak cladding results are summarized in Table 4.5.9.  
Represent Ssteady-state temperature contours under vacuum conditions are shown in Figure 
4.5.3 for the hottest canister (MPC-32). The peak fuel clad temperatures during short-term vacuum 
drying operations with design-basis maximum heat loads are calculated to be less than 10007 95092 
for all both MPC baskets by a significant margin. The 100017 9 52O2 -temperature limit imposed 
during the vacuum drying condition is lower than the maximum fuel cladding temperature limits for 
short-term conditions (see Table 4.3.1) by a large margin.  

4.5.3 Minimum Temperatures 

In Table 2.2.2 and Chapter 12, the minimum ambient temperature condition required to be 
considered for the HI-TRAC design is specified as 00F. If, conservatively, a zero decay heat load 
(with no solar input) is applied to the stored fuel assemblies then every component of the system at 
steady state would be at this outside minimum temperature. Provided an antifreeze is added to the { 
water jacket (required by Technical Specification for ambient temperatures below 32°F), all HI
TRAC materials will satisfactorily perform their intended functions at this minimum postulated 
temperature condition. Fuel transfer operations are controlled by Technical Specifications in Chapter 
12 to ensure that onsite transport operations are not performed at an ambient temperature less than 
00F.  

4.5.4 Maximum Internal Pressure 

After fuel loading and vacuum drying, but prior to installing the MPC closure ring, the MPC is 
initially filled with helium. During handling in the HI-TRAC transfer cask, the gas temperature 
within the MPC rises to its maximum operating temperature as determined based on the thermal 
analysis methodology described previously. The gas pressure inside the MPC will also increase with 
rising temperature. The pressure rise is determined based on the ideal gas law, which states that the 
absolute pressure of a fixed volume of gas is proportional to its absolute temperature. The net free 
volumes of the four twe MPC designs are determined in Section 4.4.  

The maximum MPC internal pressure is determined for normal onsite transport conditions, as well 
as off-normal conditions of a postulated accidental release of fission product gases caused by fuel 
rod rupture. Based on NUREG-1536 [4.4.10] recommended fission gases release fraction data, net 
free volume and initial fill gas pressure, the bounding maximum gas pressures with 1% and 10% rod 
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rupture are given in Table 4.5.3. The MPC maximum gas pressures listed in Table 4.5.3 are all below 
the MPC design internal pressure listed in Table 2.2.1.  

4.5.5 Maximum Thermal Stresses 

Thermal expansion induced mechanical stresses due to non-uniform temperature distributions are 
reported in Chapter 3. Tables 4.5.2 and 4.5.4 provide a summary of MPC and HI-TRAC transfer 
cask component temperatures for structural evaluation.  

4.5.6 Evaluation of System Performance for Normal Conditions of Handling and Onsite Transport 

The HI-TRAC transfer cask thermal analysis is based on a detailed heat transfer model that 
conservatively accounts for all modes of heat transfer in various portions of the MPC and HI-TRAC.  
The thermal model incorporates several conservative features, which are listed below: 

i. The most severe levels of environmental factors - bounding ambient temperature (1 00°F) and 
constant solar flux - were coincidentally imposed on the thermal design. A bounding solar 
absorbtivity of 1.0 is applied to all insolation surfaces.  

ii. The HI-TRAC cask-to-MPC annular gap is analyzed based on the nominal design 
dimensions. No credit is considered for the significant reduction in this radial gap that would 
occur as a result of differential thermal expansion with design basis fuel at hot conditions.  
The MPC is considered to be concentrically aligned with the cask cavity. This is a worst-case 
scenario since any eccentricity will improve conductive heat transport in this region.  

iii. No credit is considered for cooling of the HI-TRAC baseplate while in contact with a 
supporting surface. An insulated boundary condition is applied in the thermal model on the 
bottom baseplate face.  

Temperature distribution results (Tables 4.5.2 and 4.5.4, and Figure 4.5.2) obtained from this highly 
conservative thermal model show that the short-term fuel cladding and cask component temperature 
limits are met with adequate margins. Expected margins during normal HI-TRAC use will be larger 
due to the many conservative assumptions incorporated in the analysis. Corresponding MPC internal 
pressure results (Table 4.5.3) show that the MPC confinement boundary remains well below the 
short-term condition design pressure. Stresses induced due to imposed temperature gradients are 
within ASME Code limits (Chapter 3). The maximum local axial neutron shield temperature is lower 
than design limits. Therefore, it is concluded that the HI-TRAC transfer cask thermal design is 
adequate to maintain fuel cladding integrity for short-term onsite handling and transfer operations.  

The water in the water jacket of the HI-TRAC provides necessary neutron shielding. During normal 
handling and onsite transfer operations this shielding water is contained within the water jacket, 
which is designed for an elevated internal pressure. It is recalled that the water jacket is equipped 
with pressure relief valves set at 60 psig. This set pressure elevates the saturation pressure and 
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temperature inside the water jacket, thereby precluding boiling in the water jacket under normal 
conditions. Under normal handling and onsite transfer operations, the bulk temperature inside the 
water jacket reported in Table 4.5.2 is less than the coincident saturation temperature at 60 psig 
(307°F), so the shielding water remains in its liquid state. The bulk temperature is determined via 
a conservative analysis, presented earlier, with design-basis maximum decay heat load. One of the 
assumptions that render the computed temperatures extremely conservative is the stipulation of a 
100 0F steady-state ambient temperature. In view of the large thermal inertia of the HI-TRAC, an 
appropriate ambient temperature is the "time-averaged" temperature, formally referred to in this 
TSAR as the normal temperature.  

Note that during hypothetical fire accident conditions (see Section 11.2) these relief valves allow 
venting of any steam generated by the extreme fire flux, to prevent overpressurizing the water jacket.  
In this manner, a portion of the fire heat flux input to the HI-TRAC outer surfaces is expended in 
vaporizing a portion of the water in the water jacket, thereby mitigating the magnitude of the heat 
input to the MPC during the fire.  

During vacuum drying operations, the annular gap between the MPC and the HI-TRAC is filled with 
water. The saturation temperature of the annulus water bounds the maximum temperatures of all HI
TRAC components, which are located radially outside the water-filled annulus. As previously stated 
(see Subsection 4.5.1.1.4) the maximum annulus water saturation temperature is only 232°F, so the 
HI-TRAC waterjacket temperature will be less than the 307°F saturation temperature.

1U
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Table 4.5.1

EFFECTIVE RADIAL THERMAL CONDUCTIVITY OF THE WATER JACKET 

Temperature ('F) Thermal Conductivity 
(Btu/ft-hr-°F) 

200 1.376 

450 1.408 

700 1.411
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Table 4.5.2 

HI-TRAC TRANSFER CASK STEADY-STATE 
MAXIMUM TEMPERATURES

Component Temperature [°F] 
Fuel Cladding 872 902 
MPC Basket 852 884 
Basket Periphery 600 Qq 
"MPC Outer Shell Surface 455 4-59 
HI-TRAC Overpack Inner Surface 322323 

Water Jacket Inner Surface 314-344 
Enclosure Shell Outer Surface 224224 

Water Jacket Bulk Water 258 26.  
Axial Neutron Shield" 258 44LS
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f Local neutron shield section temperature.
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Table 4.5.3

SUMMARY OF MPC CONFINEMENT BOUNDARY PRESSURES" FOR 
NORMAL HANDLING AND ONSITE TRANSPORT 

Condition Pressure (psig) 
MPC-24: 

Initial backfill (at 70'F) 31.3 28.3 
Normal condition 76.0 66 
With 1% rod rupture 76.867-.0 
With 10% rod rupture 83.7 700 

MPC-68: 

Initial backfill (at 70'F) 31.324 
Normal condition 76.0 67-.0 
With 1% rods rupture 76.5 674 
With 10% rod rupture 80.5 7048 

MPC-32: 

Initial backfill (at 70 7F) 31.3 
Normal condition 76.0 
With 1% rods rupture 77.1 
With 10% rod rupture 86.7 

MPC-24E.: 

Initial backfill (at 70 -F) 31.3 
Normal condition 76.0 
With 1% rods rupture 76.8 
With 10% rod rupture 83.7

f Includes gas from BPRA rods for PWR MPCs

HI-STORM TSAR 
REPORT HI-951312

4.5-19

Rev. 11



Table 4.5.4 

SUMMARY OF HI-TRAC TRANSFER CASK AND MPC COMPONENTS 
NORMAL HANDLING AND ONSITE TRANSPORT TEMPERATURES

t O/P is an abbreviation for HI-TRAC overpack.
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Location Temperature 
(OF) 

MPC Basket Top: 

Basket periphery 590 

MPC shell 445 24-5 

O/Pt inner shell 280 -6 
O/P enclosure shell 196-4-5-5 

MPC Basket Bottom: 

Basket periphery 334 2-79 

MPC shell 3022-70 

O/P inner shell 244 245 

O/P enclosure shell 19924-
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Table 4.5.5

SUMMARY OF LOADED 100-TON HI-TRAC TRANSFER CASK 
BOUNDING COMPONENT 

WEIGHTS AND THERMAL INERTIAS

t Conservative lower bound water mass. Based En smallest A4PCG 68 
;volu-me v, ith 50% credit for flooded w.ter ma-

cA81A'P'net Tree
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Component Weight Qbs) Heat Capacity Thermal Inertia 
(Btu/b-°F) (BtuIF) 

Water Jacket 7,000 1.0 7,000 
Lead 52,000 0.031 1,612 
Carbon Steel 40,000 0.1 4,000 
Alloy-X MPC 39,000 0.12 4,680 
(empty) 

Fuel 40,000 0.056 2,240 

MPC Cavity Watert 6,500 9,000 1.0 6,5009-,000 

26,032 (Total) 
__27532 (TGta•)
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Table 4.5.6 

MAXIMUM ALLOWABLE TIME DURATION FOR WET 
TRANSFER OPERATIONS 

Initial Temperature (IF) Time Duration (hr) 

115 25.73-5-.2 

120 24.433-4 

125 23.13-.5 

130 21.7 29-.  

135 20.42-7-9 

140 19.1264.  

145 17.8243 

150 16.4224
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Table 4.5.7

INTENTIONALLY DELETED

Comon ...- MP- 24 (-F) rC' G6 (2F4 
Fue! Caddiing 8-2-7 8-2-2 

M.PAC-Basket 7-59 786 

MC 44-2 344 

MIP:C- Outer She!l Surface 23 2-32
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Table 4.5.8 
MATRIX OF HI-TRAC TRANSFER CASK THERMAL EVALUATIONS

Scenario Description Ultimate Heat Sink Analysis Type Principal Input Results in TSAR 
Parameters Subsection 

1 Onsite Ambient SS(B) OT, QD, ST, SC 4.5.2.1 
Veigie~al 
Transport 

2 Lead Gaps Ambient SS(B) OT, QD, ST, SC 4.5.1.1.7 
3 Vacuum HI-TRAC annulus water SS(B) QD 4.5.2.2 
4 Wet Transfer Cavity water and Cask AH QD 4.5.1.1.5 

Operation Internals 
5 Fuel Unloading Helium Circulation TA QD 4.5.1.1.6 
6 Fire Accident Jacket Water, Cask Internals TA QD, F 11.2.4 
7 Jacket Water Loss Ambient SS(B) OT, QD, ST, SC 11.2.1 

Accident 

Legend.  
OT- Off-Normal Temperature (1 OOOF) ST - Insolation Heating (Top) SS(B) - Bounding Steady State 
QD - Design Basis Maximum Heat Load SC - Insolation Heating (Curved) TA - Transient Analysis 

F - Fire Heating (1475OF) AH - Adiabatic Heating 

'ak hcat tf trnf-ip4- is cnhancad by bazket to NK' zholl Mad to-. oronsequentyý,t 
orijentaion FURS ANt reeznsoR.'ativo for. the horizontal conditieln.
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Table 4.5.9

PEAK CLADDING TEMPERA TURE IN VA CUUMt

t Steady state temperatures at the MPC design maximum heat load reported.
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MPC Temperature (OF) 
MPC-24 950 
MPC-68 932 
MPC-32 974 

MPC-24E 926
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4.6 REGULATORY COMPLIANCE

4.6.1 Normal Conditions of Storage 

NUREG-1536 [4.4.10] defines several thermal acceptance criteria that must be applied to 
evaluations of normal conditions of storage. These items are addressed in Sections 4.1 through 4.4.5.  
Each of the pertinent criteria and the conclusion of the evaluations are summarized here.  

As required by NUREG-1536 (4.0,IV,I), the fuel cladding temperature at the beginning of dry cask 
storage is maintained below the anticipated damage-threshold temperatures for normal conditions 
and a minimum of 20 years of cask storage. Maximum clad temperatures for long-term storage 
conditions are reported in Section 4.4.2. Anticipated damage-threshold temperatures, calculated as 
described in Section 4.3, are summarized in Table 2.2.3.  

As required by NUREG-1536 (4.0,IV,3), the maximum internal pressure of the cask remains within 
its design pressure for normal, off-normal, and accident conditions, assuming rupture of 1 percent, 
10 percent, and 100 percent of the fuel rods, respectively. Assumptions for pressure calculations 
include release of 100 percent of the fill gas and 30 percent of the significant radioactive gases in the 
fuel rods. Maximum internal pressures are reported in Section 4.4.4. Design pressures are 
summarized in Table 2.2.1.  

As required by NUREG-1536 (4.0,IV,4), all cask and fuel materials are maintained within their 
minimum and maximum temperature for normal and off-normal conditions in order to enable 
components to perform their intended safety functions. Maximum and minimum temperatures for 
long-term storage conditions are reported in Sections 4.4.2 and 4.4.3, respectively. Design 
temperature limits are summarized in Table 2.2.3. HI-STORM System components defined as 
important to safety are listed in Table 2.2.6.  

As required by NUREG-1536 (4.0,IV,5), the cask system ensures a very low probability of cladding 
breach during long-term storage. Further, NUREG-1536 (4.0,IV,6) requires that the fuel cladding 
damage resulting from creep cavitation should be limited to 15 percent of the original cladding cross section area during dry storage. The calculation methodology, described in Section 4.3, for 
determining initial dry storage fuel clad temperature limits, ensures that both of these requirements 
are satisfied. Maximum fuel clad temperature limits are summarized in Table 2.2.3.  

As required by NUREG-1536 (4.0,IV,7), the cask system is passively cooled. All heat rejection 
mechanisms described in this chapter, including conduction, natural convection, and thermal 
radiation, are completely passive.  

As required by NUREG- 1536 (4.0,IV,8), the thermal performance of the cask is within the allowable 
design criteria specified in TSAR Chapters 2 and 3 for normal conditions. All thermal results 
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reported in Sections 4.4.2 through 4.4.5 are within the design criteria allowable ranges for all normal 
conditions of storage. k' 

4.6.2 Normal Handling and Onsite Transfer 

NUREG-1536 [4.4.10] defines several thermal acceptance criteria that are addressed in Sections 
4.5.1 through 4.5.5. Each of the pertinent criteria is summarized here.  

As required by NUREG-1536 (4.0,IV,2), the fuel cladding temperature is maintained below 570'C 
(1058'F) for fuel transfer operations. Maximum clad temperatures for normal on-site transfer conditions are reported in Section 4.5.2. Maximum clad temperatures for vacuum drying conditions 
are reported in Section 4.5.2.1 and comply within this limit by large conservative margins.  

As required by NUREG-1536 (4.0,IV,3), the maximum internal pressure of the cask remains within its design pressure for normal and off-normal conditions, assuming rupture of 1 percent and 10 percent of the fuel rods, respectively. Assumptions for pressure calculations include release of 100 percent of the fill gas and 30 percent of the significant radioactive gases in the fuel rods. Maximum internal pressures are reported in Section 4.5.4. Design pressures are summarized in Table 2.2.1.  

As required by NUREG-1536 (4.0,IV,4), all cask and fuel materials are maintained within their minimum and maximum temperature for normal (short-term) fuel handling operations in order to enable components to perform their intended safety functions. Maximum and minimum temperatures 
for fuel handling operations are reported in Sections 4.5.2 and 4.5.3, respectively. Design 
temperature limits are summarized in Table 2.2.3.  

As required by NUREG-1536 (4.0,IV,7), the cask system is passively cooled. All heat rejection mechanisms described in this chapter, including conduction, natural convection, and thermal 
radiation, are completely passive.  

As required by NUREG-1536 (4.0,IV,8), the thermal performance of the cask is within the allowable 
design criteria specified in TSAR Chapters 2 and 3 for normal (short-term) fuel handling operations.  
All thermal results reported in Sections 4.5.2 through 4.5.5 are within the design criteria allowable 
ranges for short-term conditions.  
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APPENDIX 4.A: CLAD TEMPERA TURE LIMITS FOR HIGH-BURNUP FUEL 

4.A.I INTRODUCTION 

The current revision of NUREG-1536 [4.A.1] for storage of spent fuel in dry storage casks 
essentially limits fuel burnup to 45 GWd/MTU or less. Given the continuous improvements in 
fuel bundle design and manufacturing technologies and longer fuel cycles, there will soon be a 
growing quantity of fuel assemblies with burnups in excess of 45 GWd/MTU. It is therefore 
necessary to address the storage of these high-burnup fuel assemblies. This appendix presents a 
summary of the methodology developed by Holtec for determining suitable clad temperature 
limits consistent with the regulatory guidelines presented in ISG-11.  

4.A.2 REGULATORY GUIDANCE 

NRC ISG-11 [4.A.2] presents the current regulatory position on storage and transport of high
burnup spent fuel assemblies. For the purpose of storage in the HI-STORM system, we define 
high-burnup spent fuel as any fuel assembly with an assembly average burnup greater than 45 
GWd/MTU. This definition is consistent with ISG-11. The requirements of ISG-11 are applicable 
to zircaloy-clad fuel assemblies only, so storage of high-burnup spent fuel in the HI-STORM 
system is limited to those assemblies having zircaloy cladding.  

The requirements of ISG-11 are further limited to intact high-burnup fuel assemblies, and 
specific conditions that must be met for a fuel assembly to be considered intact are defined as 
follows: 

"Al. No more than 1% of the rods in the assembly have peak cladding oxide 
thicknesses greater than 80 micrometers.  

A2. No more than 3% of the rods in the assembly have peak cladding oxide 
thicknesses greater than 70 micrometers. " 

As long as both of these conditions (Al and A2) are satisfied for a particular fuel assembly, then 
that assembly may be treated as intact. ISG-l1 provides the following guidance for evaluating 
intact high-burnup fuel assemblies: 

"For fuel with average assembly burnups greater than 45 GWd/MTU meeting 
criteria Al and A2, the applicant should employ an acceptable methodology ...  
for calculating cladding temperature limits using a 1% creep strain limit. " 

ISG-11 provides the bases for the conditions and guidelines presented above. The limits on 
cladding oxide thickness ensure that the hydrogen concentration of the cladding does not exceed 
400 to 500 parts per million. The creep strain limit of 1% is set to ensure that cladding 
perforation does not occur. Specifically, ISG-11 states: 
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"The staff believes that Zircaloy cladding can withstand uniform creep strains 
(i.e., creep prior to tertiary or accelerating creep strain rates) of about 1% before 
the cladding can become perforated if the average hydrogen concentration in the 
cladding is less than about 400 to 500 parts per million (ppm). This amount of 
hydrogen corresponds to an oxide thickness of approximately 70-80 micrometers 
using the recommended hydrogen pickup fraction of 0.15. The staff also believes 
that the strength and ductility of irradiated Zircaloy do not appear to be 
significantly affected by corrosion-induced hydrides at hydrogen concentration 
levels up to approximately 400 ppm. Additionally, one of the creep mechanisms of 
the Commercial Spent Fuel Management (CSFM) methodology for calculating 
cladding temperature limits, namely grain boundary sliding, provides a 
theoretical basis to expect cladding to accommodate uniform creep strains of 
about 1% without perforation for cladding with hydrogen levels in the 400-500 
ppm range.  

The thickness of the cladding oxide layer must be determined during characterization of the fuel 
assemblies prior to loading. Only those high-burnup fuel assemblies that meet both of the 
oxidation conditions presented above may be stored as intact; all other assemblies must be 
stored in damaged fuel containers. To satisfy the creep strain limit of 1%, a creep strain model 
must be developed. The development of such a model is discussed in the next subsection.  

4.A.3 CREEP STRAIN MODELING 

An experimental program to compile creep data on internally pressurized irradiated zircaloy 
fuel cladding has been carried out jointly by GNB and Siemens AG [4.A.3]. In this experimental L 
study, internally pressurized zircaloy samples were irradiated for 10,000 hours at a variety of 
temperatures and hoop stresses. Test temperatures were held constant over the entire irradiation 
period and ranged from 2509C to 400TC. Hoop stresses are temperature dependent and were 
also, therefore, held constant over the entire irradiation period and ranged from 80 MPa to 150 
MPa. Creep was measured at 240, 400, 800, 1500, 3000, 5000 and 10000 hours.  

The authors of the GNB/Siemens study also proposed an empirical model that could be used to 
predict cladding creep as a function of the cladding hoop stress and temperature. This proposed 
equation is given as: 

e = At m  (Eqn. 1) 
where: 

E is the total creep strain at time t (%) 
A is the initial creep strain (%) 
t is the storage time (hr) 

The exponent m on the time value in Equation 1 is expressed as a high-order polynomial function 
as: 

m = Ici xT;- (Eqn. 2) 
i=I 
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In Equation 2, the ci values are constants and Tf is a function of hoop stress and the temperature.  
The constants are given as: 

cl = 0.361705x10'3  c7 = -0.126131x1I01 2 

c2 = 0.500028x10T3  c8 = 0.433320x10-15 
c3 = -0.555901x106  c9 = -0.835848x10-18 

c4 = 0.715481x107  c1o = 0842689x102 1 
c5 = -0.181897x108  cli = -0.345181x10-24 

c6 = 0.207254x10' 0 

and Tf is given as: 

T= T + ('- 80)x 4-5 (Eqn. 3) 
70 

where: 
T is the cladding temperature (°C) 
a is the cladding hoop stress (MPa) 

Equation 3 is specified as only valid for temperatures between 1009C and 4009C and for hoop 
stresses between 80 MPa and 150 MPa.  

In light of its development by GNB and Siemens, we refer to the modeling approach embodied in 
Equations 1 through 3 as the German model. This model does, however, have some 
shortcomings.  

Figure 10 of a paper by Dr. Martin Peehs [4.A.4], using the recommended [4.A.3] initial creep 
strain (A) of 0.04% shows that the German model more closely approximates the creep behavior 
of unirradiated zircaloy and is substantially over-conservative for irradiated zircaloy. As the 
model is intended for use in determining clad temperature limits for high-burnup fuel assemblies, 
this would result in artificially low temperature limits.  

Additionally, the German model gives no guidance as to the applicability of the model for 
storage times beyond 10,000 hours, the extent of the available data for irradiated zircaloy.  
Typical dry storage periods are between 20 years and 40 years (about 175,000 and 350,000 
hours, respectively). As the rate of creep accumulation in the German model monotonically 
decreases with increasing storage time, its conservatism for long storage durations is in 
question.  
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CHAPTER 5 t: SHIELDING EVALUATION

5.0 INTRODUCTION 

The shielding analysis of the HI-STORM 100 System, including the HI-STORM 100 overpack, 
HI-STORM 100S overpack, and the 100-ton and 125-ton HI-TRAC transfer casks, is presented in 
this chapter. The HI-STORM 100 System is designed to accommodate different MPCs within 
one-two standefd-HI-STORM overpacks (the HI-STORM IOOS overpack is a shorter version of 
the HI-STORM 100 overpack). The MPCs are designated as MPC-24, MPC-24E and MPC-24EF 
(24 PWR fuel assemblies), MPC-32 (32 PWR fuel assemblies), and MPC-68, MPC-68F, and 

MPC-68FF (68 BWR fuel assemblies). The MPC-24E and MPC-24EF, which have a non
uniform internal pitch for improved criticality performance, are essentially identical to the 
MPC-24 from a shielding perspective. Therefore only the MPC-24 is analyzed in this chapter.  
Likewise, the MPC-68, MPC-68F and MPC-68FF are identical from a shielding perspective and 
therefore only the MPC-68 is analyzed. Throughout this chapter, unless stated otherwise, 
MPC-24 refers to either the MPC-24, MPC-24E, or MPC-24EF and MPC-68 refers to the 
MPC-68, MPC-68F, and MPC-68FF.  

In addition to storing intact PWR and BWR fuel assemblies, the HI-STORM 100 System is 
designed to store d4amiged-BWR and PWR damaged fuel assemblies and BWR-fuel debris.  
Damaged fuel assemblies and fuel debris are defined in Section 2.1.3 and the Toeehniea 
Specifications of Chapter 12approved contents section of Appendix B to the CoC. Both damaged 
BWR-fuel assemblies and BWR-fuel debris are required to be loaded into Damaged Fuel 
Containers (DFCs) prior to being loaded into the MPC. DFCs containing BWR fuel debris must 
be stored in the MPC-68F or MPC-68FF. DFCs containing BWR damaged fuel assemblies may 
be stored in either the MPC-68,-ef the MPC-68F, or the MPC-68FF. DFCs containing PWRfuel 
debris must be stored in the MPC-24EF while DFCs containing PWR damaged fuel assemblies 
may be stored in either the MPC-24E or MPC-24EF. Only the fuel assemblies in the Dresden 1 
and Humboldt Bay fuel assembly classes identified in Table 2.1.2; ar authorized as Gontentsfo 
stor-age in the HI1 STORM 100 sys~tem as either damaged fuel r- fuel debris.  

The MPC-68, MPC-68F, and MPC-68FF are also capable of storing Dresden Unit 1 antimony
beryllium neutron sources and the single Thoria rod canister which contains 18 thoria rods that 
were irradiated in two separate fuel assemblies.  

This chapter has been prepared in the format and section organization set forth in 
Regulatory Guide 3.61. However, the material content of this chapter also fulfills the 
requirements of NUREG-1536. Pagination and numbering of sections, figures, and tables 
are consistent with the convention set down in Chapter 1, Section 1.0, herein. Finally, all 
terms-of-art used in this chapter are consistent with the terminology of the glossary (Table 
1.0.1) and component nomenclature of the Bill-of-Materials (Section 1.5).  
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PWR fuel assemblies may contain burnable poison rod assemblies (BPRAs), thimble plug devices 
(TPDs), control rod assemblies (CRAs) or axial power shaping rod assemblies (APSRs) or 
similarly named devices. These non-fuel hardware devices are an integral yet removable part of PWR fuel assemblies and therefore the HI-STORM 100 System has been designed to store PWR 
fuel assemblies with or without these devices. Since each device occupies the same location 
within afuel assembly, a single PWR fuel assembly will not contain multiple devices.  

In order to offer the user more flexibility in fuel storage, the HI-STORM 100 System offers two different loading patterns in the MPC-24, MPC-24E, MPC-24EF, MPC-32, MPC-68, and the MPC-68FF. These patters are uniform and regionalized loading as described in Section 2.0.1 
and 2.1.6. Since the different loading patterns have different allowable burnup and cooling times 
combinations, both loading patterns are discussed in this chapter.  

The sections that follow will demonstrate that the design of the HI-STORM 100 dry cask storage 
system fulfills the following acceptance criteria outlined in the Standard Review Plan, 
NUREG-1536 [5.2.1]: 

Acceptance Criteria 

1. The minimum distance from each spent fuel handling and storage facility to the 
controlled area boundary must be at least 100 meters. The "controlled area" is defined 
in 10CFR72.3 as the area immediately surrounding an ISFSI or monitored retrievable 
storage (MRS) facility, for which the licensee exercises authority regarding its use and 
within which ISFSI operations are performed.  

2. The cask vendor must show that, during both normal operations and anticipated 
occurrences, the radiation shielding features of the proposed dry cask storage system 
are sufficient to meet the radiation dose requirements in Sections 72.104(a).  
Specifically, the vendor must demonstrate this capability for a typical array of casks in 
the most bounding site configuration. For example, the most bounding configuration 
might be located at the minimum distance (100 meters) to the controlled area 
boundary, without any shielding from other structures or topography.  

3. Dose rates from the cask must be consistent with a well established "as low as 
reasonably achievable" (ALARA) program for activities in and around the storage 
site.  

4. After a design-basis accident, an individual at the boundary or outside the controlled 
area shall not receive a dose greater than 5 Rem te the whel• body or any .rganthe 
limits specified in IOCFR 72.106.  
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5. The proposed shielding features must ensure that the dry cask storage system meets 
the regulatory requirements for occupational and radiation dose limits for individual 
members of the public, as prescribed in 10 CFR Part 20, Subparts C and D.  

This chapter contains the following information which demonstrates full compliance with the 
Standard Review Plan, NUREG-1536: 

"* A description of the shielding features of the HI-STORM 100 System, including the HI
TRAC transfer cask.  

"* A description of the bounding source terms.  
"* A general description of the shielding analysis methodology.  
"* A description of the analysis assumptions and results for the HI-STORM 100 System, 

including the HI-TRAC transfer cask.  
"* Analyses are presented for each MPC showing that the radiation dose rates follow As-Low

As-Reasonably-Achievable (ALARA) practices.  
"* The HI-STORM 100 System has been analyzed to show that the 1OCFR72.104 and 

10CFR72.106 controlled area boundary radiation dose limits are met during normal, off
normal, and accident conditions of storage for non-effluent radiation from illustrative ISFSI 
configurations at a minimum distance of 100 meters.  

"* Analyses are also presented which demonstrate that the storage of damaged fuel and fuel 
debris in the HI-STORM 100 System is bounded by the B'., R intact fuel analysis-acceptable 
during normal, off-normal, and accident conditions.  

Chapter 2 contains a detailed description of structures, systems, and components important to 
safety.  

Chapter 7 contains an analysis of the estimated dose at the controlled area boundary during 
normal, off-normal, and accident conditions from the release of radioactive materials. Therefore, 
this chapter only calculates the dose from direct neutron and gamma radiation emanating from 
the HI-STORM 100 System.  

Chapter 10, Radiation Protection, contains the following information: 

"* A discussion of the estimated occupational exposures for the HI-STORM 100 System, 
including the HIl-TRAC transfer cask.  

"* A summary of the estimated radiation exposure to the public.  
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5.1 DISCUSSION AND RESULTS

The principal sources of radiation in the HI-STORM 100 System are: 

Gamma radiation originating from the following sources 

1. Decay of radioactive fission products 
2. Secondary photons from neutron capture in fissile and non-fissile nuclides 
3. Hardware activation products generated during core operations 

* Neutron radiation originating from the following sources 

1. Spontaneous fission 
2. ax,n reactions in fuel materials 
3. Secondary neutrons produced by fission from subcritical multiplication 
4. y,n reactions (this source is negligible) 
5. Dresden Unit 1 antimony-beryllium neutron sources 

During loading, unloading, and transfer operations, shielding from gamma radiation is provided 
by the steel structure of the MPC and the steel, lead, and water of the HI-TRAC transfer cask. For 
storage, the gamma shielding is provided by the MPC, and the steel and concrete of the overpack.  
Shielding from neutron radiation is provided by the concrete of the overpack during storage and 
by the water of the HI-TRAC transfer cask during loading, unloading, and transfer operations.  
Additionally, in the 125-ton HI-TRAC top lid and transfer lid, a solid neutron shielding material, 
Holtite-A is used to thermalize the neutrons. Boron carbide, dispersed in the solid neutron shield 
material utilizes the high neutron absorption cross section of 1°B to absorb the thermalized 
neutrons.  

The shielding analyses were performed with MCNP-4A [5.1.1] developed by Los Alamos 
National Laboratory (LANL). The source terms for the design basis fuels were calculated with 
the SAS2H and ORIGEN-S sequences from the SCALE 4.3 system [5.1.2, 5.1.3]. A detailed 
description of the MCNP models and the source term calculations are presented in Sections 5.3 
and 5.2, respectively.  

The design basis intaet-zircaloy clad fuel assemblies used for calculating the dose rates presented 
in this chapter are B&W 15x15 and the GE 7x7, for PWR and BWR fuel types, respectively. The 
design basis intact 6x6-damaged, and mixed oxide (MOX) fuel assemblies are the GE 6x6. The 
GE 6x6 is also the design basis damaged fuel assembly for the Dresden Unit 1 and Humboldt 
Bay array classes. Table 2.1.6 specifies the acceptable intact zircaloy clad fuel characteristics for 
storage. Table 2.1.7 specifies the acceptable damaged and MOX zrealy clad fuel characteristics 
for storage.  
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The design basis intac-stainless steel clad fuels are the WE 15x15 and the A/C 10xlO, for PWR and BWR fuel types, respectively. Table 2.1.8 specifies the acceptable fuel characteristics of [ 
stainless steel clad fuel for storage.  

The MPC-24, MPC-24E, MPC-24EF, MPC-32, MPC-68, and MPC-68FF are qualified for storage of SNF with different combinations of maximum burnup levels and minimum cooling 
times. The approved contents section of Appendix B to the CoC Figure 2.1.6-specifies the acceptable maximum burnup levels and minimum cooling times for storage of zircaloy clad fuel in these MP Cs 21 and te""a 68. Ta,...2..Appendix B to the CoC also specifies the 
acceptable maximum burnup levels and minimum cooling times for storage of stainless steel clad fuel. The values in Figure 2.1.6 and the Table 2.1.8AppendixB to the CoC were chosen based on an analysis of the maximum decay heat load that could be accommodated within each MPC.  

The dose rates surrounding the HI-STORM overpack are very low, and thus, the shielding analysis of the HI-STORM overpack conservatively considered the burnup and cooling time combinations listed below, which bound the acceptable burnup levels and cooling times from 
Figure 2.1.6 and Table 2.18.Appendix B to the CoC. This large conservatism is included in the analysis of the HI-STORM overpack to unequivocally demonstrate that the HI-STORM overpack 
meets the Part 72 dose requirements.  

Zircaloy Clad Fuel 

MC2MP-2MPC-68 I I_ 
45-"W52,500 45,000 MWD/MTU 45,00047,500 

_ 

MWD/MTU 5 year cooling MWD/MTU 
5 year cooling 5 year cooling 

Stainless Steel Clad Fuel 

MPC-24 MPC-32 MPC-68 
40,000 MWD/MTU 40,000 MWDIMTU 22,500 MWD/MTU 

8 year cooling 9 year cooling 10 year cooling

Te.hnical Speifi.a.ion Table 2.14 , A•ppend" 12. requires that, in the .PC 21, for 
minmumcoling timfe of 5 years, the Ma~dmUff bnuis3,00 MVDIA49h, and for- 15 yea cooling th m.. imum burnup is 1 700 XVir/M,. The burnup and cooling time combinations 

analyzed for zircaloy clad fuel produce dose rates at the midplane of the HI-STORM overpack which bound all uniform and regionalized loading burnup and cooling time combinations listed in Appendix B to the CoC. The II STORM shielding a.alysis was pe-rfomed for- the absoue 
mxim alowable bunup (.e., 15,000 _) minimum coling tie (i.e., 
5 years), the combinlation of which eefiser,ýatiyely boundste allowable burnup and cooling time
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combinatieone. Therefore, the HI-STORM shielding analysis presented in this chapter is 
conservatively bounding for the MPC-24, MPC-32, and MPC-68.  

T-echnical Specification T~able 2.1 4, Appendix 12.A, r-equires that, in the MPC 68, for-a 
-iiu cooling time of 5 years, the maximaum burnup is 29,900 AP'A D '4!'MTU, and for- 15 year

cooling the mximu bumaup is 1 1,700 4 !MI. The HI STOGRM shielding analysisa 
performed for the absolute maximumn allowable burnup (i.e., 1 5,000 MPXW-D.M--U) and a-bsolute 
mninifmum cooling time (i.e., 5 years), the combination of which cos6 atMl.oud h 
allowable burnup and cooling time combinations. Therefore, the HI STORM shielding analsis 

" ....... ý ,ý ; 1 A 9- 1 ILL Xi IroJ J

The dose rates surrounding the HI-TRAC transfer cask are significantly higher than the dose rates 
surrounding the HI-STORM overpack, and although no specific regulatory limits are defined, 
dose rates are based on the ALARA principle. Therefore, the cited dose rates were based on the 
actual burnups and cooling times requested in the Technical SpecificationsAppendix B to the 
CoC. Two different burnup and cooling times, listed below, were analyzed for the MPC-24, 
MPC-32, and the MPC-68 in the 100-ton HI-TRAC. The burnups corresponding to 5-year 
cooling times produce dose rates at 1 meter from the surface of the overpack, for the locations 
reported in this chapter, which bound the dose rates from all other uniform loading burnup and 
cooling time combinations listed in Appendix B to the CoC. Since it is reasonable to assume that 
the majority of fuel which will be loaded in casks will be 10 years or older, the dose rates from 
conservative burnups for 10-year cooling are also presented in this chapter. These b, and 
cooling times, listed boelw, are for- the mini mum and maximuma allowable burnups as shown in 
Figure 2.1.6. Conservatively, the maximum allowable burnup was analyzed with a relatively 
short cooling time (9 and 12 years as opposed to 1:5 years for- the MPC 21 and MPG 68
espeet e--.

100-ton HI-TRAC 

MPC-24 MPC-32 MPC-68 
345,00W2, 500 MWDJMTU 32,500 MWD/MTU 30OO40, 000 MWD/MTU 

5 year cooling 5 year cooling 5 year cooling 

45-500052,500 MWD/MTU 45,000 MWD/ITU 50,00045.,OP MWDJMTU 
910 year cooling 10 year cooling 4-2-10 year cooling 

The 100-ton HI-TRAC with the MPC-24 has higher dose rates at the mid-plane than the 100-ton 
HI-TRAC with the MPC-32 or the MPC-68. Therefore, the MPC-24 results for 5-year cooling 
are presented in this section and the MPC-24 was used for the dose exposure estimates in 
Chapter 10. The MPC-32 results, MPC-68 results, and additional MPC-24 results are provided 
in Section 5.4 for comparison.
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The 100-ton HI-TRAC dose rates bound the 125-ton HI-TRAC dose rates for the same burnup " and cooling time combinations. Therefore, for illustrative purposes, the MPC-24 was the only MPC analyzed in the 12 5-ton HI-TRAC. Dose rates are presented for two different burnup and cooling time combinations for the MPC-24 in the 125-ton HI-TRAC: 42,500 MWDIMTU with 5-year cooling and 57,500 MWD/MTU with 12-year cooling. The dose rates for the later combination are presented in this section because it produces the highest dose rate at the cask 
midplane. Dose rates for the other burnup and cooling time combination are presented in Section 5.4. The bur-up and coling times whi-h pro.duce the highest dose rates on the side of 
the HI TRA.C are presented in this section for- the 100 ton and 125 ton HI TRAC. Dose rates fer 
the additional bufnup and cooling timnes are presen-ted in Section 5.4.  

As a general statement, the dose rates for uniform loading presented in this chapter bound the dose rates for regionalized loading at 1 meter distance from the overpack. Therefore, dose rates for specific burnup and cooling time combinations in a regionalized loading pattern are not presented in this chapter. Section 5.4.9 provides an additional brief discussion on regionalized 
loading.  

Unless otherwise stated all tables containing dose rates for design basis fuel refer to design basis 
intact zircaloy clad fuel.  

5.1.1 Normal and Off-Normal Operations 

Chapter 11 discusses the potential off-normal conditions and their effect on the HI-STORM 100 System. None of the off-normal conditions have any impact on the shielding analysis. Therefore, 
off-normal and normal conditions are identical for the purpose of the shielding evaluation.  

The 10CFR72.104 criteria for radioactive materials in effluents and direct radiation during 
normal operations are: 

1. During normal operations and anticipated occurrences, the annual dose equivalent to any 
real individual who is located beyond the controlled area, must not exceed 25 mrem to the 
whole body, 75 mrem to the thyroid and 25 mrem to any other critical organ.  

2. Operational restrictions must be established to meet as low as reasonably achievable 
(ALARA) objectives for radioactive materials in effluents and direct radiation.  

10CFR20 Subparts C and D specify additional requirements for occupational dose limits and radiation dose limits for individual members of the public. Chapter 10 specifically addresses 
these regulations.  

In accordance with ALARA practices, design objective dose rates are established for the HISTORM 100 System in Section 2.3.5.2 as: 40-60 mrem/hour on the radial surface of the 
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overpack, 60 mrem/hour at the openings of the air vents, and 40-60 mrem/hour on the top of the 
overpack.  

The Ill-STORM overpack dose rates presented in this section are conservatively eakukted-at 
15,000 . .W .MT.U and 5 year . o.i.. valuated for both-the MPC-32, the MPC-68, and the 
MPC-24. All burnup and cooling time combinations analyzed bound the allowable burnup and 
cooling times specified in Chaptefs .iid-12Appendix B to the CoC.  

Figure 5.1.1 and 5.1.12 identifyies the locations of the dose points referenced in the dose rate 
summary tables for the HI-STORM 100 and HI-STORM 100S overpacks, respectively. Dose 
Points #1 and #3 are the locations of the inlet and outlet air ducts, respectively. The dose values 
reported for these locations (adjacent and 1 meter) were averaged over the duct opening. Dose 
Point #4 is the peak dose location above the overpack shield block. For the adjacent top dose, 
this dose point is located over the air annulus between the MPC and the overpack. Dose Point 
#4a in Figure 5.1.12 is located directly above the exit duct and next to the concrete shield block.  
The dose values reported at the locations shown on Figure 5.1.1 and 5.1.12 are averaged over a 
region that is approximately 1 foot in width.  

The total dose rates presented in this chapter for the MPC-24 and MPC-32 are presented for two 
cases: with and without BPRAs. The dose from the BPRAs was conservatively assumed to be the 
maximum calculated in Section 5.2.4.1. This is conservative because it is not expected that the 
cooling times for both the BPRAs and fuel assemblies would be such that they are both at the 
maximum design basis values 

Tables 5.1.1- and 5.1.3 provide the maximum dose rates adjacent to the HI-STORM 100S 
overpack during normal conditions for each of the MPCsthe MPC-32 and MPC-68. Tables 
5.1.54 and 5.1.6 provide the maximum dose rates at one meter from the verepaelthe HI-STORM 
100S overpack. Tables 5.1.2 and 5.1.5 provide the maximum dose rates adjacent to and one 
meter from the HI-STORM 100 overpack for the MPC-24.  

Although the dose rates for the MPC7-68-32 in HI-STORM lOOs are slighfly -eateequivalent to 
or greater than those for the MPC-24 in HI-STORM 100(fo• identieal bu, up and co.ling timie), 
as shown in Tables 5.1.21, 5.1.-32, 5.1.54, and 5.1.65, the MPC-24 was used in the calculations 
for the dose rates at the controlled area boundary. The MPC-24 was chosen because, for a given 
cooling time, the MPC-24 has a higher allowable burnup than the MPC-32 or the MPC-68 (see 
Table 2.1 4 of Appendi'x 2AAppendix B to the CoC). Consequently, for the allowable bumup 
and cooling times, the MPC-24 will have dose rates that are greater than or equivalent to those 
from the MPC-68 and MPC-32. The dose rates at the controlled area boundary were calculated 
for the HI-STORM 100 overpack rather than the HI-STORM 100S overpack. The difference in 
height will have little impact on the dose rates at the controlled area boundary since the surface 
dose rates are very similar. The controlled area boundary dose rates were also calculated 
without including non-fuel hardware. This is acceptable because the dose rates for the HI
STORM 100 overpack calculated in Table 5.1.2 without BPRAs are conservative enough to 
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bound the dose rates for actual burnup and cooling times from Appendix B to the CoC including I ,' BPRAs. I LI 
Table 5.1.7 provides dose rates adjacent to and one meter from the both the 125 ten and 100-ton 
HI-TRAC. Table 5.1.8 provides dose rates adjacent to and one meter from both-the 125-ton aend 
400-tert-HI-TRAC. Figures 5.1.2 and 5.1.4 identify the locations of the dose points referenced in Tables 5.1.7 and 5.1.8 for the HI-TRAC 125-ton and 100-ton transfer casks, respectively. The 
dose rates listed in Tables 5.1.7 and 5.1.8 correspond to the normal condition in which the MPC is dry and the HI-TRAC water jacket is filled with water. The dose rates below the HI-TRAC 
(Dose Point #5) are provided for two conditions. The first condition is when the pool lid is in use 
and the second condition is when the transfer lid is in use. The calculational model of the 100-ton 
HI-TRAC included a concrete floor positioned 6 inches (the typical carry height) below the pool 
lid to account for ground scatter. As a result of the modeling, the dose rate at 1 meter from the pool lid for the 100-ton HI-TRAC was not calculated. The dose rates provided in Tables 5.1.7 
and 5.1.8 are for the MPC-24 with design basis fuel at burnups and cooling times, based on the 
allowed burnup and cooling times specified in the Techni.al SpecifieationsAppendix B to the CoC, that result in dose rates that are generally higher in each of the two HI-TRAC designs. The 
burnup and cooling time combination used for both the 100-ton and 125-ton HI-TRAC was chosen based on Figu.r 2..6the allowable burnup and cooling times in Appendix B to the CoC.  
Results for other burnup and cooling times and for the MPC-68 and MPC-32 are provided in 
Section 5.4.  

Because the dose rates for the 100-ton HI-TRAC transfer cask are significantly higher than the 
dose rates for the 125-ton HI-TRAC or the HI-STORM overpack, it is important to understand 
the behavior of the dose rates surrounding the external surface. To assist in this understanding, 
several figures, showing the dose rate profiles on the top, bottom and sides of the 100-ton HI
TRAC transfer cask, are presented below. The figures discussed below were all calculated 
without the gamma source from BPRAs.  

Figure 5.1.5 shows the dose rate profile at 1 foot from the side of the 100-ton HI-TRAC transfer 
cask with the MPC-24 for 35,000 MWD/MTU and 5 year cooling. This figure clearly shows the behavior of the total dose rate and each of the dose components as a function of the cask height.  To capture the effect of scattering off the concrete floor, the calculational model simulates the 
100-ton HI-TRAC at a height of 6 inches (the typical cask carry height) above the concrete floor.  
As expected, the total dose rate on the side near the top and bottom is dominated by the Co-60 gamma dose component, while the center dose rate is dominated by the fuel gamma dose 
component.  

The total dose rate and individual dose rate components on the surface of the pool lid on the 100ton HI-TRAC are provided in Figure 5.1.6, illustrating the significant reduction in dose rate with increasing distance from the center of the pool lid. Specifically, the total dose rate is shown to drop by a factor of more than 20 from the center of the pool lid to the outer edge of the HI
TRAC. Therefore, even though the dose rate in Table 5.1.7 at the center of the pool lid is 
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substantial-(3.45e•i, the dose rate contribution, from the pool lid, to the personnel exposure is 
minimal.  

The behavior of the dose rate 1-foot from the transfer lid is shown in Figure 5.1.7. Similarly, the 
total dose rate and the individual dose rate components 1-foot from the top lid, as a function of 
distance from the axis of the 100-ton HI-TRAC, are shown in Figure 5.1.8. For both lids 
(transfer and top), the reduction in dose rate with increased distance from the cask axial 
centerline is substantial.  

To reduce the dose rate above the water jacket, a localized temporary shield ring, described in 
Chapter 8, may be employed on the 125-ton HI-TRAC and w'ill be mandatory n the 100-ton HI-1
TRAC. This temporary shielding, which is water, essentially extends the water jacket to the top 
of the HI-TRAC. The effect of the temporary shielding on the side dose rate above the water 
jacket (in the area around the lifting trunnions and the upper flange) is shown on Figure 5.1.9, 
which shows the dose profile on the side of the 100-ton HI-TRAC with the temporary shielding 
installed. For comparison, the total dose rate without temporary shielding installed is also shown 
on Figure 5.1.9. The results indicate that the temporary shielding reduces the dose rate by 
approximately a factor of 2 in the area above the water jacket.  

To illustrate the reduction in dose rate with distance from the side of the 100-ton HI-TRAC, 
Figure 5.1.10 shows the total dose rate on the surface and at distances of 1-foot and 1-meter.  

S~Figure 5.1.11 plots the total dose rate at various distances from the bottom of the transfer lid, 
including distances of 1, 5, 10, and 15 feet. Near the transfer lid, the total dose rate is shown to 
decrease significantly as a function of distance from the 100-ton HI-TRAC axial centerline. Near 
the axis of the HI-TRAC, the reduction in dose rate from the 1-foot distance to the 15-foot 
distance is approximately a factor of 15. The dose rate beyond the radial edge of the HI-TRAC is 
also shown to be relatively low at all distances from the HI-TRAC transfer lid. Thus, prudent 
transfer operating procedures will employ the use of distance to reduce personnel exposure. In 
addition, when the HI-TRAC is in the horizontal position and is being transported on site, a 
missile shield (large steel plate), wri111n1ay be positioned in front of the HI-TRAC transfer lid. This 
m'issilc shild w.'ielf present, this shield would also serve as temporary gamma shielding which 
will-would greatly reduce the dose rate in the vicinity of the transfer lid. For example, if the 
missile shield was a 2 inch thick steel plate, the gamma dose rate would be reduced by 
approximately 90%.  

The dose to any real individual at or beyond the controlled area boundary is required to be below 
25 mrem per year. The minimum distance to the controlled area boundary is 100 meters from the 
ISFSI. As mentioned, only the MPC-24 was used in the calculation of the dose rates at the 
controlled area boundary. Table 5.1.9 presents the annual dose to an individual from a single HI
STORM cask and various storage cask arrays, assuming an 8760 hour annual occupancy at the 
dose point location. The minimum distance required for the corresponding dose is also listed.  
These values were conservatively calculated for a burnup of 45-,OW52,500 MWD/MTU and a 5
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year cooling time. In addition, the annual dose was calculated for a burnup of 45,000 F' MWD/MTU and a 9 year cooling time. BPRAs were not included in these dose estimates. It is [ noted that these data are provided for illustrative purposes only. A detailed site-specific 
evaluation of dose at the controlled area boundary must be performed for each ISFSI in 
accordance with 10CFR72.212, as stated in Chapter 12, "Operating Controls and Limits". The site-specific evaluation will consider dose from other portions of the facility and will consider the 
actual conditions of the fuel being stored (burnup and cooling time).  

Figure 5.1.3 is an annual dose versus distance graph for the cask array configurations provided in 
Table 5.1.9. This curve, which is based on an 8760 hour occupancy, is provided for illustrative 
purposes only and will be re-evaluated on a site-specific basis.  

Section 5.2 lists the gamma and neutron sources for the design basis intact and damaged fuels.  Since the source strengths of the GE 6x6 intact and damaged fuel and the GE 6x6 MOX fuel are significantly smaller in all energy groups than the intact design basis fuel source strengths, the 
damaged and MOX fuel -dose rates from the GE 6x6 fuels for normal conditions are bounded byl the MPC-68 analysis with the design basis intact fuel. Therefore, no explicit analysis of the MPC-68F with either GE 6x6 intact or damaged or GE 6x6 MOX fuel for normal conditions is required to demonstrate that the MPC-68 with GE 6x6 damaged or MOX fuels will meet the 
normal condition regulatory requirements. Section 5.4.2 evaluates the effect of generic damaged 
fuel in the MPC-24E and the MPC-68.  

Section 5.2.6 lists the gamma and neutron sources from the Dresden Unit I Thoria rod canister { and demonstrates that the Thoria rod canister is bounded by the design basis Dresden Unit I 6x6 
intact fuel.  

Section 5.2.4 presents the Co-60 sources from the BPRAs, TPDs, CRAs and APSRs that are permitted for storage in the HI-STORM 100 System. Section 5.4.6 discusses the increase in dose 
rate as a result of adding non-fuel hardware in the MPCs.  

Section 5.4.7 demonstrates that the Dresden Unit 1 fuel assemblies containing antimony
beryllium neutron sources are bounded by the shielding analysis presented in this section.  

Section 5.2.3 lists the gamma and neutron sources for the design basis int-aet-stainless steel clad I 
fuel. The dose rates from this fuel are provided in Section 5.4.4.  

The analyses summarized in this section demonstrate that the HI-STORM 100 System, including 
the HI-TRAC transfer cask, are in compliance with the 10CFR72.104 limits and ALARA 
practices.  
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5.1.2 Accident Conditions

The 10CFR72.106 radiation dose limits at the controlled area boundary for design basis accidents 
are: 

Any individual located on or beyond the nearest boundary of the controlled area shall-may 
not receive from any design basis accident the more limiting of a total effective dose 
equivalent of 5 Ren, or the sum of the deep-dose equivalent and the committed dose 
equivalent to any individual organ or tissue (other than the lens of the eye) of 50 Rem.  
The lens dose equivalent shall not exceed 15 Rem and the shallow dose equivalent to skin 
or to any extremity shall not exceed 50 rem. a dose geater. than 5 Rem to the whole body 
or- any organ fom any design basis acident. The minimum distance from the spent fuel 
or high-level radioactive waste handling and storage facilities to the nearest boundary of 
the controlled are shall be at least 100 meters.  

Design basis accidents which may affect the HI-STORM overpack can result in limited and 
localized damage to the outer shell and radial concrete shield. As the damage is localized and the 
vast majority of the shielding material remains intact, the effect on the dose at the site boundary 
is negligible. Therefore, the site boundary, adjacent, and one meter doses for the loaded HI
STORM overpack for accident conditions are equivalent to the normal condition doses, which 
meet the 10CFR72.106 radiation dose limits.  

The design basis accidents analyzed in Chapter 11 have one bounding consequence that affects 
the shielding materials of the HI-TRAC transfer cask. It is the potential for damage to the water 
jacket shell and the loss of the neutron shield (water). In the accident consequence analysis, it is 
conservatively assumed that the neutron shield (water) is completely lost and replaced by a void.  

Throughout all design basis accident conditions the axial location of the fuel will remain fixed 
within the MPC because of the fuel spacers. The HI-STAR 100 System (Docket Number 72
1008) documentation provides analysis to demonstrate that the fuel spacers will not fail under 
any normal, off-normal, or accident condition of storage. Chapter 3 also shows that the HI-TRAC 
inner shell, lead, and outer shell remain intact throughout all design basis accident conditions.  
Localized damage of the HI-TRAC outer shell could be experienced. However, the localized 
deformations will have only a negligible impact on the dose rate at the boundary of the controlled 
area.  

The complete loss of the HI-TRAC neutron shield significantly affects the dose at mid-height 
(Dose Point #2) adjacent to the HI-TRAC. Loss of the neutron shield has a small effect on the 
dose at the other dose points. To illustrate the impact of the design basis accident, the dose rates 
at Dose Point #2 (see Figures 5.1.2 and 5.1.4) are provided in Table 5.1.10. The normal condition 
dose rates are provided for reference. Table 5.1.10 provides a comparison of the normal and 
accident condition dose rates at one meter from the HI-TRAC. The burnup and cooling time 
combinations used in Table 5.1.10 were the combinations that resulted in the highest post
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accident condition dose rates. These burnup and cooling time combinations do not necessarily 
correspond to the burnup and cooling time combinations that result in the highest dose rate during normal conditions. Scaling this accident dose rate by the dose rate reduction seen in HI
STORM yields a dose rate at the 100 meter controlled area boundary that would be 
approximately 0.81.47ý mremlhr for the HI-TRAC accident condition. At this dose rate, it would take 6250-3401 hours (-260-141 days) for the dose at the controlled area boundary to reach 5 
Rem. Based on this dose rate and the short duration of use for the loaded HI-TRAC transfer cask, 
it is evident that the dose as a result of the design basis accident cannot exceed 5 Rem at the 
controlled area boundary for the short duration of the accident.  

The consequences of the design basis accident conditions for the MPC-68 and MPC-24E storing 
damaged fuel and the MPC-68F, MPC-68FF, or MPC-24EF storing damaged fuel and/or fuel debris differ slightly from those with intact fuel. It is conservatively assumed that during a drop 
accident (vertical, horizontal, or tip-over) the damaged fuel collapses and the pellets rest in the 
bottom of the damaged fuel container. Since the damaged and MOX fuels ar both Dresden 1 fuel, the MOX fuwl can.allso.be o.. .ni.sidered damaged fuel. Analyses in Section 5.4.2 demonstrates 
that the damaged fuel in the post-accident condition-has lower- soe.. --- te.(b.th gamma and 
neutr.n) per- inch than the inta.t BW. desin basis fuel does not significantly affect the dose rates around the cask. Therefore, the damaged fuel post-accident dose rates are bounded by the 
BWR-intact fuel post-accident dose rates.  

Analyses summarized in this section demonstrate that the HI-STORM 100 System, including the 
HI-TRAC transfer cask, are in compliance with the 10CFR72.106 limits. [{[J 

t 4099--2083.22 mrem/hr (Table 5.1.10) x [409-129 mrem/yr (Table 5.4.7) / 8760 hrs / 
4-T.420.9 mrem/hr (Table 5.1.5)] 
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Table 5.1.1

DOSE RATES ADJACENT TO HI-STORM IOOS OVERPACK 
FOR NORMAL CONDITIONS 

MPC-32 DESIGN BASIS ZIRCALOY CLAD FUEL AT BOUNDING 
BURNUP AND COOLING TIME 

45,000 MWD/MTU AND 5-YEAR COOLING

Dose Pointt Fuel 60Co Neutrons Totals Totals with 
Location Gammastt Gammas (mrem/hr) (mrem/hr) BPRAs 

(mremlhr) (mremlhr) (mremlhr) 

1 10.14 12.93 7.92 30.99 31.97 

2 37.35ttt 0.01 2.40 39.76 45.65 
3 10.55 14.83 5.99 31.37 38.02 
4 2.38 1.05 1.98 5.41 6.06 

4a 3.02 6.01 31.32 40.34 43.25 
"TT.S "T"AT•IE rrrrr, MN"•b•T TN "

Refer to Figure 5.1.12.  

Gammas generated by neutron capture are included with fuel gammas.  

The cobalt activation of incore grid spacers accounts for 8.7 % of this dose rate.

t1 

if 
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Table 5.1.2 

DOSE RATES ADJACENT TO HI-STORM 100 OVERPACK 
FOR NORMAL CONDITIONS 

MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL AT BOUNDING 
BURNUP AND COOLING TIME 

4-5OO52,500 MWD/MTU AND 5-YEAR COOLING

Refer to Figure 5.1.1.  

Gammas generated by neutron capture are included with fuel gammas.  

The cobalt activation of incore grid spacers accounts for 868.0 % of this dose rate.
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Dose Pointt Fuel 6 0 Co Neutrons Totals Totals with 
Location Gammas• Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mremlhr) 
1 7.20 5.34 4.46 17.00 17.35 
2 3765tt 0.03 3.04 40.72 45.77 
3 4.87 3.52 2.23 10.61 12.16 
4 1.28 0.39 5.82 7.49 7. 70

I f�

t 

tt 
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Table 5.1.3

DOSE RATES ADJACENT TO HI-STORM 100S OVERPACK FOR NORMAL CONDITIONS I 
MPC-68 DESIGN BASIS ZIRCALOY CLAD FUEL AT BOUNDING 

BURNUP AND COOLING TIME 
45,00047,500 MWD/MTU AND 5-YEAR COOLING I

Dose Pointt Fuel Gammas 60Co Gammas Neutrons Totals 
Location (mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr) 

1 9.46 10.67 10.46 30.60 

2 33.85 0.02 3.80 37.67 
3 4.48 14.22 4.41 23.11 
4 1.54 1.12 1.62 4.28 

4a 1.11 6.34 24.72 32.17 

t Refer to Figure 5.1.12.  

tt Gammas generated by neutron capture are included with fuel gammas.  
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Table 5.1.4 

DOSE RATES AT ONE METER FROM HI-STORM 100S OVERPACK 
FOR NORMAL CONDITIONS 

MPC-32 DESIGN BASIS ZIRCALOY CLAD FUEL AT BOUNDING 
BURNUP AND COOLING TIME 

45,000 MWDIMTU AND 5-YEAR COOLING

t Refer to Figure 5.1.12.  

tt Gammas generated by neutron capture are included with fuel gammas.  

ttt The cobalt activation of incore grid spacers accounts for 8.6 % of this dose rate.  

HI-STORM TSAR 
Rev. 11 

REPORT HI-951312 

5.1-14

L 
I

1 J,

I



Table 5.1.5

DOSE RATES AT ONE METER FROM HI-STORM 100 OVERPACK 
FOR NORMAL CONDITIONS 

MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL AT BOUNDING 
BURNUP AND COOLING TIME 

4 ",N52,500 MWD/MTU AND 5-YEAR COOLING

Refer to Figure 5.1.1.  

Gammas generated by neutron capture are included with fuel gammas.  

The cobalt activation of incore grid spacers accounts for 8-68.0 % of this dose rate.

REPORT HI-951312
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Dose Pointt Fuel 60Co Neutrons Totals Totals with 
Location Gammas• Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mremlhr) 

1 5.73 3.18 0.87 9.79 10.29 

2 19.38ttt 0.27 1.26 20.90 23.48 
3 3.28 2.29 0.34 5.91 7.05 
4 0.58 0.18 1.77 2.53 2.63

1* 
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Table 5.1.6 

DOSE RATES AT ONE METER FROM HI-STORM 100S OVERPACK 
FOR NORMAL CONDITIONS 

MPC-68 DESIGN BASIS ZIRCALOY CLAD FUEL AT BOUNDING 
BURNUP AND COOLING TIME 

45-4,4O007,500 MWD/MTU AND 5-YEAR COOLING

Dose Pointt 
Location 

1 

2 

3 

4

I. .. 1 T I

Fuel Gammasrt 
(mrem/hr)

10. /U

6WCo Gammas 
(mrem/hr)Imremfh I

1.41 I I

1.36 18.36 r � 
+

Z.J... 5.24
8.66 r I

U.q.

1.56 J I ______________

I �

Refer to Figure 5.1.12.

tt Gammas generated by neutron capture are included with fuel gammas.  
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4.19

Neutrons 
(mnrem/hr)

0.31

0.88

0.27

Totals 
(mrem/hr)

11.45

0.84

I

I

3.).6 1.41

1.36 18.36

8.66

1.56



Table 5.1.7

DOSE RATES FROM THE 100-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL 

42,500 MWD/MTU AND 5-YEAR COOLING 
Dose Point Fuel (ny) 60Co Neutrons Totals Totals with 
Location Gammas Gammas Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mremlhr) (mremlhr) 
ADJACENT TO THE 100-TON HI-TRA C 

1 3730 12.83 626.44 174.37 850.94 858.92 
2 985.63" 53.56 0.92 89.47 1129.58 1355.26 
3 15.72 2.01 546.21 217.69 781.64 998.97 

3 (temp) 6.66 4.45 190.43 2.22 203.75 279.72 
4 24.53 0.99 278.26 183.08 486.86 602.46 

4 (outer) 7.01 0.62 69.28 123.77 200.68 229.77 
5 (pool lid) 174.22 17.77 3159.24 1210.89 4562.13 4622.29 
5 (transfer) 293.92 0.64 3527.96 676.12 4498.64 4561.70 
5(t-outer) 77.59 0.34 378.49 269.68 726.10 742.20 

ONE METER FROM THE 100-TON HI-TRAC 
1 128.52 7.24 91.31 28.36 255.43 284.54 
2 427.92_ 16.63 7.07 32.83 484.45 582.43 
3 54.55 3.93 83.00 14.03 155.51 203.26 

3 (temp) 54.25 4.16 69.21 4.88 132.50 174.84 
4 8.40 0.17 85.91 45.49 139.97 175.78 

5 (transfer) 122.33 0.14 1502.34 188.57 1813.38 1837.76 
5(t-outer) 19.43 0.62 133.57 54.20 20782 210.72

Notes: 
* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
"* Dose location 3(temp) represents dose location 3 with temporary shielding installed.  
"* Dose location 4(outer) is the radial segment at dose location 4 which is 18-30 inches from the center 

of the overpack 
"* Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 54

66 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner 
radius of the HI-TRAC is 34.375 in. and the outer radius of the water jacket is 44.375 in.  

"° Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool 
lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.  

t The cobalt activation of incore grid spacers accounts for 12.3% of the surface and one-meter 
dose rates.  
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Table 5.1.8

DOSE RATES FROM THE 125-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL 

57,500 MWDIMTU AND 12-YEAR COOLING 
Dose Point Fuel (ny) 60Co Neutrons Totals Totals with 
Location Gammas Gammas Gammas (mrem/hr) (mremlhr) BPRAs 

(mremlhr) (mremlhr) (mrem/hr) (mrem/hr) 
ADJA CENT TO THE 125- TON HI- TRA C 

1 2.26 25.55 1 48.08 1 150.18 1 226.07 1 227.20
2 
3

22.55T

4 8.37 3.12 118.06 285.41 414.96 522.13 
4 (outer) 0.94 2.23 14.66 5.98 23.82 37.00 
5 (pool) 10.77 1.36 157.53 1070.88 1240.55 1247.70 

5 (transfer) 8.19 1.54 1 144.40 158.05 312.20 316.43

72.90 0.00
89.90 185.36 r * 1

1 

2 
3 
4 

5 (transfer)

U1V.5 I V&KIIR FR 
3.00 9.26 
9.737 22.83

OM THE 125-TON HI-TRAC 
5.26 23.93 1 41.44

I -1 -

(17 32.42 65.15 71 97
1.1 t 

2.35 
4.78

J.40
5.41 21.80 31.87 F .. t -- I 700.75

a �n I

28.42
73.03 28.25 106.35 109.10

Notes: 
* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
"* Dose location 4(outer) is the radial segment at dose location 4 which is 18-24 inches from the center 

of the overpack 
"* Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRA C pool 

lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.  

t The cobalt activation of incore grid spacers accounts for 15.5% of the surface and one-meter 
dose rates.  
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.17 32.42

3..47 21.80 31.87 :Ui 70
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Table 5.1.9

DOSE RATES FOR ARRAYS OF MPC-24 
WITH DESIGN BASIS ZIRCALOY CLAD FUEL 

AT VARYING BURNUP AND COOLING TIMES

8760 hr. annual occupancy is assumed.  

Dose location is at the center of the long side of the array.  

Actual controlled area boundary dose rates will be lower because the maximum 
permissible burnup for 5-year cooling, as specified in the Teehaie4 
Speeifieatia.4ppendix B to the CoC, is lower than the burnup used for this analysis.

Rev. 11RL-EPO gRTl1 1H5312V REPORT HI-951312

5.1-19

Array Configuration 1 cask 2x2 2x3 2x4 2x5 

52,500 MWD/MTU AND 5-YEAR COOLING 
Annual Dose (mrem/year)t 20.19 23.83 19.13 14.91 18.64 

Distance to Controlled Area Boundary 200 250 300 350 350 (mneters)tt"tt 

45,000 MWD/MTU AND 9-YEAR COOLING 
Annual Dose (mrem/year) ý 16.03 16.95 12.19 16.26 20.32 

Distance to Controlled Area Boundary 150 200 250 250 250 
(meters) 1t

t 

It 

ftt
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Table 5.1.10 

DOSE RATES AT ONE METER FROM HI-TRAC 
FOR ACCIDENT CONDITIONS 

MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL 
AT BOUNDING BURNUP AND COOLING TIMES

Dose Point t  Fuel 6iCo Neutrons Totals Totals with 
Location Gammast Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mrem/hr) 

125-TON HI-TRAC 
57,500 MWD/MTU AND 12-YEAR COOLING 

2 (Accident 19.60 0.43 1284.98 1305.01 131Z24 
Condition) 

2 (Normal 32.56 0.17 32.42 65.15 71.27 
Condition) _ I_ _

100-TON HI-TRAC 

57,500 MWDIMTU AND 12-YEAR COOLING 
2 (Accident 280.91 1 5.89 1621.02 1 1907.82 2083.22

I I

L 1)

t Refer to Figures 5.1.2 and 5.1.4.  

tt Gammas generated by neutron capture are included with fuel gammas.  
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5.2 SOURCE SPECIFICATION

The neutron and gamma source terms, decay heat values, and quantities of radionuclides 
available for release were calculated with the SAS2H and ORIGEN-S modules of the SCALE 4.3 
system [5.1.2, 5.1.3]. Sample input files for SAS2H and ORIGEN-S are provided in Appendices 
5.A and 5.B, respectively. The gamma source term is actually comprised of three distinct sources.  
The first is a gamma source term from the active fuel region due to decay of fission products.  
The second source term is from 60Co activity of the steel structural material in the fuel element 
above and below the active fuel region. The third source is from (n,y) reactions described below.  

A description of the design basis intaet-zircaloy clad fuel for the source term calculations is 
provided in Table 5.2.1. The PWR fuel assembly described is the assembly that produces the 
highest neutron and gamma sources and the highest decay heat load from the following fuel 
assembly classes listed in Table 2.1.1: B&W 15x15, B&W 17x17, CE 14x14, CE 16x16, WE 
14x14, WE 15x15, WE 17x17, St. Lucie, and Ft. Calhoun. The BWR fuel assembly described is 
the assembly that produces the highest neutron and gamma sources and the highest decay heat 
load from the following fuel assembly classes listed in Table 2.1.2: GE BWR/2-3, GE BWR/4-6, 
Humboldt Bay 7x7, and Dresden 1 8x8. Multiple SAS2H and ORIGEN-S calculations were 
performed to confirm that the B&W 15x15 and the GE 7x7, which have the highest U0 2 mass, 
bound all other PWR and BWR fuel assemblies, respectively. Section 5.2.5 discusses, in detail, 
the determination of the design basis fuel assemblies.  

The design basis Humboldt Bay and Dresden 1 6x6 fuel assembly, which is alsoA the design basi 

damaged fuel assembly for th ubeldt Bay and Dresden 1 damaged fudel or fuel debii described in Table 5.2.2. The design basis damaged fuel assembly is- also the design basis fuiel 
.assem"'y- ef fuel debris. The fuel assembly type listed produces the highest total neutron and 
gamma sources from the fuel assemblies at Dresden 1 and Humboldt Bay. Table 5.2.21 provides 
a description of the design basis Dresden 1 MOX fuel assembly used in this analysis. The design 
basis 6x6 .d e•m , and MOX fuel assemblies which are smaller than the GE 7x7, are assumed 
to have the same hardware characteristics as the GE 7x7. This is conservative because the larger 
hardware mass of the GE 7x7 results in a larger 60Co activity.  

The design basis stainless steel clad fuel assembly for the Indian Point 1, Haddam Neck and San 
Onofre 1 assembly classes is described in Table 5.2.3. This table also describes the design basis 
stainless steel clad LaCrosse fuel assembly.  

The design basis assemblies mentioned above are the design basis assemblies for both intact and 
damaged fuel and fuel debris for their respective array classes. Analyses of damaged fuel is 
presented in Section 5.4.2.  

In performing the SAS2H and ORIGEN-S calculations, a single full power cycle was used to 
achieve the desired burnup. This assumption, in conjunction with the above-average specific 
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powers listed in Tables 5.2.1, 5.2.2, 5.2.3, and 5.2.21 resulted in conservative source term 
calculations.  

Sections 5.2.1 and 5.2.2 describe the calculation of gamma and neutron source terms for zircaloy clad fuel while Section 5.2.3 discusses the calculation of the gamma and neutron source terms for 
the stainless steel clad fuel.  

5.2.1 Gamma Source 

Tables 5.2.4-5 and-through 5.2.6 provide the gamma source in MeV/s and photons/s as calculated 
with SAS2H and ORIGEN-S for the design basis iaaet-zircaloy clad fuels at varying burnups and cooling times. Tables 5.2.7 and 5.2.22 provides the gamma source in MeV/s and photons/s 
for the design basis damaged-6x6 and MOX fuel, respectively.  

Specific analysis for the HI-STORM 100 System, which includes the HI-STORM storage 
overpacks and the HI-TRAC transfer casks, was performed to determine the dose contribution from gammas as a function of energy. This analysis considered dose locations external to the 100-ton HI-TRAC transfer cask and the HI-STORM 100 overpack and vents. The results of this I analysis have revealed that, due to the magnitude of the gamma source at lower energies, 
gammas with energies as low as 0.45 MeV must be included in the shielding analysis. The effect of gammas with energies above 3.0 MeV, on the other hand, was found to be insignificant (less than 1% of the total gamma dose at all high dose locations). This is due to the fact that the source of gammas in this range (i.e., above 3.0 MeV) is extremely low (less than 1% of the total source).  Therefore, all gammas with energies in the range of 0.45 to 3.0 MeV are included in the shielding calculations. Dose rate contributions from above and below this range were evaluated and found to be negligible. Photons with energies below 0.45 MeV are too weak to penetrate the HISTORM overpack or HI-TRAC, and photons with energies above 3.0 MeV are too few to 
contribute significantly to the external dose.  

The primary source of activity in the non-fuel regions of an assembly arises from the activation 
of 59Co to 60Co. The primary source of 59Co in a fuel assembly is impurities in the steel structural material above and below the fuel. The zircaloy in these regions is neglected since it does not 
have a significant 59Co impurity level. Reference [5.2.2] indicates that the impurity level in steel is 800 ppm or 0.8 gm/kg. Conservatively, the impurity level of 59Co was assumed to be 1000 
ppm or 1.0 gm/kg. Therefore, Inconel and stainless steel in the non-fuel regions are both 
conservatively assumed to have the same 1.0 gm/kg impurity level.  

Holtec International has gathered information from utilities and vendors which shows that the 1.0 gm/kg impurity level is very conservative for fuel which has been manufactured since the 
mid-to-late 1980s after the implementation of an industry wide cobalt reduction program. The typical Cobalt-59 impurity level for fuel since the late 1980s is less than 0.5 gm/kg. Based on this, fuel with a short cooling time, 5 to 9 years, would have a Cobalt-59 impurity level less than 0.5 gm/kg. Therefore, the use of a bounding Cobalt-59 impurity level of 1.0 gm/kg is very conservative, particularly for recently manufactured assemblies. Analysis in Reference [5.2.3] 
HI-STORM TSAR 
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indicates that the cobalt impurity in steel and inconel for fuel manufactured in the 1970s ranged 
from approximately 0.2 gm/kg to 2.2 gm/kg. However, older fuel manufactured with higher 
cobalt impurity levels will also have a corresponding longer cooling time and therefore will be 
bounded by the analysis presented in this chapter. As confirmation of this statement, Appendix D presents a comparison of the dose rates around the 100-ton HI-TRAC and the HI-STORM with 
the MPC-24 for a short cooling time (5 years) using the 1.0 gm/kg mentioned above and for a long cooling time (9 years) using a higher cobalt impurity level of 4.7 gm/kg for inconel. These 
results confirm that the dose rates for the longer cooling time with the higher impurity level are 
essentially equivalent to (within 11%) or bounded by the dose rates for the shorter cooling time 
with the lower impurity level. Therefore, the analysis in this chapter is conservative.  

Some of the PWR fuel assembly designs (B&W and WE 15x15) utilized inconel in-core grid spacers while other PWR fuel designs use zircaloy in-core grid spacers. In the mid 1980s, the 
fuel assembly designs using inconel in-core grid spacers were altered to use zircaloy in-core grid 
spacers. Since both designs may be loaded into the HI-STORM 100 system, the gamma source 
for the PWR zircaloy clad fuel assembly includes the activation of the in-core grid spacers.  
Although BWR assembly grid spacers are zircaloy, some assembly designs have inconel springs 
in conjunction with the grid spacers. The gamma source for the BWR zircaloy clad fuel 
assembly includes the activation of these springs associated with the grid spacers.  

The non-fuel data listed in Table 5.2.1 were taken from References [5.2.2], [5.2.4], and [5.2.5].  
As stated above, a Cobalt-59 impurity level of 1 gm/kg (0.1 wt%) was used for both inconel and 
stainless steel. Therefore, there is little distinction between stainless steel and inconel in the 
source term generation and since the shielding characteristics are similar, stainless steel was used 
"in the MCNP calculations instead of inconel. The BWR masses are for an 8x8 fuel assembly.  
These masses are also appropriate for the 7x7 assembly since the masses of the non-fuel 
hardware from a 7x7 and an 8x8 are approximately the same. The masses listed are those of the 
steel components. The zircaloy in these regions was not included because zircaloy does not 
produce significant activation. The masses are larger than most other fuel assemblies from other 
manufacturers. This, in combination with the conservative 59Co impurity level and the use of 
conservative flux weighting fractions (discussed below) results in an over-prediction of the non
fuel hardware source that bounds all fuel for which storage is requested.  

The masses in Table 5.2.1 were used to calculate a 59Co impurity level in the fuel assembly 
material. The grams of impurity were then used in ORIGEN-S to calculate a 6°Co activity level 
for the desired burnup and decay time. The methodology used to determine the activation level 
was developed from Reference [5.2.3] and is described here.  

1. The activity of the 60Co is calculated using ORIGEN-S. The flux used in the calculation 
was the in-core fuel region flux at full power.  

2. The activity calculated in Step 1 for the region of interest was modified by the appropriate 
scaling factors listed in Table 5.2.10. These scaling factors were taken from Reference 
[5.2.3].  
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Tables 5.2.121 afmd-through 5.2.13 provide the 60Co activity utilized in the shielding calculations 
for the non-fuel regions of the assemblies in the MPC-32, MPC-24, and the MPC-68 for varying 
burnup and cooling times. The design basis dam.ged-6x6 and MOX fuel assemblies are 
conservatively assumed to have the same 60Co source strength as the BWR intaet-design basis 
fuel. This is a conservative assumption as the design basis damage x6 fuel and MOX fuel 
assemblies are limited to a significantly lower burnup and longer cooling time than the intae4 
design basis fuel.  

In addition to the two sources already mentioned, a third source arises from (ny) reactions in the 
material of the MPC and the overpack. This source of photons is properly accounted for in 
MCNP when a neutron calculation is performed in a coupled neutron-gamma mode.  

5.2.2 Neutron Source 

It is well known that the neutron source strength increases as enrichment decreases, for a constant 
burnup and decay time. This is due to the increase in Pu content in the fuel, which increases the 
inventory of other transuranium nuclides such as Cm. The gamma source also varies with 
enrichment, although only slightly. Because of this effect and in order to obtain conservative 
source terms, low initial fuel enrichments were chosen for the BWR and PWR design basis fuel assemblies. The enrichments are appropriately varied as a function of burnup. Table 5.2.24 presents the 235U initial enrichments for various burnup ranges from 20,000 - 5070,000 
MWD/MTU for PWR and BWR zircaloy clad fuel. These enrichments are based on References 
[5.2.6] and [5.2.7]. Table 8 of this-reference [5.2.6] presents average enrichments for burnup 
ranges. The initial enrichments chosen in Table 5.2.24, for burnups up to 50,000 MWD/MTU, are 
approximately the average enrichments from Table 8 of reference [5.2.6] for the bumup range 
that is 5,000 MWD/MTU less than the ranges listed in Table 5.2.24. These enrichments are 
below the enrichments typically required to achieve the bumups that were analyzed. For burnups 
greater than 50,000 MWDIMTU, the data on historical and projected burnups available in the 
L WR Quantities Database in reference [5.2.7] was reviewed and conservatively low enrichments 
were chosen for each burnup range above 50,000 MWDIMTU.  

Inherent to this approach of selecting minimum enrichments that bound the vast majority of 
discharged fuel is the fact that a small number of atypical assemblies will not be bounded.  
However, these atypical assemblies are very few in number (as evidenced by the referenced 
discharge data), and thus, it is unlikely that a single cask would contain several of these outlying 
assemblies. Further, because the approach is based on using minimum enrichments for given 
burnup ranges, any atypical assemblies that may exist are expected to have enrichments that are 
very near to the minimum enrichments used in the analysis. Therefore, the result is an insignificant effect on the calculated dose rates. Consequently, the minimum enrichment values 
used in the analysis are adequate to bound the fuel authorized by the teehaieal 
speefieatie mits in the CoC for loading in the HI-STORM system. Therefore a minimum 
enrichment is not specified in the TechnAcal Spefficationslimits in the CoC. Since the 
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enrichment does affect the source term evaluation, it is recommended that the site-specific 
evaluation under 1OCFR72.212 consider the appropriate minimum enrichment for the fuel being 
stored.  

The neutron source calculated for the design basis intaet-fuel assemblies for the MPC-24, MPC32, and MPC-68 and the design basis dam aged6x6 fuel are listed in Tables 5.2.46-15 through 
5.2.18 in neutrons/s for varying burnup and cooling times. Table 5.2.23 provides the neutron 
source in neutrons/sec for the design basis MOX fuel assembly. 44Cm accounts for 
approximately 96% of the total number of neutrons produced, with slightly over 2% originating 
from (a,n) reactions within the U0 2 fuel. The remaining 2% derive from spontaneous fission in 
various Pu and Cm radionuclides. In addition, any neutrons generated from subcritical 
multiplication, (n,2n) or similar reactions are properly accounted for in the MCNP calculation.  

5.2.3 Stainless Steel Clad Fuel Source 

Table 5.2.3 lists the characteristics of the design basis stainless steel clad fuel. The fuel 
characteristics listed in this table are the input parameters that were used in the shielding 
calculations described in this chapter. The active fuel length listed in Table 5.2.3 is actually 
longer than the true active fuel length of 122 inches for the WE 15x15 and 83 inches for the 
LaCrosse 10xl0. Since the true active fuel length is shorter than the design basis zircaloy clad 
active fuel length, it would be incorrect to calculate source terms for the stainless steel fuel using 
the correct fuel length and compare them directly to the zircaloy clad fuel source terms because 
this does not reflect the potential change in dose rates. As an example, if it is assumed that the 
source strength for both the stainless steel and zircaloy fuel is 144 neutrons/s and that the active 
fuel lengths of the stainless steel fuel and zircaloy fuel are 83 inches and 144 inches, respectively; 
the source strengths per inch of active fuel would be different for the two fuel types, 1.73 
neutrons/s/inch and 1 neutron/s/inch for the stainless steel and zircaloy fuel, respectively. The 
result would be a higher neutron dose rate at the center of the cask with the stainless steel fuel 
than with the zircaloy clad fuel; a conclusion that would be overlooked by just comparing the 
source terms. This is an important consideration because the stainless steel clad fuel differs from 
the zircaloy clad in one important aspect: the stainless steel cladding will contain a significant 
photon source from Cobalt-60 which will be absent from the zircaloy clad fuel.  

In order to eliminate the potential confusion when comparing source terms, the stainless steel 
clad fuel source terms were calculated with the same active fuel length as the design basis 
zircaloy clad fuel. Reference [5.2.2] indicates that the Cobalt-59 impurity level in steel is 800 
ppm or 0.8 gm/kg. This impurity level was used for the stainless steel cladding in the source term 
calculations. It is assumed that the end fitting masses of the stainless steel clad fuel are the same 
as the end fitting masses of the zircaloy clad fuel. Therefore, separate source terms are not 
provided for the end fittings of the stainless steel fuel.  

Tables 5.2.8, 5.2.9, 5.2.19, and 5.2.20 list the gamma and neutron source strengths for the design 
basis stainless steel clad fuel. It is obvious from these source terms that the neutron source 
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strength for the stainless steel fuel is lower than for the zircaloy fuel. However, this is not true for 
all photon energy groups. The peak energy group is from 1.0 to 1.5 MeV, which results from the 
large Cobalt activation in the cladding. Since some of the source strengths are higher for the 
stainless steel fuel, Section 5.4.4 presents the dose rates at the center of the overpack for the 
stainless steel fuel. The center dose location is the only location of concern since the end fittings 
are assumed to be the same mass as the end fittings for the zircaloy clad fuel. In addition, the 
burnup is lower and the cooling time is longer for the stainless steel fuel compared to the zircaloy 
clad fuel.  

5.2.4 Control Components 

ontrol compnents arc not permitted for- st.e in the HI STORM 100 System.Burnable 
poison rod assemblies (BPRAs), thimble plug devices (TPDs), control rod assemblies (CRAs), 
and axial power shaping rods (APSRs) are permitted for storage in the HI-STORM 100 System 
as an integral part of a PWR fuel assembly. BPRAs and TPDs may be stored in any fuel location 
while CRAs and APSRs are restricted to the inner four fuel storage locations in the MPC-24, 
MPC-24E, and the MPC-32.  

5.2.4.1 BPRAs and TPDs 

Burnable poison rod assemblies (BPRA) (including wet annular burnable absorbers and 
similarly designed devices with different names) and thimble plug devices (TPD) (including 
orifice rod assemblies, guide tube plugs, and similarly designed devices with different names) [ j are an integral, yet removable, part of a large portion of PWR fuel. The TPDs are not used in all 
assemblies in a reactor core but are reused from cycle to cycle. Therefore, these devices can 
achieve very high burnups. In contrast, BPRAs are burned with a fuel assembly in core and are 
not reused. In fact, many BPRAs are removed after one or two cycles before the fuel assembly is 
discharged. Therefore, the achieved burnup for BPRAs is not significantly different than fuel 
assemblies.  

TPDs are made of stainless steel and contain a small amount of inconel. These devices extend 
down into the plenum region of the fuel assembly but do not extend into the active fuel region 
with the exception of the W 14x14 water displacement guide tube plugs. Since these devices are 
made of stainless steel, there is a significant amount of cobalt-60 produced during irradiation.  
This is the only significant radiation source from the activation of steel and inconel.  

BPRAs are made of stainless steel in the region above the active fuel zone and may contain a 
small amount of inconel in this region. Within the active fuel zone the BPRAs may contain 2-24 
rodlets which are burnable absorbers clad in either zircaloy or stainless steel. The stainless steel 
clad BPRAs create a significant radiation source (Co-60) while the zircaloy clad BPRAs create a 
negligible radiation source. Therefore the stainless steel clad BPRAs are bounding.  

SAS2H and ORIGEN-S were used to calculate a radiation source term for the TPDs and BPRAs.  
In the ORIGEN-S calculations the cobalt-59 impurity level was conservatively assumed to be 0.8 
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gm/kg for stainless steel and 4.7 gm/kg for inconel. These calculations were performed by 
irradiating the appropriate mass of steel and inconel using the flux calculated for the design 
basis B&W 15x15 fuel assembly. The mass of material in the regions above the active fuel zone 
was scaled by the appropriate scaling factors listed in Table 5.2.10 in order to account for the 
reduced flux levels above the fuel assembly. The total curies of cobalt were calculated for the 
TPDs and BPRAs as a function of burnup and cooling time. For burnups beyond 45,000 
MWD/MTU, it was assumed, for the purpose of the calculation, that the burned fuel assembly 
was replaced with a fresh fuel assembly every 45,000 MWDIMTU. This was achieved in 
ORIGEN-S by resetting the flux levels and cross sections to the 0 MWD/MTU condition after 
every 45,000 MWD/MTU.  

Since the HI-STORM 100 cask system is designed to store many varieties of PWR fuel, a 
bounding TPD and BPRA had to be determined for the purposes of the analysis. This was 
accomplished by analyzing all of the BPRAs and TPDs (Westinghouse and B&W 14x14 through 
17x17) found in references [5.2.5] and [5.2.7] to determine the TPD and BPRA which produced 
the highest Cobalt-60 source term and decay heat for a specific burnup and cooling time. The 
bounding TPD was determined to be the Westinghouse 1 7x1 7 guide tube plug and the bounding 
BPRA was actually determined by combining the higher masses of the Westinghouse 1 7x1 7 and 
15x15 BPRAs into a singly hypothetical BPRA. The masses of this TPD and BPRA are listed in 
Table 5.2.30. As mentioned above, reference [5.2.5] describes the Westinghouse 14x14 water 
displacement guide tube plug as having a steel portion which extends into the active fuel zone.  
This particular water displacement guide tube plug was analyzed and determined to be bounded 

Sby the design basis TPD and BPRA.  

Once the bounding BPRA and TPD were determined, the allowable Co-60 source from the BPRA 
and TPD were specified: 50 curies Co-60 for each TPD and 831 curies Co-60 for each BPRA.  
Table 5.2.31 shows the curies of Co-60 that were calculated for BPRAs and TPDs in each region 
of the fuel assembly (e.g. incore, plenum, top). An allowable burnup and cooling time, separate 
from the fuel assemblies, is used for BPRAs and TPDs. These burnup and cooling times assure 
that the Cobalt-60 activity remains below the allowable levels specified above. It should be noted 
that at very high burnups, greater than 200,000 MWD/MTU the TPD Co-60 source actually 
decreases as the burnup continues to increase. This is due to a decrease in the Cobalt-60 
production rate as the initial Cobalt-59 impurity is being depleted. Conservatively, a constant 
cooling time has been specified for burnups from 180,000 to 630,000 MWD/MTU for the TPDs.  

Section 5.4.6 discusses the increase in the cask dose rates due to the insertion of BPRAs or TPDs 
into fuel assemblies.  

5.2.4.2 CRAs and APSRs 

Control rod assemblies (CRAs) and axial power shaping rod assemblies (APSRs) are an integral 
portion of a PWR fuel assembly. These devices are utilized for many years ( upwards of 20 years) 
prior to discharge into the spent fuel pool. The manner in which the CRAs are utilized vary from 
plant to plant. Some utilities maintain the CRAs fully withdrawn during normal operation while 
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others may operate with a bank of rods partially inserted (approximately 10%) during normal 
operation. Even when fully withdrawn, the ends of the CRAs are present in the upper portion of 
the fuel assembly since they are never fully removed from the fuel assembly during operation. I 
The result of the different operating styles is a variation in the source term for the CRAs. In all 
cases, however, only the lower portion of the CRAs will be significantly activated. Therefore, 
when the CRAs are stored with the PWR fuel assembly, the activated portion of the CRAs will be 
in the lower portion of the cask CRAs are fabricated of various materials. The cladding is 
typically stainless steel, although inconel has been used. The absorber can be a single material 
or a combination of materials. AgInCd is possibly the most common absorber although B4C in 
aluminum is used, and hafnium has also been used. AgInCd produces a noticeable source term in 
the 0.3-1.0 MeV range due to the activation of Ag. The source term from the other absorbers is 
negligible, therefore the AgInCd CRAs are the bounding CRAs.  

APSRs are used to flatten the power distribution during normal operation and as a result these 
devices achieve a considerably higher activation than CRAs. There are two types of B&W 
stainless steel clad APSRs: gray and black. According to reference [5.2.5], the black APSRs 
have 36 inches of AginCd as the absorber while the gray ones use 63 inches of inconel as the 
absorber. Because of the cobalt-60 source from the activation of inconel, the gray APSRs 
produce a higher source term than the black APSRs and therefore are the bounding APSR.  

Since the level of activation of CRAs and APSRs can vary, the quantity that can be stored in an 
MPC is being limited to four CRAs and/or APSRs. These four devices are required to be stored 
in the inner four locations in the MPC-24, MPC-24E, MPC-24EF, and MPC-32 as outlined in 
Appendix B to the CoC.  

In order to determine the impact on the dose rates around the HI-STORM 100 System, source 
terms for the CRAs and APSRs were calculated using SAS2H and ORIGEN-S. In the ORIGEN-S 
calculations the cobalt-59 impurity level was conservatively assumed to be 0.8 gm/kg for 
stainless steel and 4.7 gm/kg for inconel. These calculations were performed by irradiating 1 kg 
of steel, inconel, and AgInCd using the flux calculated for the design basis B&W 15x15 fuel 
assembly. The total curies of cobalt for the steel and inconel and the 0.3-1.0 MeV source for the 
AgInCd were calculated as a function of burnup and cooling time to a maximum burnup of 
630,000 MWD/MTU. For burnups beyond 45,000 MWD/MTU, it was assumed, for the purpose 
of the calculation, that the burned fuel assembly was replaced with a fresh fuel assembly every 
45,000 MWD/MTU. This was achieved in ORIGEN-S by resetting the flux levels and cross 
sections to the 0 MWD/MTU condition after every 45,000 MWD/MTU. The sources were then 
scaled by the appropriate mass using the flux weighting factors for the different regions of the 
assembly to determine the final source term. Two different configurations were analyzed for both 
the CRAs and APSRs with an additional third configuration analyzed for the APSRs. The 
configurations, which are summarized below, are described in Tables 5.2.32 for the CRAs and 
Table 5.2.33 for the APSR. The masses of the materials listed in these tables were determined 
from a review of [5.2.5] with bounding values chosen. The masses listed in Tables 5.2.32 and 
5.2.33 do not match exact values from [5.2.5] because the values in the reference were adjusted 
to the lengths shown in the tables.  
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Configuration 1: CRA andAPSR 
This configuration had the lower 15 inches of the CRA and APSR activated at full flux with two regions above the 15 inches activated at a reduced power level. This simulates a CRA or APSR which was operated at 10% insertion. The regions above the 15 inches reflect the upper portion 
of the fuel assembly.  

Configuration 2: CRA and APSR 
This configuration represents a fully removed CRA or APSR during normal core operations. The activated portion corresponds to the upper portion of a fuel assembly above the active fuel length 
with the appropriate flux weighting factors used.  

Configuration 3: APSR 
This configuration represents a fully inserted gray APSR during normal core operations. The 
region in full flux was assumed to be the 63 inches of the absorber.  

Tables 5.2.34 and 5.2.35 present the source terms that were calculated for the CRAs and APSRs respectively. The only significant source from the activation of inconel or steel is Co-60 and the only significant source from the activation of AgInCd is from 0.3-1.0 MeV. The source terms for CRAs, Table 5.2.34, were calculated for a maximum burnup of 630,000 MWD/MTU and a minimum cooling time of 5 years. Because of the significant source term in APSRs that have seen extensive in-core operations, the source term in Table 5.2.35 was calculated to be a bounding source term for a variable burnup and cooling time as outlined in Appendix B to the CoC. The very larger Cobalt-60 activity in configuration 3 in Table 5.2.35 is due to the assumed Cobalt-59 impurity level of 4.7 gm/kg. If this impurity level were similar to the assumed value for steel, 0.8 
gm/kg, this source would decrease by approximately a factor of 5.8.  

Section 5.4.6 discusses the effect on dose rate of the insertion of APSRs and CRAs into the inner 
four fuel assemblies in the MPC-24 or MPC-32.  

5.2.5 Choice of Design Basis Assembly 

The analysis presented in this chapter was performed to bound the fuel assembly classes listed in Tables 2.1.1 and 2.1.2. In order to perform a bounding analysis, a design basis fuel assembly must be chosen. Therefore, a fuel assembly from each fuel class was analyzed and a comparison of the neutrons/sec, photons/sec, and thermal power (watts) was performed. The fuel assembly that produced the highest source for a specified burnup, cooling time, and enrichment was chosen as the design basis fuel assembly. A separate design basis assembly was chosen for the PWR 
MPCs (MPC-24 and MPC-32) and the BWR MPCs (MPC-68).  

5.2.5.1 PWR Design Basis Assembly 

Table 2.1.1 lists the PWR fuel assembly classes that were evaluated to determine the design basis PWR fuel assembly. Within each class, the fuel assembly with the highest U0 2 mass was HI-STORM TSAR 
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analyzed. Since the variations of fuel assemblies within a class are very minor (pellet diameter, 
clad thickness, etc.), it is conservative to choose the assembly with the highest U0 2 mass. For a 9 given class of assemblies, the one with the highest U0 2 mass will produce the highest radiation 
source because, for a given burnup (MWD/MTU) and enrichment, the highest U0 2 mass will 
have produced the most energy and therefore the most fission products.  

Table 5.2.25 presents the characteristics of the fuel assemblies analyzed to determine the design basis zircaloy clad PWR fuel assembly. The fuel assembly listed for each class is the assembly 
with the highest U0 2 mass. The St. Lucie and Ft. Calhoun classes are not present in Table 5.2.25.  
These assemblies are shorter versions of the CE 16x16 and CE 14x14 assembly classes, 
respectively. Therefore, these assemblies are bounded by the CE 16x16 and CE 14x14 classes 
and were not explicitly analyzed. Since the Indian Point 1, Haddam Neck, and San Onofre 1 
classes are stainless steel clad fuel, these classes were analyzed separately and are discussed 
below. All fuel assemblies in Table 5.2.25 were analyzed at the same burnup and cooling time.  
The initial enrichment used in the analysis is consistent with Table 5.2.24. The results of the 
comparison are provided in Table 5.2.27. These results indicate that the B&W 15x15 fuel 
assembly has the highest radiation source term of the zircaloy clad fuel assembly classes 
considered in Table 2.1.1. This fuel assembly also has the highest U0 2 mass (see Table 5.2.25) which confirms that, for a given initial enrichment, burmup, and cooling time, the assembly with 
the highest U0 2 mass produces the highest radiation source term.  

The Haddam Neck and San Onofre 1 classes are shorter stainless steel clad versions of the WE 
15x15 and WE 14x14 classes, respectively. Since these assemblies have stainless steel clad, they were analyzed separately as discussed in Section 5.2.3. Based on the results in Table 5.2.27, LJ.  
which show that the WE 15x15 assembly class has a higher source term than the WE 14x14 
assembly class, the Haddam Neck, WE 15x15, fuel assembly was analyzed as the bounding PWR stainless steel clad fuel assembly. The Indian Point I fuel assembly is a unique 14x14 design with 
a smaller mass of fuel and clad than the WE14x14. Therefore, it is also bounded by the WE 
15x15 stainless steel fuel assembly.  

5.2.5.2 BWR Design Basis Assembly 

Table 2.1.2 lists the BWR fuel assembly classes that were evaluated to determine the design basis 
BWR fuel assembly. Since there are minor differences between the array types in the GE BWR/2-3 and GE BWR/4-6 assembly classes, these assembly classes were not considered 
individually but rather as a single class. Within that class, the array types, 7x7, 8x8, 9x9, and 
10xl0 were analyzed to determine the bounding BWR fuel assembly. Since the Humboldt Bay 7x7 and Dresden 1 8x8 are smaller versions of the 7x7 and 8x8 assemblies they are bounded by the 7x7 and 8x8 assemblies in the GE BWR/2-3 and GE BWR/4-6 classes. Within each array 
type, the fuel assembly with the highest U0 2 mass was analyzed. Since the variations of fuel 
assemblies within an array type are very minor, it is conservative to choose the assembly with the highest U0 2 mass. For a given array type of assemblies, the one with the highest U0 2 mass will 
produce the highest radiation source because, for a given burmup (MWD/MTU) and enrichment, 
it will have produced the most energy and therefore the most fission products. The Humboldt 
HI-STORM TSAR Rev. 11 
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Bay 6x6, Dresden 1 6x6, and LaCrosse assembly classes were not considered in the determination of the bounding fuel assembly. However, these assemblies were analyzed 
explicitly as discussed below.  

Table 5.2.26 presents the characteristics of the fuel assemblies analyzed to determine the design basis zircaloy clad BWR fuel assembly. The fuel assembly listed for each array type is the assembly that has the highest U0 2 mass. All fuel assemblies in Table 5.2.26 were analyzed at the same burnup and cooling time. The initial enrichment used in these analyses is consistent with Table 5.2.24. The results of the comparison are provided in Table 5.2.28. These results indicate 
that the 7x7 fuel assembly has the highest radiation source term of the zircaloy clad fuel 
assembly classes considered in Table 2.1.2. This fuel assembly also has the highest U0 2 mass which confirms that, for a given initial enrichment, burnup, and cooling time, the assembly with 
the highest U0 2 mass produces the highest radiation source term. According to Reference [5.2.6], the last discharge of a 7x7 assembly was in 1985 and the maximum average bumup for a 7x7 during their operation was 29,000 MWD/MTU. This clearly indicates that the existing 7x7 
assemblies have an average burnup and minimum cooling time that is well within the burnup and cooling time limits in Technical Spe.ification Table 2.1 4, Appendix .12.AAppendix B to the 
CoC. Therefore, the 7x7 assembly has never reached the burnup level analyzed in this chapter.  However, in the interest of conservatism the 7x7 was chosen as the bounding fuel assembly array 
type.  

Since the LaCrosse fuel assembly type is a stainless steel clad 10xl0 assembly it was analyzed 
Sseparately. The maximum bumup and minimum cooling time for this assembly are limited to 22,500 MWD/MTU and 10-year cooling as specified in Technia•l Speifiatione Tabl 2.1 ,Tb Appendix 12.AAppendix B to the CoC. This assembly type is discussed further in Section 5.2.3.  

The Humboldt Bay 6x6 and Dresden 1 6x6 fuel are older and shorter fuel than the other array types analyzed and therefore are considered separately. The Dresden 1 6x6 was chosen as the design basis fuel assembly for the Humboldt Bay 6x6 and Dresden 1 6x6 fuel assembly classes 
because it has the higher U0 2 mass. Dresden 1 also contains a few 6x6 MOX fuel assemblies, 
which were explicitly analyzed as well.  

Reference [5.2.6] indicates that the Dresden 1 6x6 fuel assembly has a higher U0 2 mass than the Dresden 1 8x8 or the Humboldt Bay fuel (6x6 and 7x7). Therefore, the Dresden 1 6x6 fuel 
assembly was also chosen as the bounding assembly for damaged fuel and fuel debris for the 
Humboldt Bay and Dresden 1 fuel assembly classes.  

Since the design basis damaged uael assembly and the design basis intact x6 fuel assembly can be intact or damagedared-iofAie, the analysis presented in Section 5.4.2 for the damaged 6x6 fuel assembly also demonstrates the acceptability of storing intact 6x6 fuel assemblies from the 
Dresden 1 and Humboldt Bay fuel assembly classes.  

HI-STORM TSAR Rev. 11 
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5.2.5.3 Decay Heat Loads 

Section 2.1.6 describes the calculation of the burnup versus cooling time Teehaieal 
Speeifiea•i . ... its in the CoC that is-are based on a maximum permissible decay heat per 
assembly. The decay heat values per assembly were calculated using the methodology described 
in Section 5.2. The design basis fuel assemblies, as described in Table 5.2.1, were used in the 
calculation of the burnup versus cooling time Techflical Spccifie,-,,;on*its in the CoC. The 
enrichments used in the calculation of the decay heats were consistent with Table 5.2.24. As 
demonstrated in Tables 5.2.27 and 5.2.28, the design basis fuel assembly produces a higher decay 
heat value than the other assembly types considered. This is due to the higher heavy metal mass 
in the design basis fuel assemblies. Conservatively, the Tec•hn-al Speiefic•ton,,ppendix B to 
the CoC limits the heavy metal mass to a value less than the design basis value utilized in this 
chapter. This provides additional assurance that the decay heat values are bounding values.  

As further demonstration that the decay heat values (calculated using the design basis fuel 
assemblies) are conservative, a comparison between these calculated decay heats and the decay 
heats reported in Reference [5.2.7] are presented in Table 5.2.29. This comparison is made for a 
burnup of 30,000 MWD/MTU and a cooling time of 5 years. The burnup was chosen based on 
the limited burnup data available in Reference [5.2.7].  

The heavy metal mass of the non-design basis fuel assembly classes in Appendix B of the 
Certificate of Compliance are limited to the masses used in Tables 5.2.25 and 5.2.26. No margin 
is applied between the allowable mass and the analyzed mass of heavy metal for the non-design 
basis fuel assemblies. This is acceptable because additional assurance that the decay heat values 
for the non-design basis fuel assemblies are bounding values is obtained by using the decay heat 
values for the design basis fuel assemblies to determine the acceptable storage criteria for all 
fuel assemblies. As mentioned above, Table 5.2.29 demonstrates the level of conservatism in 
applying the decay heat from the design basis fuel assembly to all fuel assemblies.  

As mentioned above, the fuel assembly burnup and cooling times in Appendix B to the CoC were 
calculated using the decay heat limits which are also stipulated in Appendix B to the CoC. The 
burnup and cooling times for the non-fuel hardware, in Appendix B to the CoC, were chosen 
based on the radiation source term calculations discussed previously. The fuel assembly burnup 
and cooling times were calculated without consideration for the decay heat from BPRAs, TPDs, 
CRAs, or APSRs. This is acceptable since the user of the HI-STORM 100 system is required to 
demonstrate compliance with the assembly decay heat limits in Appendix B to the CoC 
regardless of the heat source (assembly or non-fuel hardware) and the actual decay heat from 
the non-fuel hardware is expected to be minimal. In addition, the shielding analysis presented in 
this chapter conservatively calculates the dose rates using both the burnup and cooling times for 
the fuel assemblies and non-fuel hardware. Therefore, the safety of the HI-STORM 100 system is 
guaranteed through the bounding analysis in this chapter, represented by the burnup and 
cooling time limits in the CoC, and the bounding thermal analysis in Chapter 4, represented by 
the decay heat limits in the CoC.  
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5.2.6 Thoria Rod Canister

Dresden Unit 1 has a single DFC containing 18 thoria rods which have obtained a relatively low 
burnup, 16,000 MWD/MTU. These rods were removed from two 8x8 fuel assemblies which 
contained 9 rods each. The irradiation of thorium produces an isotope which is not commonly 
found in depleted uranium fuel. Th-232 when irradiated produces U-233. The U-233 can 
undergo an (n,2n) reaction which produces U-232. The U-232 decays to produce Tl-208 which 
produces a 2.6 MeV gamma during Beta decay. This results in a significant source in the 2.5-3.0 
MeV range which is not commonly present in depleted uranium fuel. Therefore, this single DFC 
container was analyzed to determine if it was bounded by the current shielding analysis.  

A radiation source term was calculated for the 18 thoria rods using SAS2H and ORIGEN-S for a 
burnup of 16,000 MWD/MTU and a cooling time of 18 years. Table 5.2.36 describes the 8x8 fuel 
assembly that contains the thoria rods. Table 5.2.37 and 5.2.38 show the gamma and neutron 
source terms, respectively, that were calculated for the 18 thoria rods in the thoria rod canister.  
Comparing these source terms to the design basis 6x6 source terms for Dresden Unit 1 fuel in 
Tables 5.2.7 and 5.2.18 clearly indicates that the design basis source terms bound the thoria 
rods source terms in all neutron groups and in all gamma groups except the 2.5-3.0 MeV group.  
As mentioned above, the thoria rods have a significant source in this energy range due to the 
decay of T1-208.  

Section 5.4.8 provides a further discussion of the thoria rod canister and its acceptability for 
'• storage in the HI-STORM 100 System.  

5.2.7 FuelAssemblv Neutron Sources 

Neutron sources are used in reactors during initial startup of reactor cores. There a different 
types of neutron sources (e.g. californium, americium-beryllium, plutonium-beryllium, antimony
beryllium). These neutron sources are typically inserted into the water rod of a fuel assembly 
and are usually removable.  

Dresden Unit 1 has a few antimony-beryllium neutron sources. These sources have, been 
analyzed in Section 5.4.7 to demonstrate that they are acceptable for storage in the HI-STORM 
100 System. Currently these are the only neutron source permitted for storage in the HI-STORM 
100 System.  

5.2.8 Stainless Steel Channels 

The LaCrosse nuclear plant used two types of channels for their BWR assemblies: stainless steel 
and zircaloy. Since the irradiation of zircaloy does not produce significant activation, there are 
no restrictions on the storage of these channels and they are not explicitly analyzed in this 
chapter. The stainless steel channels, however, can produce a significant amount of activation, 
predominantly from Co-60. LaCrosse has thirty-two stainless steel channels, a few of which, 
have been in the reactor core for, approximately, the lifetime of the plant. Therefore, the 
HI-STORM TSAR Rev. 11 
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activation of the stainless steel channels was conservatively calculated to demonstrate that they are acceptable for storage in the HI-STORM 100 system. For conservatism, the number of stainless steel channels in an MPC-68 is being limited to sixteen and Appendix B to the CoC 
requires that these channels be stored in the inner sixteen locations.  

The activation of a single stainless steel channel was calculated by simulating the irradiation of the channels with ORIGEN-S using the flux calculated from the LaCrosse fuel assembly. The 
mass of the steel channel in the active fuel zone (83 inches) was used in the analysis. For burnups beyond 22,500 MWD/MTU, it was assumed, for the purpose of the calculation, that the 
burned fuel assembly was replaced with a fresh fuel assembly every 22,500 MWD/MTU. This 
was achieved in ORIGEN-S by resetting the flux levels and cross sections to the 0 MWD/MTU 
condition after every 22,500 MWD/MTU.  

LaCrosse was commercially operated from November 1969 until it was shutdown in April 198Z Therefore, the shortest cooling time for the assemblies and the channels is 13 years. Assuming 
the plant operated continually from 11/69 until 4/87, approximately 1 Z5 years or 6388 days, the accumulated burnup for the channels would be 186,000 MWD/MTU (6388 days times 29.17 
MW/MTU from Table 5.2.3). Therefore, the cobalt activity calculated for a single stainless steel channel irradiated for 180,000 MWD/MTU was calculated to be 667 curies of Co-60 for 13 
years cooling. This is equivalent to a source of 4.94E+13 photons/sec in the energy range of 1.0
1.5 MeV 

In order to demonstrate that sixteen stainless steel channels are acceptable for storage in an MPC-68, a comparison of source terms is performed. Table 5.2.8 indicates that the source term 
for the LaCrosse design basis fuel assembly in the 1.0-1.5 MeV range is 6.34E+13 photons/sec for 10 years cooling, assuming a 144 inch active fuel length. This is equivalent to 4.31E+15 
photons/sec/cask At 13 years cooling, the fuel source term in that energy range decreases to 4.31E+13 photons/sec which is equivalent to 2.93E+15 photons/sec/cask If the source term from the stainless steel channels is scaled to 144 inches and added to the 13 year fuel source term the result is 4.30E+15 photons/sec/cask (2.93E+15 photons/sec/cask + 4.94E+13 
photons/sec/channel x 144 inch/83 inch x 16 channels/cask). This number is equivalent to the 10 year 4.31E+15 photons/sec/cask source calculated from Table 5.2.8 and used in the shielding analysis in this chapter. Therefore, it is concluded that the storage of 16 stainless steel channels 
in an MPC-68 is acceptable.  
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Table 5.2.1

DESCRIPTION OF DESIGN BASIS ,N'ACT-ZIRCALOY CLAD FUEL

PWR BWR 
Assembly type/class B&W 15x15 GE 7x7 

Active fuel length (in.) 144 144 
No. of fuel rods 208 49 
Rod pitch (in.) 0.568 0.738 
Cladding material Zircaloy-4 Zircaloy-2 
Rod diameter (in.) 0.428 0.570 
Cladding thickness (in.) 0.0230 0.0355 
Pellet diameter (in.) 0.3742 0.488 
Pellet material U0 2  U0 2 

Pellet density (gm/cc) 10.412 (95% of theoretical) 10.412 (95% of theoretical) 
Enrichment (w/o 235U) 3.6 3.2 
Bumup (MWD/MTU)t 52,500 (MPC-24) 4 7,500 (MPC-68) 

45,000 (MP-C--24MPC-32) ___ 

Cooling Time (years)t 5 (MPC-24 and 32) 5 (MPC-68) 

Specific power (MW/MTU) 40 30 
Weight of U0 2 (kg)tt 562.029 225.177 
Weight of U (kg)tt 495.485 198.516 

Notes: 
1. The B&W 15x15 is the design basis assembly for the following fuel assembly classes listed 

in Table 2.1.1: B&W 15x15, B&W 17x17, CE 14x14, CE 16x16, WE 14x14, WE 15x15, 
WE 17x17, St. Lucie, and Ft. Calhoun.  

2. The GE 7x7 is the design basis assembly for the following fuel assembly classes listed in 
Table 2.1.2: GE BWR/2-3, GE BWR/4-6, Humboldt Bay 7x7, and Dresden 1 8x8.  

Burnup and cooling time combinations conservatively bound the acceptable bumup and 
cooling times listed in Tre.hnial Speifiefaeon Table 2.14, Appendix 12.AAppendix B to 
the CoC.  
Derived from parameters in this table.  
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Table 5.2.1 (continued)

DESCRIPTION OF DESIGN BASIS 4QTACT-FUEL

rn1-a I 'JIIVI ff)1 -AK 
REPORT HI-951312

5.2-16

Rev. 11

PWR BWR 
No. of Water Rods 17 0 

Water Rod O.D. (in.) 0.53 N/A 
Water Rod Thickness (in.) 0.016 N/A 
Lower End Fitting (kg) 8.16 (steel) 4.8 (steel) 

1.3 (inconel) 

Gas Plenum Springs (kg) 0.48428 (inconel) 1.1 (steel) 
0.23748 (steel) 

Gas Plenum Spacer (kg) 0.82824 N/A 
Expansion Springs (kg) N/A 0.4 (steel) 
Upper End Fitting (kg) 9.28 (steel) 2.0 (steel) 

Handle (kg) N/A 0.5 (steel) 
Incore Grid Spacers (kg) 4.9 (inconel) 0.33 (inconel springs)

11�
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Table 5.2.2

DESCRIPTION OF DESIGN BASIS DAMAGED-GE 6x6 ZIRCALOY CLAD FUEL

I

Fuel type GE 6x6 

Active fuel length (in.) 110 

No. of fuel rods 36 

Rod pitch (in.) 0.694 

Cladding material Zircaloy-2 

Rod diameter (in.) 0.5645 

Cladding thickness (in.) 0.035 

Pellet diameter (in.) 0.494 

Pellet material U0 2 

Pellet density (gm/cc) 10.412 (95% of theoretical) 

Enrichment (w/o 35U) 2.24 

Burnup (MWD/MTU) 30,000 

Cooling Time (years) 18 

Specific power (MW/MTU) 16.5 

Weight of U0 2 (kg)t 129.5 

Weight of U (kg)t 114.2

Notes: 
1. The 6x6 is the design basis damaged fuel assembly for the Humboldt Bay (all array types) 

and the Dresden 1 (all array types) damaged fuel assembly classes. It is also the design basis 
fuel assembly for the intact Humboldt Bay 6x6 and Dresden 1 6x6 fuel assembly classes.  

2. This design basis damaged fuel assembly is also the design basis fuel assembly for fuel 
debris.  

t Derived from parameters in this table.  
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Table 5.2.3 

DESCRIPTION OF DESIGN BASIS IN'ACT-STAINLESS STEEL CLAD FUEL

Fuel type

Active fuel leng 

No. of fuel rods 

Rod pitch (in.) 

Cladding materi, 

Rod diameter (iy 
Cladding thickne 

Pellet diameter 

Pellet material 
Pellet density(g 

Enrichment (w/o 

Burnup (MWID/I 

Cooling Time (y• 

Specific power (• 

No. of Water Ro( 

Water Rod O.D.  

Water Rod Thick

th (in.)

I I

PWR

WE 15x15

144

BWR

Larse il

204 100 

0.563 0.565 
al 304SS 348H SS 

)0.422 0.396 
ess (in.) 0.0165 0.02 

_in.) 0.3825 0.35 

U02 U0 2 

m/cc) 10.412 (95% of theoretical) 10.412 (95% of theoretical) 
235U) 3.5 3.5

dTU) 
ears)' 

MW/f 

ds 

(in.) 
mness(

40,000 (MPC-24 and 32)

8 (MPC-24), 9 (MPC-32) 10 (MPC-68) 

MTU) 37.96 29.17 

21 0 

0.546 N/A 

0.017 N/A

19

Notes: 
1. The WE 15x15 is the design basis assembly for the following fuel assembly classes listed in 

Table 2.1.1: Indian Point 1, Haddam Neck, and San Onofre 1.  
2. The LaCrosse 10x10 is the design basis assembly for the following fuel assembly class listed 

in Table 2.1.2: LaCrosse.  

t Burnup and cooling time combinations are equivalent to or conservatively bound the limits in 
Appendix B to the CoC.  
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Table 5.2.4 

CALCULATED MPC-32 PWR FUEL GAMMA SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD FUEL 

FOR VARYING BURN-UPS AND COOLING TIMES 

Lower Upper 32,500 MWD/MTU 45,000 MWDIMTU 45,000 MWD/MTU 
Energy Energy 5 Year Cooling 5 Year Cooling 10 Year Cooling 
(MeV) (MeV) (MeVis) (Photonsis) (MeVis) (Photonsis) (MeVIs) (Photonsis) 
0.45 0.7 1.47E+15 2.56E+15 2.09E+15 3.63E+15 1.33E+15 2.32E+15 
0.7 1.0 4.49E+14 5.28E+14 7.06E+14 8.31E+14 1.62E+14 1.91E+14 
1.0 1.5 1.07E+14 8.53E+13 1.62E+14 1.30E+14 6.79E+13 5.43E+13 
1.5 2.0 7.51E+12 4.29E+12 9.97E+12 5.70E+12 3.35E+12 1.92E+12 
2.0 2.5 6.42E+12 2.86E+12 7.06E+12 3.14E+12 1.34E+11 5.97E+10 
2.5 3.0 2.38E+11 8.67E+10 2.89E+11 1.05E+11 1.02E+10 3.71E+09 

Total 2.04E+15 3.18E+15 2.97E+15 4.60E+15 1.57E+15 2.57E+15
.rTC '1L A ,. l.fT:.N" t.• ,L-.
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Table 5.2.5

CALCULATED MPC-24 PWR FUEL GAMMA SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD FUEL 

FOR VARYING BURNUPS AND COOLING TIMES

R-O Ti I al-93 

REPORT HI1-951312
5.2-20
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Lower Upper 42,500 MWD/MTU 52,500 MWD/MTU 57,500 MWD/MTU 
Energy Energy 5 Year Cooling 5 Year Cooling 12 Year Cooling 
(MeV) (MeV) (MeV/s) (Photons/s) (MeV/s) (Photons/s) (MeV/s) (Photons/s) 

0.45 0.7 1.97E+15 3.42E+15 2.47E+15 4.29E+15 1.55E+15 2.69E+15 
0.7 1.0 6.54E+14 7.70E+14 8.78E+14 1.03E+15 1.36E+14 1.61E+14 
1.0 1.5 1.51E+14 1.21E+14 1.99E+14 1.59E+14 7.44E+13 5.95E+13 

1.5 2.0 9.51E+12 5.43E+12 1.15E+13 6.56E+12 3.82E+12 2.18E+12 
2.0 2.5 6.97E+12 3.10E+12 7.29E+12 3.24E+12 4.16E+10 1.85E+10 
2.5 3.0 2.82E+11 1.03E+11 3.17E+11 1.15E+11 4.17E+09 1.52E+09 

Total 2.79E+15 4.32E+15 3.56E+15 5.49E+15 1.76E+15 2.91E+15
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Table 5.2.6

CALCULATED MPC-68 BWR FUEL GAMMA SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD FUEL 

FOR VARYING BURNUPS AND COOLING TIMES

m er ~fDx'cA
REPORT HI-951312
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Lower Upper 40,000 MWD/MTU 47,500 MWD/MTU 50,000 MWD/MTU 
Energy Energy 5 Year Cooling 5 Year Cooling 10 Year Cooling 
(MeV) (MeV) (MeV/s) (Photons/s) (MeV/s) (Photons/s) (MeV/s) (Photons/s) 

0.45 0.7 7.15E+14 1.24E+15 8.58E+14 1.49E+15 5.82E+14 1.01E+15 
0.7 1.0 2.25E+14 2.64E+14 2.85E+14 3.36E+14 6.82E+13 8.03E+13 
1.0 1.5 5.14E+13 4.11E+13 6.38E+13 5.10E+13 2.82E+13 2.25E+13 
1.5 2.0 3.18E+12 1.82E+12 3.69E+12 2.11E+12 1.38E+12 7.90E+11 
2.0 2.5 2.19E+12 9.75E+11 2.26E+12 1.OOE+12 4.57E+10 2.03E+10 
2.5 3.0 9.40E+10 3.42E+10 1.05E+11 3.82E+10 3.72E+09 1.35E+09 

Total 9.96E+14 1.55E+15 1.21E+15 1.88E+15 6.79E+14 1.12E+15
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Table 5.2.7 

CALCULATED MPC-68 AND P"9C 6F BWR FUEL GAMMA SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD DA-MAGGED-GE 6x6 FUEL

Lower 
Energy

Upper 
Energy

30,000 MWD/MTU 
18-Year Cooline

(MeV) (MeV) (MeV/s) (Photons/s) 

4.5e-01 7.0e-01 1.53e+14 2.65e+14 

7.0e-01 1.0 3.97e+12 4.67e+12 

1.0 1.5 3.67e+12 2.94e+12 

1.5 2.0 2.20e+11 1.26e+11 

2.0 2.5 1.35e+09 5.99e+08 

2.5 3.0 7.30e+07 2.66e+07 

Totals 1.61e+14 2.73e+14

�I f�
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Table 5.2.8 

CALCULATED BWR FUEL GAMMA SOURCE PER ASSEMBLY 
FOR STAINLESS STEEL CLAD FUEL 

Lower Upper 22,500 MWD/MTU 
Energy Energy 10-Year Cooling 

(MeV) (MeV) (MeV/s) (Photons/s) 

4.5e-01 7.0e-01 2.72e+14 4.74+14 

7.0e-01 1.0 1.97e+13 2.31e+13 

1.0 1.5 7.93e+13 6.34e+13 

1.5 2.0 4.52e+11 2.58e+11 

2.0 2.5 3.28e+10 1.46e+10 

2.5 3.0 1.69e+9 6.14e+8 

Totals 3.72e+14 5.61e+14

Note: These source terms were calculated for a 144-inch fuel length. The Teehncial Spccificatiznlimits 
in Chap-,f...2ppendix B to the CoC is-are based on the actual 83-inch active fuel length.
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Table 5.2.9 

CALCULATED PWR FUEL GAMMA SOURCE PER ASSEMBLY 
FOR STAINLESS STEEL CLAD FUEL

Lower Upper 40,000 MWD/MTU 40,000 MWDIMTU 

Energy Energy 8-Year Cooling 9-Year Cooling 

(MeV) (MeV) (MeV/s) (Photons/s) (MeVis) (Photonsis) 

4.5e-01 7.0e-01 1.37e+15 2.38e+15 1.28E+15 2.22E+15 

7.0e-01 1.0 2.47e+14 2.91e+14 1.86E+14 2.19E+14 

1.0 1.5 4.59e+14 3.67e+14 4.02E+14 3.21E+14 

1.5 2.0 3.99e+12 2.28e+12 3.46E+12 1.98E+12 

2.0 2.5 5.85e+11 2.60e+11 2.69E+11 1.20E+11 

2.5 3.0 3.44e+10 1.25e+10 1.77E+10 6.44E+09 

Totals 2.08e+15 3.04e+15 1.87E+15 2.76E+15 

Note: These source terms were calculated for a 144-inch fuel length. The Tzrhnicel Speciffi.atinlimits 
in Chapte.r-12ppendix B to the CoC is-are based on the actual 122-inch active fuel length.
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Table 5.2.10 

SCALING FACTORS USED IN CALCULATING THE 60Co SOURCE 

Region PWR BWR 

Handle N/A 0.05 
Upper End Fitting 0.1 0.1 

Gas Plenum Spacer 0.1 N/A 
Expansion Springs N/A 0.1 

Gas Plenum Springs 0.2 0.2 
Incore Grid Spacer 1.0 1.0 
Lower End Fitting 0.2 0.15

SHI-STORM TSAR Rev. 11 
REPORT HI-951312 
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Table 5.2.11 

CALCULATED MPC-32 60Co SOURCE PER ASSEMBLY FOR DESIGN BASIS 
ZIRCALOY CLAD FUEL 

AT DESIGN BASIS BURNIUP AND COOLING TIME 

Location 32,500 45,000 45,000 
MWD/MTU and MWD/MTU and MWD/MTU and 
5- Year Cooling 5- Year Cooling 10-Year Cooling 

(curies) (curies) (curies) 
Lower End Fitting 139.25 16706 86.46 

Gas Plenum Springs 10.62 12.75 6.60 
Gas Plenum Spacer 6.10 731 3.79 
Expansion Springs N/A N/A N/A 

Incore Grid Spacers 360.64 432.67 223.93 
Upper End Fitting 68.30 81.94 42.41 

Handle N/A N/A N/A 
q'PLI DLE fM-ft01MA f t ITt-T-TETtt•tt

N

HI-STORM TSAR 
REPORT HI-951312

5.2-26

Rev. 11

L I



Table 5.2.12

CALCULATED MPC-24 60Co SOURCE PER ASSEMBLY FOR DESIGN BASIS 
ZIRCALOY CLAD FUEL 

AT DESIGN BASIS BURNUP AND COOLING TIME

- - 1 1 1

Location

Lower End Fitting

42,500 
MWD/MTU and 
5-Year Cooling 

(curies)

163.47

52,500 
MWD/MTU and 
5-Year Cooling 

(curies)
-r 4-

183.3376.06 Gas Plenum Springs 12.47 13.99 5.80 
Gas Plenum Spacer 7.16 8.03 3.33 
Expansion Springs N/A N/A N/A 

Incore Grid Spacers 423.36 474.81 196.98 
Upper End Fitting 80.18 89.92 37.31 

Handle N/A N/A N/A

57,500 
MWD/MTU and 
12 Year Cooling 

(curies)

HI-STORM TSAR Rev. 11 
REPORT HI-951312 
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Table 5.2.13 

CALCULATED MPC-68 'Co SOURCE PER ASSEMBLY FOR DESIGN BASIS ..  
ZIRCALOY CLAD FUEL 

AT DESIGN BASIS BURNUP AND COOLING TIME

I i

HI-STORM TSAR 
REPORT HI-951312 Rev. 11

5.2-28

Location 40,000 47,500 50,000 
MWD/MTU and MWD/MTU and MWD/MTU and 
5-Year Cooling 5-Year Cooling 10 Year Cooling 

(curies) (curies) (curies) 
Lower End Fitting 63.49 71.35 36.00 

Gas Plenum Springs 19.40 21.80 11.00 
Gas Plenum Spacer N/A N/A N/A 
Expansion Springs 3.53 3.96 2.00 

Grid Spacer Springs 29.10 32.70 16.50 
Upper End Fitting 1764 19.82 10.00 

Handle 2.20 2.48 1.25

I 
I



Table 5.2.14

THIS TABLE INTENTIONALLY DELETED
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Table 5.2.15

CALCULATED MPC-32 PWR NEUTRON SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD FUEL 

FOR VARYING BURNUPS AND COOLING TIMES

HI-STORM TSAR 
REPORT HI-951312 

5.2-30

Lower Energy Upper Energy 32,500 45,000 45,000 
(MelV) (MelV) MWDIMTU MWD/MTU MWDIMTU 

5- Year Cooling 5-Year Cooling 10-Year 
(Neutrons/s) (Neutrons/s) Cooling 

(Neutrons/s) 
1.0e-01 4.0e-01 6.35E+06 1.63E+07 1.35E+07 
4.0e-01 9.0e-01 3.24E+07 8.33E+07 6.89E+07 
9.0e-01 1.4 2.98E+07 7.63E+07 6.31E+07 

1.4 1.85 2.20E+07 5.62E+07 4.66E+07 
1.85 3.0 3.90E+07 9.92E+07 8.25E+07 
3.0 6.43 3.52E+07 9.01E+07 7.46E+07 

6.43 20.0 3.11E+06 Z798E+06 6.60E+06 
Totals 1.68E+08 4.29E+08 3.56E+08 

TT T T T D ELET D'T'v
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Table 5.2.16 

CALCULATED MPC-24 PWR NEUTRON SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD FUEL 

FOR VARYING BURNUPS AND COOLING TIMES

Lower Energy 
(MeV)

1.0e-01 

4.0e-01 

9.0e-01 

1.4

3.0

6.43

1 T

Upper Energy 
(MeV)

4.0e-01 

9.0e-01 

1.4 

1.85

42,500 
MWD/MTU 

5-Year 
Cooling 

(Neutrons/s)
(Neutrons/s) I-

1.42E+07 

7.26E+07 

6.65E+07 
4. 90E+07
4.90E+07 I i

6.43

20.0

Totals

8.66E+07 

7.86E+07 

6.96E+06 

3.75E+08

52,500 
MWD/MTU 

5-Year 
Cooling 

(Neutrons/s
(Nuton/s

2.64E+07 

1.35E+08

1.24E+08 

9.09E+07 

1.60E+08 

1.46E+08 

1.29E+07 

6.95E+08

57,500 
MWD/MTU 

12-Year 
Cooling 

(Neutrons/s) 

2.52E+07 

1.29E+08

1.18E+08 

8.69E+07 

1.54E+08 

1.39E+08 

1.24E+07 

6.64E+08

HI-STORM TSAR Rev. 11 
REPORT HI-951312 
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Table 5.2.17

CALCULATED MPC-68 BWR NEUTRON SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD FUEL 

FOR VARYING BURNUPS AND COOLING TIMES

HI-STORM TSAR 
REPORT HI-951312

5.2-32

Lower Energy Upper Energy 40,000 47,500 50,000 
(MeV) (MeV) MWD/MTIU MWD/MTU MWD/MTU 

5-Year 5-Year 10-Year 
Cooling Cooling Cooling 

(Neutrons/s) (Neutrons/s) (Neutrons/s) 
1.0e-01 4.0e-01 5.03E+06 9.02E+06 7.43E+06 
4.0e-01 9.0e-01 2.57E+07 4.61E+07 3.80E+07 
9.0e-01 1.4 2.35E+07 4.22E+07 3.48E+07 

1.4 1.85 1.73E+07 3.11E+07 2.56E+07 
1.85 3.0 3.06E+07 5.47E+07 4.52E+07 
3.0 6.43 2.78E+07 4.98E+07 4.11E+07 

6.43 20.0 2.46E+06 4.42E+06 3.64E+06 

Totals 1.32E+08 2.37E+08 1.96E+08

Rev. 11
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Table 5.2.18 

CALCULATED MPC-68 ANT)D WC 68F BWR NEUTRON SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD DAMA4GED-GE 6x6 FUEL

HI-STORM TSAR 
REPORT HI-951312
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Lower Energy Upper Energy 30,000 MWD/MTU 
(MeV) (MeV) 18-Year Cooling 

(Neutrons/s) 

1.0e-01 4.0e-01 8.22e+5 

4.0e-01 9.0e-01 4.20e+6 

9.0e-01 1.4 3.87e+6 

1.4 1.85 2.88e+6 

1.85 3.0 5.18e+6 

3.0 6.43 4.61e+6 

6.43 20.0 4.02e+5 

Total 2.20e+7



Table 5.2.19 

CALCULATED BWR NEUTRON SOURCE PER ASSEMBLY I 
FOR STAINLESS STEEL CLAD FUEL

Note: These source terms were calculated for a 144-inch fuel length.-The Tchni:al Spe.ifi:.. .limits" it 
in Chapter -24Appendix B to the CoC is-are based on the actual 83-inch active fuel length. I

HI-STORM TSAR 
REPORT HI-951312 Rev. 11
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Lower Energy Upper Energy 22,500 MWD/MTU 
(MeV) (MeV) 10-Year Cooling 

(Neutrons/s) 

1.0e-01 4.0e-01 2.23e+5 

4.0e-01 9.0e-01 1.14e+6 

9.0e-01 1.4 1.07e+6 

1.4 1.85 8.20e+5 

1.85 3.0 1.56e+6 

3.0 6.43 1.30e+6 

6.43 20.0 1.08e+5 

Total 6.22e+6



Table 5.2.20

CALCULATED PWR NEUTRON SOURCE PER ASSEMBLY 
FOR STAINLESS STEEL CLAD FUEL

- I T I

Lower Energy 
(MeV)

1.0e-01 

4.0e-01 

9.0e-01 

1.4 

1.85 

3.0 

6.43

Upper Energy 
(MeV)

4.0e-01

40,000 MWD/MTU 
8-Year Cooling 

(Neutrons/s)

1.04e+7
I t +

9.0e-01 5.33e+7
I +

1.4
I i

1.85

4.89e+7

3.61e+7
3.48E+07 F I I

3.0

6.43

20.0

Totals

6.41e+7
t Ii

5.79e+7
I. I

5.11e+6
I - I.

2.76e+8

40,OOO MWD/MTU 
9- Year Cooling 

(Neutrons/s)

1.0JE+07

5.14E+07

4.71E+07

5.58E+07

4.92E+06

2.66E+08

Note: These source terms were calculated for a 144-inch fuel length. The Teehnieal Speeificeatnlimits 
in Chapter-12Appendix B to the CoC is-are based on the actual 122-inch active fuel length.
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Table 5.2.21 

DESCRIPTION OF DESIGN BASIS ZIRCALOY CLAD MIXED OXIDE FUEL L

t See Table 5.3.3 for detailed composition of PuUO 2 rods.

tt

LIT Q'rC~TLf ''C Al

Derived from parameters in this table.
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BWR

Fuel type GE 6x6 

Active fuel length (in.) 110 

No. of fuel rods 36 

Rod pitch (in.) 0.696 

Cladding material Zircaloy-2 

Rod diameter (in.) 0.5645 

Cladding thickness (in.) 0.036 

Pellet diameter (in.) 0.482 

Pellet material U0 2 and PuUO 2 

No. of U0 2 Rods 27 

No. of PuUO 2 rods 9 

Pellet density (gm/cc) 10.412 (95% of theoretical) 

Enrichment (w/o 2331J)* 2.24 (U0 2 rods) 
0.711 (PuUO 2 rods) 

Burnup (MWD/MTU) 30,000 

Cooling Time (years) 18 

Specific power (MW/MTU) 16.5 

Weight of U0 2 ,PuUO 2 (kg)t 123.3 

Weight of U,Pu (kg)tt 108.7



Table 5.2.22

CALCULATED MPC-68 AN.)..C 6F BWR FUEL GAMMA SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD MIXED OXIDE FUEL

HI-STORM TSAR 
REPORT HI-951312

5.2-37

Rev. 11

Lower Upper 30,000 MWD/MTU 
Energy Energy 18-Year Cooling 

(MeV) (MeV) (MeV/s) (Photons/s) 

4.5e-01 7.0e-01 1.45e+14 2.52e+14 

7.0e-01 1.0 3.87e+12 4.56e+12 

1.0 1.5 3.72e+12 2.98e+12 

1.5 2.0 2.18e+11 1.25e+11 

2.0 2.5 1.17e+9 5.22e+8 

2.5 3.0 9.25e+7 3.36e+7 

Totals 1.53e+14 2.60e+14



Table 5.2.23

CALCULATED MPC-68 AND_ •C,• 6F BWR NEUTRON SOURCE PER ASSEMBLY 
FOR DESIGN BASIS ZIRCALOY CLAD MIXED OXIDE FUEL

REPJORLTJ I -95!13•12 REPORT HI-95 1312 Rev. 11

5.2-38

<>

Lower Energy Upper Energy 30,000 MWD/MTU 
(MeV) (MeV) 18-Year Cooling 

(Neutrons/s) 

1.0e-01 4.0e-01 1.24e+6 

4.0e-01 9.0e-01 6.36e+6 

9.0e-01 1.4 5.88e+6 

1.4 1.85 4.43e+6 

1.85 3.0 8.12e+6 

3.0 6.43 7.06e+6 

6.43 20.0 6.07e+5 

Totals 3.37e+7

T QrVCD1IAN 'rrQ A T
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Table 5.2.24

INITIAL ENRICHMENTS USED IN THE SOURCE TERM CALCULATIONS

Burnup Range (MWD/MTU) Initial Enrichment (wt. % 23U)

BWR Fuel

20,000-25,000 2.1 

25,000-30,000 2.4 

30,000-35,000 2.6 

35,000-40,000 2.9 

40,000-45,000 3.0 

45,000-50,000 3.2 

50,000-55,000 3.6 

55,000-60,000 4.0 

60,000-65,000 4.4 

PWR Fuel 

20,000-25,000 2.3 

25,000-30,000 2.6 

30,000-35,000 2.9 

35,000-40,000 3.2 

40,000-45,000 3.4 

45,000-50,000 3.6 

50,000-55,000 3.9 

55,000-60,000 4.2 

60,000-65,000 4.5 

65,000-70,000 4.8

Note: The burnup ranges do not overlap. Therefore, 20,000-25,000 
MWD/MTU means 20,000-24,999.9 MWD/MTU, etc.
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Table 5.2.25

DESCRIPTION OF EVALUATED ... TAC. ZIRCALOY CLAD PWR FUEL

Assembly class WE 14x14 WE 15x15 WE 17x17 CE 14x14 CE 16x16 B&W B&W 
15x15 17x17 

Active fuel length 144 144 144 144 150 144 144 
(in.) 

No. of fuel rods 179 204 264 176 236 208 264 
Rod pitch (in.) 0.556 0.563 0.496 0.580 0.5063 0.568 0.502 
Cladding material Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 
Rod diameter (in.) 0.422 0.422 0.374 0.440 0.382 0.428 0.377 
Cladding thickness 0.0243 0.0245 0.0225 0.0280 0.0250 0.0230 0.0220 
(in.) 

Pellet diameter (in.) 0.3659 0.366 0.3225 0.377 0.3255 0.3742 0.3252 
Pellet material U0 2  U0 2  U0 2  U0 2  U0 2  U0 2  U0 2 

Pellet density 10.412 10.412 10.412 10.412 10.412 10.412 10.412 
(gm/cc) 
(95% of theoretical) 

Enrichment 3.4 3.4 3.4 3.4 3.4 3.4 3.4 
(wt.% 235U) 

Burnup 40,000 40,000 40,000 40,000 40,000 40,000 40,000 
(MWD/MTU) 

Cooling time (years) 5 5 5 5 5 5 5 
Specific power 40 40 40 40 40 40 40 
(MW/MTU) 

Weight of U0 2 (kg)t 462.451 527.327 529.848 482.706 502.609 562.029 538.757 
Weight of U (kg)t 407.697 464.891 467.114 425.554 443.100 495.485 474.968 
No. of Guide Tubes 17 21 25 5 5 17 25 
Guide Tube O.D. 0.539 0.546 0.474 1.115 0.98 0.53 0.564 
(in.) I_ _ 

Guide Tube 0.0170 0.0170 0.0160 0.0400 0.0400 0.0160 0.0175 
Thickness (in.) II

t Derived from parameters in this table.  
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Table 5.2.26

DESCRIPTION OF EVALUATED ,4'ACT-ZIRCALOY CLAD BWR FUEL

Array Type 7x7 8x8 9x9 1Oxl0 
Active fuel length (in.) 144 144 144 144 
No. of fuel rods 49 6364 74 92 
Rod pitch (in.) 0.738 0.640642 0.566 0.510 
Cladding material Zr-2 Zr-2 Zr-2 Zr-2 
Rod diameter (in.) 0.570 0.49-3484 0.440 0.404 
Cladding thickness (in.) 0.0355 0.034002725 0.0280 0.0260 
Pellet diameter (in.) 0.488 0.4464195 0.376 0.345 
Pellet material U0 2  U0 2  U0 2  U0 2 

Pellet density (gm/cc) 10.412 10.412 10.4445216 10.44-25216 
(960% of theoretical) (95%) (95%) (96%) (96%) 
Enrichment (wt.% 235U) 3.0 3.0 3.0 3.0 
Burnup (MWD/MTU) 40,000 40,000 40,000 40,000 
Cooling time (years) 5 5 5 5 
Specific power (MW/MTU) 30 30 30 30 
Weight of U0 2 (kg)t 225.177 240-.M5217.3 201.8"!204.0 244.307213.5 

36 06 31 
Weight of U (kg)t 198.516 !85.475191.6 !77.978179.8 446.28188.2 

03 52 49 
No. of Water Rods 0 4-0 2 2 
Water Rod O.D. (in.) n/a 049-3n/a 0.980 0.980 
Water Rod Thickness (in.) n/a 04):3 40n/a 0.0300 0.0300 

t Derived from parameters in this table.
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Table 5.2.27 

COMPARISON OF SOURCE TERMS FOR "INACT•ZIRCALOY CLAD PWR FUEL 
3.4 wt.% 235U - 40,000 MWD/MTU - 5 years cooling

Assembly class WE WE WE CE CE B&W B&W 
14x14 15x15 17x17 14x14 16x16 15x15 17417 

Neutrons/sec 2.29e+8 / 2.63e+8/ 2.62e+8 2.31e+8 2.34e+8 2.94e+8 2.64e+8 
2.28e+8 2.65e+8

Photons/sec 
(0.45-3.0 MeV)

Thermal power 
(watts)

3.28e+15/ 
3.32e+15

926.6/ 
934.9

3.74e+15/ 
3.79e+15

1056/ 
1068

3.76e+15 3.39e+15 3.54e+15 4.01e+15 3.82e+15

Note: 
The WE 14x14 and WE 15x15 have both zircaloy and stainless steel guide tubes. The first value 
presented is for the assembly with zircaloy guide tubes and the second value is for the assembly 
with stainless steel guide tubes.
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Table 5.2.28

COMPARISON OF SOURCE TERMS FOR ... ACTIZIRCALOY CLAD BWR FUEL 
3.0 wt.% 235U - 40,000 MWD/MTU - 5 years cooling

HI-STORM TSAR 
REPORT HI-951312

5.2-43

Rev. 11

Assembly class 7x7 8x8 9x9 1Oxt0 
Neutrons/sec 1.33e+8 1.-1-e22e+8 1.44-e13e+8 1.22e24e+8 
Photons/sec (0.45-3.0 MeV) 1.55e+15 1.44e49e+15 1.38e40e+15 1.46e47e+15 
Thermal power (watts) 435.5 401-M1 7.3 38-5-.3389.4 407-411.5

I



Table 5.2.29 

COMPARISON OF CALCULATED DECAY HEATS FOR DESIGN BASIS FUEL 
AND VALUES REPORTED IN THE 

DOE CHARACTERISTICS DATABASEt FOR 
30,000 MWD/MTU AND 5-YEAR COOLING

Fuel Assembly Class Decay Heat from the DOE Decay Heat from Design 
Database Basis Fuel 

(watts/assembly) (watts/assembly) 
PWR Fuel 

B&W 15x15 752.0 827.5 

B&W 17x17 732.9 827.5 
CE 16x16 653.7 827.5 
CE 14x14 601.3 827.5 

WE 17x17 742.5 827.5 

WE 15x15 762.2 827.5 

WE 14x14 649.6 827.5 

BWR Fuel 

7x7 310.9 315.7 
8x8 296.6 315.7 
9x9 275.0 315.7 

Notes: 

1. The PWR and BWR design basis fuels are the B&W 15x15 and the GE 7x7, respectively.  
2. The decay heat values from the database include contributions from in-core material 

(e.g. spacer grids).  
3. Information on the 10xlO was not available in the DOE database. However, based on the 

results in Table 5.2.28, the actual decay heat values from the 10x10 would be very similar to 
the values shown above for the 8x8.

t

T-QT r-D ?,x rc~ A nl

Reference [5.2.7].
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Table 5.2.30

DESCRIPTION OF DESIGN BASIS BURNABLE POISON ROD ASSEMBLY 
AND THIMBLE PLUG DEVICE 

Region BPRA TPD 
Upper End Fitting (kg of steel 2.62 2.3 
Upper End Fitting (kg of inconel) 0.42 0.42 
Gas Plenum Spacer (kg of steel) 0.77488 1.71008 
Gas Plenum Springs (kg of steel) 0.67512 1.48992 
In-core (kg of steel) 13.2 N/A 
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Table 5.2.31 

DESIGN BASIS COBALT-60 ACTIVITIES FOR BURNABLE POISON ROD 
ASSEMBLIES AND THIMBLE PLUG DEVICES 

Region BPRA TPD 
Upper End Fitting (curies Co-60) 30.4 25.21 
Gas Plenum Spacer (curies Co-60) 4.6 9.04 
Gas Plenum Springs (curies Co-60) 8.2 15.75 
In-core (curies Co-60) 787.8 N/A

I V
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Table 5.2.32

DESCRIPTION OF DESIGN BASIS CONTROL ROD ASSEMBLY 
CONFIGURATIONS FOR SOURCE TERM CALCULATIONS

Axial Dimensions Relative to Bottom of 
Active Fuel 

Start (in) I Finish (in) Length (in)

Flux 
Weighting 

Factor

Configuration I - 10% Inserted 
0.0 15.0 15.0 1.0 1.32 727 

15.0 18.8125 3.8125 0.2 0.34 1.85 
18.8125 28.25 9.4375 0.1 0.83 4.57 

Configuration 2 - Fully Removed

Mass of 
cladding 

(kg• In conel

Mass of 
absorber

0.0

3,81J25

3.8125 3.8125
0.2 0.34 I 1.85 I I I I

13.25 9.43 75
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Table 5.2.33

DESCRIPTION OF DESIGN BASIS AXIAL POWER SHAPING ROD 
CONFIGURATION S FOR SOURCE TERM CALCULATIONS

HI-STORM TSAR 
REPORT HI-951312
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Axial Dimensions Relative to Bottom of Flux Mass Mass of Active Fuel FuMasOfMaso 
Weighting cladding absorber 

Start (in) Finish (in) Length (in) Factor (kg Steel) (kg Inconel) 

Configuration 1 - 10% Inserted 

0.0 15.0 15.0 1.0 1.26 5.93 
15.0 18.8125 3.8125 0.2 0.32 1.51 

18.8125 28.25 9.4375 0.1 0.79 3.73 

Configuration 2 - Fully Removed 
0.0 3.8125 3.8125 0.2 0.32 1.51 

3.8125 13.25 9.4375 0.1 0.79 3.73 

Configuration 3 - Fully Inserted 
0.0 63.0 63.0 1.0 5.29 24.89

1.51 __ _ __ _

0.79 3.73 I ________________________ I ____________

Rev. 11

'<1*

I

63.0 66.8125 3.8125 0.2 0.32 1.51

66.8125 76.25 9.4375 3.730.1 1 0.79



Table 5.2.34

DESIGN BASIS SOURCE TERMS FOR CONTROL ROD 
ASSEMBLY CONFIG URA TIONS

Axial Dimensions Relative to Curies 
Bottom ofActive Fuel Photons/sec from AglnCd Co-60 

Start (in) Finish 0.3-0.45 0.45-0.7 0.7-1.0 from 
(in) Length (in) MeV MeV MeV Inconel 

Configuration 1 - 10% Inserted 

0.0 15.0 15.0 1.91e+14 1.78e+14 1.42e+14 1111.38 
15.0 18.8125 3.8125 9.71e+12 9.05e+12 7.20e+12 56.50 

18.8125 28.25 9.4375 1.20e+13 1.12e+13 8.92e+12 69.92 

Configuration 2 - Fully Removed 
0.0 3.8125 3.8125 9.71e+12 9.05e+12 7.20e+12 56.50 

3.8125 13.25 9.4375 1.20e+13 1.12e+13 8.92e+12 69.92 

TQ'TCrnDA[ mQ A D
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Table 5.2.35 

DESIGN BASIS SOURCE TERMS FROM AXIAL POWER 
SHAPING ROD CONFIGURATIONS

Axial Dimensions Relative to Bottom of 
Active Fuel

Start (in) F (n) I Length (in) Curies of Co-60

Configuration 1 - 10% Inserted

0.0 15.0 15.0 2682.57 
15.0 18.8125 3.8125 136.36 

18.8125 28.25 9.4375 168.78 

Configuration 2 - Fully Removed 

0.0 3.8125 3.8125 136.36 
3.8125 13.25 9.4375 168.78

Configuration 3 - Fully Inserted 

63.0 63.0 11266.80 

66.8125 3.8125 136.36 

76.25 9.4375 168.78
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Table 5.2.36

DESCRIPTION OF FUEL ASSEMBLY USED TO ANNAL YZE 
THORIA RODS IN THE THORIA ROD CANISTER

_ _ _ _-Vr

Fuel type 8x8 

Active fuel length (in.) 110.5 

No. of U02 fuel rods 55 

No. of U02/ThO 2 fuel rods 9 

Rod pitch (in.) 0.523 

Cladding material zircaloy 

Rod diameter (in.) 0.412 

Cladding thickness (in.) 0.025 

Pellet diameter (in.) 0.358 

Pellet material 98.2% ThO2 and 1.8% U02 
for U02/Th0 2 rods 

Pellet density (gm/cc) 10.412 

Enrichment (w/o 23'U) 93.5 in U0 2 for 

UO2/ThO 2 rods 

and 

1.8 for U02 rods 

Burnup (MWDIMTIHM) 16,000 

Cooling Time (years) 18 

Specific power (MWIMTIHM) 16.5 

Weight of THO and U02  121.46 
(kg)

t 

Weight of U (kg)t 92.29 

Weight of Th (kg)t 14.74

SDerived from parameters in this table.  
UT '1C~D1.( rc, A r
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Table 5.2.37 

CALCULATED FUEL GAMMA SOURCE FOR THORIA ROD 
CANISTER CONTAINING EIGHTEEN THORIA RODS

Lower Upper 16,000 MWD/MTIHM 
Energy Energy 18- Year Cooling 

(MeV) (MeV) (Me Vs) (Photons/s) 

4.5e-01 ZOe-01 3.07e+13 5.34e+13 

ZOe-01 1.0 5.79e+11 6.81e+11 

1.0 1.5 3.79e+11 3.03e+11 

1.5 2.0 4.25e+10 2.43e+10 

2.0 2.5 4.16e+8 1.85e+8 

2.5 3.0 2.31e+11 8.39e+10

Totals
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Table 5.2.38

CALCULATED FUEL NEUTRON SOURCE FOR THORIA ROD 
CANISTER CONTAINING EIGHTEEN THORIA RODS

Lower Energy Upper Energy 16,000 MWD/MTIHM 
(MeV) (Me V) 18- Year Cooling 

(Neutrons/s) 

1.0e-01 4.0e-01 5.65e+2 

4.0e-01 9.0e-01 3.19e+3 

9.0e-01 1.4 6.79e+3 

1.4 1.85 1.05e+4 

1.85 3.0 3.68e+4 

3.0 6.43 1.41e+4 

6.43 20.0 1.60e+2

Totals
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5.3 MODEL SPECIFICATIONS

"The shielding analysis of the HI-STORM 100 System was performed with MCNP-4A [5.1.1].  
MCNP is a Monte Carlo transport code that offers a full three-dimensional combinatorial 
geometry modeling capability including such complex surfaces as cones and tori. This means that 
no gross approximations were required to represent the HI-STORM 100 System, including the 
Ill-TRAC transfer casks, in the shielding analysis. A sample input file for MCNP is provided in 
Appendix 5.C.  

As discussed in Section 5.1.1, off-normal conditions do not have any implications for the 
shielding analysis. Therefore, the MCNP models and results developed for the normal conditions 
also represent the off-normal conditions. Section 5.1.2 discussed the accident conditions and 
stated that the only accident that would impact the shielding analysis would be a loss of the 
neutron shield (water) in the HI-TRAC. Therefore, the MCNP model of the normal HI-TRAC 
condition has the neutron shield in place while the accident condition replaces the neutron shield 
with void. Section 5.1.2 also mentioned that there is no credible accident scenario that would 
impact the HI-STORM shielding analysis. Therefore, models and results for the normal and 
accident conditions are identical for the HI-STORM overpack.  

5.3.1 Description of the Radial and Axial Shielding Configuration 

Chapter 1 provides the Design Drawings that describe the HI-STORM 100 System, including the 
HI-TRAC transfer casks. These drawings, using nominal dimensions, were used to create the 
MCNP models used in the radiation transport calculations. Figures 5.3.1 through 5.3.6 53-1 
5.3.3, 5.3.5, and-§ , 5 show cross sectional views of the HI-STORM 100 overpack and MPC as it 
was modeled in MCNP for each of the MPCs. These figuweFigures 5.3.1 through 5.3.3 were 
created with the MCNP two-dimensional plotter and are drawn to scale. The inlet and outlet 
vents were modeled explicitly, therefore, streaming through these components is accounted for in 
the calculations of the dose adjacent to the overpack and at 1 meter. Figure 5.3.7 shows a cross 
sectional view of the 125-ton HI-TRAC with the MPC-24 inside as it was modeled in MCNP.  
Since the fins and pocket trunnions were modeled explicitly, neutron streaming through these 
components is accounted for in the calculations of the dose adjacent to the overpack and 1 meter 
dose. In Section 5.4.1, the dose effect of localized streaming through these compartments is 
analyzed.  

Figure 5.3.10 shows a cross sectional view of the HI-STORM 100 overpack with the as-modeled 
thickness of the various materials. These dimensions are the same for the HI-STORM 100S 
overpack. Figures 5.3.11 and 5.3.18 are is-an-axial representations of the HI-STORM 100 and 
HI-STORM 100S overpacks, respectively, with the various as-modeled dimensions indicated.  

Figures 5.3.12 and 5.3.13 show axial cross-sectional views of the 100- and 125-ton HI-TRAC 
transfer casks, respectively, with the as-modeled dimensions and materials specified. Figures 
5.3.14 and 5.3.15 show fully labeled radial cross-sectional views of the 100- and 125-ton HI
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TRAC casks, respectively. Finally, Figures 5.3.16 and 5.3.17 show fully labeled diagrams of the 
transfer lids for the 100- and 125-ton HI-TRAC casks.  

To reduce the gamma dose around the inlet and outlet vents, stainless steel cross plates, 
designated gamma shield cross plates t (see Figures 5.3.11 and 5.3.1Q, have been installed inside 
all vents. The steel in these plates effectively attenuates the fuel and Co gammas that dominated 
the dose at these locations prior to their installation. The HI-STORM 100S offers optional gamma 
shield cross plates, detailed on the drawings in Chapter 1, which offer more plates in the ducts.  
These optional gamma shield cross plates could further reduce the dose rate at the vent opening 
by as much as a factor of two.  

Calculations were performed to determine the acceptability of homogenizing the fuel assembly 
versus explicit modeling. Based on these calculations it was concluded that it was acceptable to 
homogenize the fuel assembly without loss of accuracy. The width of the PWR and BWR 
homogenized fuel assembly is equal to 15 times the pitch and 7 times the pitch, respectively.  
Homogenization resulted in a noticeable decrease in run time.  

Several conservative approximations were made in modeling the MPC. The conservative 
approximations are listed below.  

1. The basket material in the top and bottom 0.9 inches where the MPC basket flow 
holes are located is not modeled. The length of the basket not modeled (0.9 
inches) was determined by calculating the equivalent area removed by the flow 
holes. This method of approximation is conservative because no material for the 
basket shielding is provided in the 0.9-inch area at the top and bottom of the MPC 
basket.  

2. The upper and lower fuel spacers are not modeled, as the fuel spacers are not 
needed on all fuel assembly types. However, most PWR fuel assemblies will have 
upper and lower fuel spacers. The fuel spacer length for the design basis fuel 
assembly type determines the positioning of the fuel assembly for the shielding 
analysis, but the fuel spacer materials are not modeled. This is conservative since 
it removes steel that would provide a small amount of additional shielding.  

3. For the MPC-32, MPC-24, and MPC-68, the MPC basket supports are not 
modeled. This is conservative since it removes steel that would provide a small 
increase in shielding. The aluminum heat conduction elements are also 
conservatively not modeled.  

t This design embodiment, formally referred to as "Duct Photon Attenuator," has been disclosed 
as an invention by Holtec International for consideration by the US Patent Office for issuance of a 
patent under U.S. law.  
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4. The MPC-24 basket is fabricated from 5/16 inch thick cell plates and 9/32 inch 
thick angles. It is conservatively assumed for modeling purposes that the structural portion of the MPC-24 basket is uniformly fabricated from 9/32 inch thick steel.  
The Boral and sheathing are modeled explicitly. This is conservative since it 
removes steel that would provide a small amount of additional shielding.  

5. In the modeling of the BWR fuel assemblies, the zircaloy flow channels were not 
represented. This was done because it cannot be guaranteed that all BWR fuel 
assemblies will have an associated flow channel when placed in the MPC. The 
flow channel does not contribute to the source, but does provide some small 
amount of shielding. However, no credit is taken for this additional shielding.  

6. In the MPC-24, 12 of the 24 Boral panels on the periphery have a reduced width.  
Conservatively, all Boral panels on the periphery were modeled with a reduced 
width of 5 inches.  

During this project several design changes occurred that affected the drawings, but did not significantly affect the MCNP models of the HI-STORM 100 and HI-TRAC. Therefore, the models do not exactly represent the drawings. The discrepancies between models and drawings 
are listed and discussed here.  

HI-TRAC Modeling Discrepancies 

1. The pocket trunnion on the 125-ton HI-TRAC was modeled as penetrating the 
lead. This is conservative for gamma dose rates as it reduces shielding thickness.  

2. The lifting blocks in the top lid of the 125-ton HI-TRAC were not modeled.  
Holtite-A was modeled instead. This is a small, localized item and will not impact 
the dose rates.  

3. The door side plates that are in the middle of the transfer lid of the 125-ton HI
TRAC are not modeled. This is acceptable because the dose location calculated on 
the bottom of the transfer lid is in the center.  

4. The outside diameter of the Holtite-A portion of the top lid of the 125-ton HI
TRAC was modeled as 4 inches larger than it is due to a recent design 
enhancement. This is acceptable because the peak dose rates on the top lid occur 
on the inner portions of the lid.  

5. The lifting trunnion blocks on both HI-TRACs were modeled as 8 inches in height 
(see Figure 5.3.12 and 5.3.13). Through a recent design enhancement, this 
dimension has increased to 10 inches. The effect of this change is to replace 2 
inches of lead by steel. This change does not impact the analysis presented in this 
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chapter since it is a very localized effect and the dose rates reported in that area 
are averaged over the circumference of the cask '[ 

6. The region of the water jacket cutout below both lifting trunnions on the 100-ton 
HI-TRAC (see Figures 5.3.12 and 5.3.13) has been extended circumferentialy by 
one water channel compared to the analysis. This is acceptable because the 
design enhancement does not increase the dose rate in that region, it simply 
increases the width of the region. Therefore, the dose rate calculated in that 
region and reported in Section 5.4.1 is still valid.  

HI-STORM Modeling Discrepancies 

1. The steel channels in the cavity between the MPC and overpack were not 
modeled. This is conservative since it removes steel that would provide a small 
amount of additional shielding.  

2. The bolt anchor blocks were not explicitly modeled. Concrete was used instead.  
These are small, localized items and will not impact the dose rates.  

5.3.1.1 Fuel Configuration 

As described earlier, the active fuel region is modeled as a homogenous zone. The end fittings 
and the plenum regions are also modeled as homogenous regions of steel. The masses of steel 
used in these regions are shown in Table 5.2.1. The axial description of the design basis fuel 
assemblies is provided in Table 5.3.1. Figures 5.3.8 and 5.3.9 graphically depict the location of 
the PWR and BWR fuel assemblies within the HI-STORM 100 System. The axial locations of 
the Boral, basket, inlet vents, and outlet vents are shown in these figures.  

5.3.1.2 Streaming Considerations 

The MCNP model of the HI-STORM overpack completely describes the inlet and outlet vents, 
thereby properly accounting for their streaming effect. The gamma shield cross plates located in 
the inlet and outlet vents, which effectively reduce the gamma dose in these locations, are 
modeled explicitly.  

The MCNP model of the HI-TRAC transfer cask describes the lifting trunnions, pocket 
trunnions, and the opening in the HI-TRAC top lid. The ribs through the HI-TRAC water jacket 
are also modeled. Streaming considerations through these trunnions and fins are discussed in 
Section 5.4.1.  

The design of the HI-STORM 100 System, as described in the Design Drawings in Chapter 1, 
has eliminated all other possible streaming paths. Therefore, the MCNP model does not represent 
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any additional streaming paths. A brief justification of this assumption is provided for each 
penetration.  

The lifting trunnions will remain installed in the HI-TRAC transfer cask. No credit is 
taken for any part of the trunnion that extends from the HI-TRAC body.  

The pocket trunnions of the HI-TRAC are modeled as solid blocks of steel. No credit is 
taken for any part of the pocket trunnion that extends beyond the water jacket.  

The threaded holes in the MPC lid are plugged with solid plugs during storage and, 
therefore, do not create a void in the MPC lid.  

The drain and vent ports in the MPC lid are designed to eliminate streaming paths. The 
holes in the vent and drain port cover plates are filled with a set screw and plug weld.  
The steel lost in the MPC lid at the port location is replaced with a block of steel 
approximately 6 inches thick located directly below the port opening and attached to the 
underside of the lid. This design feature is shown on the Design Drawings in Chapter 1.  
The MCNP model did not explicitly represent this arrangement but, rather, modeled the 
MPC lid as a solid plate.  

5.3.2 Regional Densities 

A Composition and densities of the various materials used in the HI-STORM 100 System and HI
TRAC shielding analyses are given in Tables 5.3.2 and 5.3.3. All of the materials and their actual 
geometries are represented in the MCNP model.  

The water density inside the MPC corresponds to the maximum allowable water temperature 
within the MPC. The water density in the water jacket corresponds to the maximum allowable 
temperature at the maximum allowable pressure. As mentioned, the HI-TRAC transfer cask is 
equipped with a water jacket providing radial neutron shielding. Demineralized water will be 
utilized in the water jacket. To ensure operability for low temperature conditions, ethylene 
glycol (25% in solution) may be added to reduce the freezing point for low temperature 
operations. Calculations were performed to determine the effect of the ethylene glycol on the 
shielding effectiveness of the radial neutron shield. Based on these calculations, it was 
concluded that the addition of ethylene glycol (25% in solution) does not reduce the shielding 
effectiveness of the radial neutron shield.  

Sections 4.4 and 4.5 demonstrate that all materials used in the HI-STORM and HI-TRAC remain 
below their design temperatures as specified in Table 2.2.3 during all normal conditions.  
Therefore, the shielding analysis does not address changes in the material density or composition 
as a result of temperature changes.  
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Chapter 11 discusses the effect of the various accident conditions on the temperatures of the shielding materials and the resultant impact on their shielding effectiveness. As stated in Section 5.1.2, there is only one accident that has any significant impact on the shielding configuration.  
This accident is the loss of the neutron shield (water) in the HI-TRAC as a result of fire or other damage. The change in the neutron shield was conservatively analyzed by assuming that the 
entire volume of the liquid neutron shield was replaced by void.

'17Th

HI-STORM TSAR Rev. 11 
REPORT HI-951312 

5.3-6



Outer Shell

FIGURE 5.3.1; HI-STORM 100 OVERPACK WITH MPC-32 CROSS SECTIONAL 
VIEW AS MODELLED IN MCNPt

t This figure is drawn to scale using the MCNP plotter.  
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I K Basket 0.28125 in (0.71438 cm)

in

FIGURE 5.3.4; CROSS SECTIONAL VIEW OF AN MPC-32 BASKET CELL 
AS MODELED IN MCNP
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5.4 SHIELDING EVALUATION

The MCNP-4A code was used for all of the shielding analyses [5.1.1]. MCNP is a continuous 
energy, three-dimensional, coupled neutron-photon-electron Monte Carlo transport code.  
Continuous energy cross section data are represented with sufficient energy points to permit 
linear-linear interpolation between points. The individual cross section libraries used for each 
nuclide are those recommended by the MCNP manual. All of these data are based on ENDF/B-V 
data. MCNP has been extensively benchmarked against experimental data by the large user 
community. References [5.4.2], [5.4.3], and [5.4.4] are three examples of the benchmarking that 
has been performed.  

The energy distribution of the source term, as described earlier, is used explicitly in the MCNP 
model. A different MCNP calculation is performed for each of the three source terms (neutron, 
decay gamma, and 60Co). The axial distribution of the fuel source term is described in Table 
2.1.11 and Figures 2.1.3 and 2.1.4. The PWR and BWR axial burnup distributions were obtained 
from References [5.4.5] and [5.4.6], respectively. These axial distributions were obtained from 
operating plants and are representative of PWR and BWR fuel with burnups greater than 30,000 
MWD/MTU. The 60Co source in the hardware was assumed to be uniformly distributed over the 
appropriate regions.  

It has been shown that the neutron source strength varies as the burnup level raised by the power 
of 4.2. Since this relationship is non-linear and since the burnup in the axial center of a fuel 
assembly is greater than the average burnup, the neutron source strength in the axial center of the assembly is greater than the relative burnup times the average neutron source strength. In order to account for this effect, the neutron source strength in each of the 10 axial nodes listed in Table 2.1.11 was determined by multiplying the average source strength by the relative burnup level 
raised to the power of 4.2. The peak relative burnups listed in Table 2.1.11 for the PWR and BWR fuels are 1.105 and 1.195 respectively. Using the power of 4.2 relationship results in a 
37.6% (1.1054-2/1.105) and 76.8% (1.1954.2/1.195) increase in the neutron source strength in the peak nodes for the PWR and BWR fuel respectively. The total neutron source strength increases 
by 15.6% for the PWR fuel assemblies and 36.9% for the BWR fuel assemblies.  

MCNP was used to calculate doses at the various desired locations. MCNP calculates neutron or 
photon flux and these values can be converted into dose by the use of dose response functions.  
This is done internally in MCNP and the dose response functions are listed in the input file in 
Appendix 5.C. The response functions used in these calculations are listed in Table 5.4.1 and 
were taken from ANSI/ANS 6.1.1, 1977 [5.4.1].  

The HI-STORM shielding analysis was performed for conservative burnup and cooling time combinations which bound the uniform and regionalized loading specifications for zircaloy clad 
fuel specified in Appendix B to the CoC. Therefore, the HI-STORM shielding analysis presented in this chapter is conservatively bounding for the MPC-24, MPC-32, and MPC-68. Teehf&ea 
Speeificationt Table 2.141, Appendix N2A, r-equir-es that, int the NO 24, for- a minfimulm coolinig 
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tiTe of 5- r t aximum burnup is 31,300 'WD-fTU, and for- 15 year ooling the 
maxmumburnup is 114,700 MWWDMTU. Since the burnlup and cooling times anayzed for- the

f" P%+w Mt i oer-Pae1 with the MiPG 21 were 15,000 N I and .5 year J ooling, the shielding analysis presented is conservatively bounding for the XPG 21 in HI9 STORM.

"lTeehmeal Speei fiation Tal2.1- 14, Appendix 12A-, requirs tha, in the WG 68, for a 
mlinimum ooling time of 5 yea&, the maimum burnu is 29,900 . ...D.TU, and fo. 15 year 
cooling the maximum burnup is 11,700 IvIWD/MTIUI. Since the burnup and cooling times
analyzed for- the HI STORM evefpaek with the MPG 68 were 145,000 MWSPARTU and 5 yea 
cooling, the shielding analysis presented is eonsefvatively bounding for- the MPC 68 in MI 
STORM-

Tables 5.1.12 afd--through 5.1.3 provide the maximum dose rates adjacent to the HI-STORM 
overpack during normal conditions for each of the MPCs. Tables 5.1.45 and-through 5.1.6 provide the maximum dose rates at one meter from the overpack. A detailed discussion of the normal, off-normal, and accident condition dose rates is provided in Sections 5.1.1 and 5.1.2.  

Tables 5.1.7 and 5.1.8 provide dose rates for the 100-ton and 125-ton HI-TRAC transfer casks, 
respectively, with the MPC-24 loaded with design basis fuel in the normal condition, in which the MPC is dry and the HI-TRAC water jacket is filled with water. Table 5.4.2 shows the corresponding dose rates adjacent to and one meter away from the 100-ton HI-TRAC for the fully flooded MPC condition with an empty water-jacket (condition in which the HI-TRAC is removed from the spent fuel pool). Table 5.4.3 shows the dose rates adjacent to and one meter away from the 100-ton HI-TRAC for the fully flooded MPC condition with the water jacket t! filled with water (condition in which welding operations are performed). Dose locations 4 and 5, which are on the top and bottom of the HI-TRAC were not calculated at the one-meter distance for these configurations. For the conditions involving a fully flooded MPC, the internal water level was 10 inches below the MPC lid. These dose rates represent the various conditions of the 

HI-TRAC during operations. Comparing these results to Tables 5.1.7 and-54.-.indicates that the dose rates in the upper and lower portions of the HI-TRAC are reduced by about 50% with the water in the MPC. The dose at the center of the HI-TRAC is reduced by approximately 50% 
when there is also water in the water jacket and is essentially unchanged when there is no water in the water jacket as compared to the normal condition results shown in Tables 5.1.7-and-548.1.  

The burnup and cooling time combination of-5,00042,500 MWD/MTU and 5 years was selected for the 100-ton MPC-24 HI-TRAC analysis because this combination of burnup and cooling time results in the highest dose rates, and therefore, bounds all other requested combinations in the 100-ton HI-TRAC. For comparison, dose rates corresponding to a burnup of 4500052,500 
MWD/MTU and 910 year cooling time for the MPC-24 are provided in Table 5.4.4. The dose rate at 1 meter from the pool lid was not calculated because a concrete floor was placed 6 inches 
below the pool lid to account for potential ground scattering. These results clearly indicate that as 
the burnup and cooling time increase, the reduction in the gamma dose rate due to the increased 
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cooling time results in a net decrease in the total dose rate. This result is due to the fact that the 
dose rates surrounding the 100-ton HI-TRAC transfer cask are gamma dominated.  

In contrast, the dose rates surrounding the 125-ton HI-TRAC transfer cask have significantly 
higher neutron component. Therefore, the dose rates at 4-5,00057,500 MWD/MTU burnup and 9 
12 year cooling are slightly higher than the dose rates at 3500042,500 MWD/MTU burnup and 5 
year cooling. The dose rates for the 125-ton HI-TRAC with the MPC-24 at 45&O957,500 
MWD/MTU and 912 year cooling are listed in Tables 5 4..7-and-5.1.8 of Section 5.1. For 
comparison, dose rates corresponding to a bumup of 354,O042,500 MWD/MTU and 5 year 
cooling time for the MPC-24 are provided in Table 5.4.5.  

Tables 5.4.9 and 5.4.10 provided dose rates adjacent to and one meter away from the 100-ton HI
TRAC with the MPC-68 at burnup and cooling time combinations of 30,00040,000 MWD/MTU 
and 5 years and 45-;"50,000 MWD/MTU and 1-2-10 years, respectively. The dose rate at 1 
meter from the pool lid was not calculated because a concrete floor was placed 6 inches below 
the pool lid to account for potential ground scattering. These results demonstrate that the dose 
rates on contact at the top and bottom of the 100-ton HI-TRAC are somewhat higher in the MPC
68 case than in the MPC-24 case. However, the MPC-24 produces higher dose rates than the 
MPC-68 at the center of the HI-TRAC, on-contact, and at locations 1 to 2 feet away from the HI
TRAC. Therefore, the MPC-24 is still used for the exposure calculations in Chapter 10 of the 
TSAR.  

Tables 5.4.11 and 5.4.12 provide dose rates adjacent to and one meter away from the 100-ton 
HI-TRAC with the MPC-32 at burnup and cooling time combinations of 32,500 MWD/MTU and 
5 years and 45,000 MWDIMTU and 10 years, respectively. The dose rate at 1 meter from the 
pool lid was not calculated because a concrete floor was placed 6 inches below the pool lid to 
account for potential ground scattering. These results demonstrate that the dose rates on contact 
at the top and bottom of the 100-ton HI-TRAC are somewhat higher in the MPC-32 case than in 
the MPC-24 case. However, the MPC-24 produces comparable or higher dose rates than the 
MPC-32 at the center of the HI-TRAC, on-contact, and at locations I to 2 feet away from the HI
TRAC. Therefore, the MPC-24 is still used for the exposure calculations in Chapter 10 of the 
TSAR.  

As mentioned in Section 5.0, all MPCs offer a regionalized loading pattern as described in 
Appendix B to the CoC. This loading pattern authorizes fuel of higher decay heat than uniform 
loading (i.e. higher burnups and shorter cooling times) to be stored in the center region, region 
1, of the MPC. The outer region, region 2, of the MPC in regionalized loading is authorized to 
store fuel of lower decay heat than uniform loading (i.e. lower burnups and longer cooling 
times). From a shielding perspective, the older fuel on the outside provides shielding for the 
inner fuel in the radial direction. Regionalized patterns were specifically analyzed in each MPC 
in the 100-ton HI-TRAC. Based on analysis using the same burnup and cooling times in region 1 
and 2 the following percentages were calculated for dose location 2 on the 100-ton HI-TRAC.  
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"* Approximately 21%, 27%, and 8% of the neutron dose at the edge of the water jacket comes from region 1 fuel assemblies in the MPC-32, MPC-68, and MPC-24 
respectively. Region 1 contains 12 (38% of total), 32 (47% of total), and 4 (17% of 
total) assemblies in the MPC-32, MPC-68, and MPC-24 respectively.  

"* Approximately 1%, 2%, and 0.2% of the photon dose at the edge of the water jacket comes from region 1 fuel assemblies in the MPC-32, MPC-68, and MPC-24 
respectively.  

These results clearly indicate that the outer fuel assemblies shield almost all of the gamma source from the inner assemblies in the radial direction and a significant percentage of the neutron source. The conclusion from this analysis is that the total dose rate on the external radial surfaces of the cask can be greatly reduced by placing longer cooled and lower burnup fuels on the outside of the basket. In the axial direction, regionalized loading results in higher dose rates in the center portion of the cask since the region 2 assemblies are not shielding the 
region I assemblies for axial dose locations.  

All burnup and cooling time combinations for regionalized loading were analyzed and compared to the dose rates from uniform loading patterns. It was concluded that, in general, the radial dose rates from regionalized loading are bounded by the radial dose rates from uniform loading patterns. Therefore, dose rates for specific regionalized loading patterns are not presented in this chapter. In the axial direction, the reverse may be true since the inner fuel assemblies in a regionalized loading pattern have a higher burnup than the assemblies in the uniform loading patterns. However, as depicted in the graphical data in Section-5.1.1, the dose rate along the pool or transfer lids decrease substantially moving radially outward from the center of the lid.  Therefore, this increase in the dose rate in the center of the lids due to regionalized loading does not significantly impact the occupational exposure. Section 5.4.9 provides additional discussion 
on regionalized loading dose rates compared to uniform loading dose rates.  

Unless otherwise stated all tables containing dose rates for design basis fuel refer to design basis 
intact zircaloy clad fuel.  

Since MCNP is a statistical code, there is an uncertainty associated with the calculated values. In MCNP the uncertainty is expressed as the relative error which is defined as the standard deviation of the mean divided by the mean. Therefore, the standard deviation is represented as a percentage of the mean. The relative error for the total dose rates presented in this chapter were typically less than 5% and the relative error for the individual dose components was typically less 
than 10%.  

5.4.1 Streaming Through Radial Steel Fins and Pocket Trunnions and Azimuthal Variations 

The HI-STORM 100 overpack and the HI-TRAC utilize radial steel fins for structural support and cooling. The attenuation of neutrons through steel is substantially less than the attenuation of neutrons through concrete and water. Therefore, it is possible to have neutron streaming through 
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the fins that could result in a localized dose peak. The reverse is true for photons, which would 
result in a localized reduction in the photon dose. In addition to the fins, the pocket trunnions in 
the HI-TRAC are essentially blocks of steel that are approximately 12 inches wide and 12 inches 
high. The effect of the pocket trunnion on neutron streaming and photon transmission will be 
more substantial than the effect of a single fin.  

Since the HI-STAR 100 System utilizes fins and pocket trunnions similar to the HI-TRAC, the 
streaming analysis performed for HI-STAR 100 is applicable to this discussion. The reader is 
referred to the HI-STAR 100 applications under Docket Nos. 71-9261 and 72-1008 for the 
discussion on streaming.  

The general conclusion from the HI-STAR analysis was that a streaming effect through the fins 
does exist and is detectable on contact to the overpack's surface. However, at a distance of one
meter from the surface, the streaming is no longer detectable. Streaming through pocket 
trunnions is more noticeable; however, the increase in dose is only a factor of 1.3 at contact and 
also is not significant at one-meter distance.  

These conclusions indicate that the results presented in this section are unaffected by streaming 
through the fins or pocket trunniins.  

Below each lifting trunnion, there is a localized area where the water jacket has been reduced in 
height by 4.125 inches to accommodate the lift yoke (see Figures 5.3.12 and 5.3.13). This area 
experiences a significantly higher than average dose rate on contact of the HI-TRAC. The peak 

A. dose in this location is 2.0 Rem/hr for the MPC-32, 411.9 Rem/hr for the MPC-68 and 441.8 
Rem/hr for the MPC-24 in the 100-ton HI-TRAC and 300-516 mrem/hr for the MPC-24 in the 
125-ton HI-TRAC. At a distance of 1 to 2 feet from the edge of the HI-TRAC the localized effect 
is greatly reduced. This dose rate is acceptable because during lifting operations the lift yoke will 
be in place, which, due to the additional lift yoke steel (-3 inches), will greatly reduce the dose 
rate. However, more importantly, people will be prohibited from being in the vicinity of the 
lifting trunnions during lifting operations as a standard rigging practice. In addition the lift yoke 
is remote in its attachment and detachment, further minimizing personnel exposure. Immediately 
following the detachment of the lift yoke, in preparation for closure operations, temporary 
shielding w4tl-may be placed in this area. Any temporary shielding (e.g., lead bricks, water tanks, 
lead blankets, steel plates, etc.) is sufficient to attenuate the localized hot spot. The operating 
procedure in Chapter 8 speeify-discusses the placement of temporary shielding in this area. For 
the 100-ton HI-TRAC, the mand-ate .optional temporary shielding ring will replace the water I 
that was lost from the axial reduction in the water jacket thereby eliminating the localized hot 
spot. When the HI-TRAC is in the horizontal position, during transport operations, it will (at a 
minimum) be positioned a few feet off the ground by the transport vehicle and therefore this 
location below the lifting trunnions will be positioned above people which will minimize the 
effect on personnel exposure. In addition, good operating practice will dictate that personnel 
remain at least a few feet away from the transport vehicle. During vertical transport of a loaded 
HI-TRAC, the localized hot spot will be even further from the operating personnel. Based on 
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these considerations, the conclusion is that this localized hot spot does not significantly impact 
the personnel exposure. I V 
5.4.2 Damaged Fuel Post-Accident Shielding Evaluation 

5.4.2.1 Dresden 1 and Humboldt Bay Damaged Fuel 

As discussed in Section 5.2.5.2, the analysis presented below, even though it is for damaged fuel, 
demonstrates the acceptability of storing intact Humboldt Bay 6x6 and intact Dresden 1 6x6 fuel 
assemblies.  

For the damaged fuel and fuel debris accident condition, it is conservatively assumed that the 
damaged fuel cladding ruptures and all the fuel pellets fall and collect at the bottom of the 
damaged fuel container. The inner dimension of the damaged fuel container, specified in the 
Design Drawings of Chapter 1, and the design basis damaged fuel and fuel debris assembly 
dimensions in Table 5.2.2 are used to calculate the axial height of the rubble in the damaged fuel 
container assuming 50% compaction. Neglecting the fuel pellet to cladding inner diameter gap, 
the volume of cladding and fuel pellets available for deposit is calculated assuming the fuel rods 
are solid. Using the volume in conjunction with the damaged fuel container, the axial height of 
rubble is calculated to be 80 inches.  

Dividing the total fuel gamma source for dama•ed-a 6x6 fuel assembly in Table 5.2.7 by the 80 
inch rubble height provides a gamma source per inch of 3.41E+12 photon/s. Dividing the total neutron source for a 6x6 fuel assembly in Table 5.2.18 by 80 inches provides a neutron [ source per inch of 2.75E+05 neutron/s. These values are both bounded by the BWR design basis 
fuel gamma source per inch and neutron source per inch values of 1.23E08E+13 photon/s and I.33E-969.17E+05 neutron/s, respectively. These BWR design basis values were calculated by 
dividing the total source strengths for 4540,000 MWD/MTU and 5 year cooling in Tables 5.2.6 
and 5.2.17 by the active fuel length of 144 inches. Therefore, the design bais-damaged Dresden 
1 and Humboldt Bay fuel assemblies are assembly is bounded by the design basis intact BWR 
fuel assembly for accident conditions. No explicit analysis of the damaged fuel dose rates from Dresden 1 or Humboldt Bay fuel assemblies are provided as they are bounded by the intact fuel 
analysis.  

5.4.2.2 Generic PWR and BWR Damaged Fuel 

The Holtec Generic PWR and BWR DFCs are designed to accommodate any PWR or BWR fuel 
assembly that can physically fit inside the DFC. Damaged fuel assemblies under normal 
conditions, for the most part, resemble intact fuel assemblies from a shielding perspective. Under 
accident conditions, it can not be guaranteed that the damaged fuel assembly will remain intact.  
As a result, the damaged fuel assembly may begin to resemble fuel debris in its possible 
configuration after an accident.  
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Since damaged fuel is identical to intact fuel from a shielding perspective no specific analysis is required for damaged fuel under normal conditions. However, a generic shielding evaluation was performed to demonstrate that fuel debris under normal or accident conditions, or damaged fuel in a post-accident configuration, will not result in a significant increase in the dose rates around the 100-ton HI-TRAC. Only the 100-ton HI-TRAC was analyzed because it can be concluded that if the dose rate change is not significant for the 100-ton HI-TRAC then the change will not be significant for the 125-ton HI-TRAC or the HI-STORM overpacks.  

Fuel debris or a damaged fuel assembly which has collapsed can have an average fuel density which is higher than the fuel density for an intact fuel assembly. If the damaged fuel assembly were to fully or partially collapse, the fuel density in one portion of the assembly would increase and the density in the other portion of the assembly would decrease. This scenario was analyzed with MCNP-4A in a conservative bounding fashion to determine the potential change in dose rate as a result of fuel debris or a damaged fuel assembly collapse. The analysis consisted of modeling the fuel assemblies in the damaged fuel locations in the MPC-24 (4 peripheral locations in the MPC-24E or MPC-24EF) and the MPC-68 (16 peripheral locations) with a fuel density that was twice the normalfuel density and correspondingly increasing the source rate for these locations by a factor of two. A flat axial power distribution was used which is approximately representative of the source distribution if the top half of an assembly collapsed into the bottom half of the assembly. Increasing the fuel density over the entire fuel length, rather than in the top half or bottom half of the fuel assembly, is conservative and provides the dose 
rate change in both the top and bottom portion of the cask 

Tables 5.4.13 and 5.4.14 provide the results for the MPC-24 and MPC-68, respectively. Only the radial dose rates are provided since the axial dose rates will not be significantly affected because the damaged fuel assemblies are located on the periphery of the baskets. A comparison of these results to the results in Tables 5.1.7 and 5.4.9 indicate that the dose rates in the top and bottom portion of the 100-ton HI-TRAC increase by less than 20% while the dose rate in the center of the HI-TRAC actually decreases a little bit. The increase in the bottom and top is due to the assumed flat power distribution. The dose rates shown in Tables 5.4.13 and 5.4.14 were averaged over the circumference of the cask Since almost all of the peripheral cells in the MPC68 are filled with DFCs, an azimuthal variation would not be expected for the MPC-68.  However, since there are only 4 DFCs in the MPC-24E, an azimuthal variation in dose due to the damaged fuel/fuel debris might be expected. Therefore, the dose rates were evaluated in four smaller regions, one outside each DFC, that encompass about 44% of the circumference. There was no significant change in the dose rate as a result of the localized dose calculation. These results indicate that the potential effect on the dose rate is not very significant for the storage of damaged fuel and/or fuel debris. This conclusion is further reinforced by the fact that the majority of the significantly damaged fuel assemblies in the spent fuel inventories are older assemblies from the earlier days of nuclear plant operations. Therefore, these assemblies will have a considerably lower burnup and longer cooling times than the assemblies analyzed in this 
chapter.  
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5.4.3 Site Boundary Evaluation I ; 
NUREG-1536 [5.2.1] states that detailed calculations need not be presented since SAR Chapter 
12 assigns ultimate compliance responsibilities to the site licensee. Therefore, this subsection 
describes, by example, the general methodology for performing site boundary dose calculations.  
The site-specific fuel characteristics, burnup, cooling time, and the site characteristics would be 
factored into the evaluation performed by the licensee.  

As an example of the methodology, the dose from a single HI-STORM overpack loaded with an 
MPC-24 and various arrays of loaded HI-STORMs at distances equal to and greater than 100 
meters were evaluated with MCNP. In the model, the casks were placed on an infinite slab of dirt 
to account for earth-shine effects. The atmosphere was represented by dry air at a uniform density 
corresponding to 20 degrees C. The height of air modeled was 700 meters. This is more than 
sufficient to properly account for skyshine effects. The models included either 500 or 1050 
meters of air around the cask. Based on the behavior of the dose rate as a function of distance, 
50 meters of air, beyond the detector locations, is sufficient to account for back-scattering.  
Therefore, the HI-STORM MCNP off-site dose models account for back scattering by including 
more than 50 meters of air beyond the detector locations for all cited dose rates. Since gamma 
back-scattering has an effect on the off-site dose, it is recommended that the site-specific 
evaluation under 10CFR72.212 include at least 50 to 100 meters of air, beyond the detector 
locations, in the calculational models.  

The MCNP calculations of the off-site dose used a two-stage process. In the first stage a binary IJ 
surface source file (MCNP terminology) containing particle track information was written for 
particles crossing the outer radial and top surfaces of the HI-STORM overpack. In the second 
stage of the calculation, this surface source file was used with the particle tracks originating on 
the outer edge of the overpack and the dose rate was calculated at the desired location (hundreds 
of meters away from the overpack). The results from this two-stage process are statistically the 
same as the results from a single calculation. However, the advantage of the two-stage process is 
that each stage can be optimized independently.  

The annual dose, assuming 100% occupancy (8760 hours), at 200 meters from one cask is 
presented in Table 5.4.6 for the design basis mfnalimum -bumup and minimum cooling times 
analyzed. This table indicates that the dose due to neutrons is -5-7 % of the total dose. This is an 
important observation because it implies that simplistic analytical methods such as point kernel 
techniques may not properly account for the neutron transmissions and could lead to low 
estimates of the site boundary dose.  

The annual dose, assuming 8760 hour occupancy, at distance from an array of casks was 
calculated in three steps.  
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1. The annual dose from the radiation leaving the side of the HI-STORM 100 overpack was 
calculated at the distance desired. Dose value = A.  

2. The annual dose from the radiation leaving the top of the HI-STORM 100 overpack was 
calculated at the distance desired. Dose value = B.  

3. The annual dose from the radiation leaving the side of a HI-STORM 100 overpack, when 
it is behind another cask, was calculated at the distance desired. The casks have an 
assumed 15-foot pitch. Dose value = C.  

The doses calculated in the steps above are listed in Table 5.4.7 for the bounding burnup and 
cooling time of 4500052,500 MWD/MTU and 5-year cooling. Using these values, the annual 
dose (at the center of the long side) from an arbitrary 2 by Z array of HI-STORM 100 overpacks 
can easily be calculated. The following formula describes the method.  

Z = number of casks along long side 

Dose = ZA + 2ZB + ZC 

As an example, the dose from a 2x3 array at 300 meters is presented.  

1. The annual dose from the side of a single cask: Dose A = 5.204.40 
2. The annual dose from the top of a single cask: Dose B = 6.574-.23e-2 
3. The annual dose from the side of a cask positioned behind another cask: 

Dose C = 1.040-.88 

Using the formula shown above (Z=3), the total dose at 300 meters from a 2x3 array of HI
STORM overpacks is 460919.11 mrem/year, assuming a 8760 hour occupancy.  

An important point to notice here is that the dose from the side of the back row of casks is 16 % 
of the total dose. This is a significant contribution and one that would probably not be accounted 
for properly by simpler methods of analysis.  

The results for various typical arrays of HI-STORM overpacks can be found in Section 5.1.  
While the off-site dose analyses were performed for typical arrays of casks containing design 
basis fuel, compliance with the requirements of 10CFR72.104(a) can only be demonstrated on a 
site-specific basis. Therefore, a site-specific evaluation of dose at the controlled area boundary 
must be performed for each ISFSI in accordance with 10CFR72.212. The site-specific evaluation 
will consider the site-specific characteristics (such as exposure duration and the number of casks 
deployed), dose from other portions of the facility and the specifics of the fuel being stored 
(burnup and cooling time).  
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5.4.4 Stainless Steel Clad Fuel Evaluation 

Table 5.4.8 presents the dose rates at the center of the HI-STORM 100 overpack, adjacent and at one meter distance, from the stainless steel clad fuel. These dose rates, when compared to Tables 5.1.2, 5.1.3,1 through 5.1.6, are similar to the dose rates from the design basis 
zircaloy clad fuel, indicating that these fuel assemblies are acceptable for storage.  

As described in Section 5.2.3, it would be incorrect to compare the total source strength from the stainless steel clad fuel assemblies to the source strength from the design basis zircaloy clad fuel 
assemblies since these assemblies do not have the same active fuel length and since there is a significant gamma source from Cobalt-60 activation in the stainless steel. Therefore it is necessary to calculate the dose rates from the stainless steel clad fuel and compare them to the 
dose rates from the zircaloy clad fuel. In calculating the dose rates, the source term for the stainless steel fuel was calculated with an artificial active fuel length of 144 inches to permit a simple comparison of dose rates from stainless steel clad fuel and zircaloy clad fuel at the center 
of the HI-STORM 100 overpack. Since the true active fuel length is shorter than 144 inches and 
since the end fitting masses of the stainless steel clad fuel are assumed to be identical to the end fitting masses of the zircaloy clad fuel, the dose rates at the other locations on the overpack are bounded by the dose rates from the design basis zircaloy clad fuel, and therefore, no additional 
dose rates are presented.  

5.4.5 Mixed Oxide Fuel Evaluation 

The source terms calculated for the Dresden 1 GE 6x6 MOX fuel assemblies can be compared to { the source terms for the BWR design basis zircaloy clad fuel assembly (GE 7x7) which demonstrates that the MOX fuel source terms are bounded by the design basis source terms and 
no additional shielding analysis is needed.  

Since the active fuel length of the MOX fuel assemblies is shorter than the active fuel length of the design basis fuel, the source terms must be compared on a per inch basis. Dividing the total fuel gamma source for the MOX fuel in Table 5.2.22 by the 110 inch active fuel height provides 
a gamma source per inch of 2.36e+12 photons/s. Dividing the total neutron source for the MOX fuel assemblies in Table 5.2.23 by 110 inches provides a neutron source strength per inch of 3.06e+5 neutrons/s. These values are both bounded by the BWR design basis fuel gamma source 
per inch and neutron source per inch values of 1.2-308e+13 photons/s and 1-.33e+69.17e+5 
neutrons/s. These BWR design basis values were calculated by dividing the total source strengths 
for 4540,000 MWD/MTU and 5 year cooling in Tables 5.2.6 and 5.2.17 by the active fuel length [ of 144 inches. This comparison shows that the MOX fuel source terms are bound by the design 
basis source terms. Therefore, no explicit analysis of dose rates is provided for MOX fuel.  

Since the MOX fuel assemblies are Dresden Unit 1 6x6 assemblies, they can also be considered 
as damaged fuel. Using the same methodology as described in Section 5.4.2.1, the source term for the MOX fuel is calculated on a per inch basis assuming a post accident rubble height of 80 
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inches. The resulting gamma and neutron source strengths are 3.25e+12 photons/s and 4.21e+5 
( neutrons/s. These values are also bounded by the design basis fuel gamma source per inch and 

neutron source per inch. Therefore, no explicit analysis of dose rates is provided for MOX fuel in 
a post accident configuration.  

5.4.6 Non-Fuel Hardware and Control Components 

As discussed in Section 5.2.4, non-fuel hardware in the form of BPRAs, TPDs, CRAs, and APSRs 
are permitted for storage, integral with a PWR fuel assembly, in the HI-STORM 100 System.  
Since each device occupies the same location within an assembly, only one device will be present 
in a given assembly. BPRAs and TPDs are authorized for unrestricted storage in an MPC while 
the CRAs and APSRs are restricted to the center four locations in the MPC-24, MPC-24E, MPC
24EF and MPC-32. The calculation of the source term and a description of the bounding fuel 
devices was provided in Section 5.2.4. The dose rate due to BPRAs and TPDs being stored in a 
fuel assembly was explicitly calculated. Table 5.4.15 provides the dose rates at various locations 
on the surface and one meter from the 100-ton HI-TRAC due to the BPRAs and TPDs for the 
MPC-24 and MPC-32. These results were added to the totals in the other table to provide the 
total dose rate with BPRAs. Table 5.4.15 indicates that the dose rates from BPRAs bound the 
dose rates from TPDs.  

As discussed in Section 5.2.4, two different configurations were analyzed for CRAs and three 
different configurations were analyzed for APSRs. The dose rate due to CRAs and APSRs being 
stored in the inner four fuel locations was explicitly calculated for dose locations around the 
10 0-ton HI-TRAC. Tables 5.4.16 and 5.4.17 provide the results for the different configurations of 
CRAs and APSRs, respectively, in the MPC-24 and MPC-32. These results indicate the dose rate 
on the radial surfaces of the overpack due to the storage of these devices is minimal and the dose 
rate out the top of the overpack is essentially 0. The latter is due to the fact that CRAs and 
APSRs do not achieve significant activation in the upper portion of the devices due to the manner 
in which they are utilized during normal reactor operations. In contrast, the dose rate out the 
bottom of the overpack is substantial due to these devices. However, as noted in Tables 5.4.16 
and 5.4.17, the dose rate at the edge of the transfer lid is almost negligible due to APSRs and 
CRAs. Therefore, even though the dose rates calculated (using a very conservative source term 
evaluation) are daunting, they do not pose a risk from an operations perspective because they 
are localized in nature. Section 5.1.1 provides additional discussion on the acceptability of the 
relatively high localized doses on the bottom of the HI-TRACs.  

5.4.7 Dresden Unit 1 Antimony-Beryllium Neutron Sources 

Dresden Unit 1 has antimony-beryllium neutron sources which are placed in the water rod 
location of their fuel assemblies. These sources are steel rods which contain a cylindrical 
antimony-beryllium source which is 77.25 inches in length. The steel rod is approximately 95 
inches in length. Information obtained from Dresden Unit 1 characterizes these sources in the 
following manner: "About one-quarter pound of beryllium will be employed as a special neutron 
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source material. The beryllium produces neutrons upon gamma irradiation. The gamma rays for the source at initial start-up will be provided by neutron-activated antimony (about 865 curies).  
The source strength is approximately 1E+8 neutrons/second." 

As stated above, beryllium produces neutrons through gamma irradiation and in this particular case antimony is used as the gamma source. The threshold gamma energy for producing neutrons from beryllium is 1.666 MeV. The outgoing neutron energy increases as the incident gamma energy increases. Sb-124, which decays by Beta decay with a half life of 60.2 days, produces a gamma of energy 1.69 MeV which is just energetic enough to produce a neutron from beryllium. Approximately 54% of the Beta decays for Sb-124 produce gammas with energies greater than or equal to 1.69 MeV Therefore, the neutron production rate in the neutron source can be specified as 5.8E-6 neutrons per gamma (JE+8/865/3.7e+10/0.54) with energy greater 
than 1.666 MeV or 1.16E+5 neutrons/curie (JE+8/865) of Sb-124.  

With the short half life of 60.2 days all of the initial Sb-124 is decayed and any Sb-124 that was produced while the neutron source was in the reactor is also decayed since these neutron sources are assumed to have the same minimum cooling time as the Dresden 1 fuel assemblies (array classes 6x6A, 6x6B, 6x6C, and 8x8A) of 18 years. Therefore, there are only two possible gamma sources which can produce neutrons from this antimony-beryllium source. The first is the gammas from the decay of fission products in the fuel assemblies in the MPC. The second gamma source is from Sb-124 which is being produced in the MPC from neutron activation from 
neutrons from the decay of fission products.  

MCNP calculations were performed to determine the gamma source as a result of decay gammas I from fuel assemblies and Sb-124 activation. The calculations explicitly modeled the 6x6 fuel assembly described in Table 5.2.2. A single fuel rod was removed and replaced by a guide tube.  In order to determine the amount of Sb-124 that is being activated from neutrons in the MPC it was necessary to estimate the amount of antimony in the neutron source. The O.D. of the source was assumed to be the LD. of the steel rod encasing the source (0.345 in.). The length of the source is 77.25 inches. The beryllium is assumed to be annular in shape encompassing the antimony. Using the assumed O.D. of the beryllium and the mass and length, the LD. of the beryllium was calculated to be 0.24 inches. The antimony is assumed to be a solid cylinder with an O.D. equal to the I.D. of the beryllium. These assumptions are conservative since the antimony and beryllium are probably encased in another material which would reduce the mass of antimony. A larger mass of antimony is conservative since the calculated activity of Sb-124 is 
directly proportional to the initial mass of antimony.  

The number of gammas from fuel assemblies with energies greater than 1.666 MeV entering the 77.25 inch long neutron source was calculated to be 1.04E+8 gammas/sec which would produce 
a neutron source of 603.2 neutrons/sec (1.04E+8 * 5.8E-6). The steady state amount of Sb-124 activated in the antimony was calculated to be 39.9 curies. This activity level would produce a neutron source of 4.63E+6 neutrons/sec (39.9 * 1.16E+5) or 6.OE+4 neutrons/sec/inch 
(4.63E+6/77.25). These calculations conservatively neglect the reduction in antimony and 
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beryllium which would have occurred while the neutron sources were in the core and being 
irradiated at full reactor power.  

Since this is a localized source (77.25 inches in length) it is appropriate to compare the neutron 
source per inch from the design basis Dresden Unit 1 fuel assembly, 6x6, containing an Sb-Be 
neutron source to the design basis fuel neutron source per inch. This comparison, presented in 
Table 5.4.18, demonstrates that a Dresden Unit 1 fuel assembly containing an Sb-Be neutron 
source is bounded by the design basis fuel.  

As stated above, the Sb-Be source is encased in a steel rod. Therefore, the gamma source from 
the activation of the steel was considered assuming a burnup of 120,000 MWD/MTU which is the 
maximum burnup assuming the Sb-Be source was in the reactor for the entire 18 year life of 
Dresden Unit 1. The cooling time assumed was 18 years which is the minimum cooling time for 
Dresden Unit 1 fuel. The source from the steel was bounded by the design basis fuel assembly. In 
conclusion, storage of a Dresden Unit 1 Sb-Be neutron source in a Dresden Unit 1 fuel assembly 
is acceptable and bounded by the current analysis.  

5.4.8 Thoria Rod Canister 

Based on a comparison of the gamma spectra from Tables 5.2.37 and 5.2.7 for the thoria rod 
canister and design basis 6x6 fuel assembly, respectively, it is difficult to determine if the thoria 
rods will be bounded by the 6x6 fuel assemblies. However, it is obvious that the neutron spectra 
from the 6x6, Table 5.2.18, bounds the thoria rod neutron spectra, Table 5.2.38, with a 
significant margin. In order to demonstrate that the gamma spectrum from the single thoria rod 
canister is bounded by the gamma spectrum from the design basis 6x6 fuel assembly, the gamma 
dose rate on the outer radial surface of the 100-ton HI-TRAC and the HI-STORM overpack was 
estimated conservatively assuming an MPC full of thoria rod canisters. This gamma dose rate 
was compared to an estimate of the dose rate from an MPC full of design basis 6x6 fuel 
assemblies. The gamma dose rate from the 6x6 fuel was higher for the 100-ton HI-TRAC and 
only 25% lower for the HI-STORM overpack than the dose rate from an MPC full of thoria rod 
canisters. This in conjunction with the significant margin in neutron spectrum and the fact that 
there is only one thoria rod canister clearly demonstrates that the thoria rod canister is 
acceptable for storage in the MPC-68 or the MPC-68F.  

5.4.9 Regionalized Loading Dose Rate Evaluation 

Dose rates were calculated for regionalized loading patterns for the MPC-24, MPC-32, and 
MPC-68 using MCNP-4A. All burnup and cooling time combinations in Appendix B to the CoC 
were analyzed for both uniform and regionalized loading. The dose rates for all dose locations 
reported in this chapter were compared for the uniform loading patterns and the regionalized 
loading patterns.  
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It was determined that for the MPC-32, all radial surface and 1 meter dose rates for regionalized loading were bounded by the uniform loading dose rates reported in this chapter. J 
The maximum calculated surface dose rates in the axial locations for regionalized loading were 
less than 15% higher than the uniform dose rates reported in this chapter for the surface of the 
overpack. At one-meter from the overpack, dose location 4 (in the center) was the only dose 
location which produced a slightly higher (5%) dose rate for regionalized loading compared to 
uniform loading.  

For the MPC-24 it was determined that the maximum calculated dose rates in the axial direction 
for regionalized loading were less than 21% higher than the maximum calculated dose rates for 
uniform loading reported in this chapter. At one meter distance, the uniform loading dose rates 
reported in this chapter bound the regionalized loading dose rates. In the radial direction, the 
uniform loading dose rates reported in this chapter bound the regionalized loading dose rates 
for both surface and one-meter locations.  

For the MPC-68 it was determined that all radial surface and 1 meter dose rates for 
regionalized loading were bounded by the uniform loading dose rates reported in this chapter.  
The maximum calculated surface dose rates in the axial locations for regionalized loading were 
less than 21% higher than the uniform dose rates reported in this chapter for the surface of the 
overpack At one-meter from the overpack, dose locations 4 (in the center) and 5 (transfer lid 
center) were the only dose locations which produced a slightly higher (5% and 1.5% 
respectively) dose rate for regionalized loading compared to uniform loading.  

Based on these results it can be stated that regionalized loading patterns will reduce the dose 
rate in the radial direction by shielding the hotter fuel on the inside of the cask with colder fuel 
on the outside of the cask However, in the axial direction the localized dose rates in the center 
of the cask may increase as a result of the regionalized loading pattern. This is a localized effect, 
which has dissipated at the edge of the cask, and therefore will not result in a significant 
increase to the occupational exposure rates. In addition, it should be mentioned that the 
localized increase on the bottom center of the overpack is an area where workers will normally 
not be present and the increase in the top center of the overpack is an area where workers 
minimize their stay.  
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Table 5.4.1 

FLUX-TO-DOSE CONVERSION FACTORS 
(FROM [5.4.1])

Gamma Energy 
(MeV)

(rem/hr)/ 
(photon/cm 2-s)

0.01 3.96E-06 

0.03 5.82E-07 

0.05 2.90E-07 

0.07 2.58E-07 

0.1 2.83E-07 

0.15 3.79E-07 

0.2 5.01E-07 

0.25 6.31E-07 

0.3 7.59E-07 

0.35 8.78E-07 

0.4 9.85E-07 

0.45 1.08E-06 

0.5 1.17E-06 

0.55 1.27E-06 

0.6 1.36E-06 

0.65 1.44E-06 

0.7 1.52E-06 

0.8 1.68E-06 

1.0 1.98E-06 

1.4 2.51E-06 

1.8 2.99E-06 

2.2 3.42E-06
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Table 5.4.1 (continued) 

FLUX-TO-DOSE CONVERSION FACTORS 
(FROM [5.4.1])

Gamma Energy (rem/hr)/ 
(MeV) (photon/cm2-s) 

2.6 3.82E-06 

2.8 4.01E-06 

3.25 4.41E-06 

3.75 4.83E-06 

4.25 5.23E-06 

4.75 5.60E-06 

5.0 5.80E-06 

5.25 6.01E-06 

5.75 6.37E-06 

6.25 6.74E-06 

6.75 7.11E-06
7.5 

9.0 

11.0 

13.0 

15.0

7.66E-06 

8.77E-06 

1.03E-05 

1.18E-05 

1.33E-05

K

I �
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Table 5.4.1 (continued)

FLUX-TO-DOSE CONVERSION FACTORS 
(FROM [5.4.1]) 

Neutron Energy (MeV) Quality Factor (rem/hr)t/(n/cm2 -s) 
2.5E-8 2.0 3.67E-6 

1.OE-7 2.0 3.67E-6 

1.OE-6 2.0 4.46E-6 
1.OE-5 2.0 4.54E-6 

1.OE-4 2.0 4.18E-6 
1.OE-3 2.0 3.76E-6 

1.OE-2 2.5 3.56E-6 

0.1 7.5 2.17E-5 

0.5 11.0 9.26E-5 

1.0 11.0 1.32E-4 
2.5 9.0 1.25E-4 

5.0 8.0 1.56E-4 
7.0 7.0 1.47E-4 

10.0 6.5 1.47E-4 

14.0 7.5 2.08E-4 

20.0 8.0 2.27E-4

t Includes the Quality Factor.  

HI-STORM TSAR 
REPORT HI-951312 Rev. 11

5.4-17



Table 5.4.2 

DOSE RATES FOR THE 100-TON HI-TRAC FOR THE FULLY FLOODED MPC 
CONDITION WITH AN EMPTY NEUTRON SHIELD 

MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL AT 
3",O0042,500 MWD/MTU AND 5-YEAR COOLING 

Dose Pointt Fuel 60Co Neutrons Totals Totals with 
Location Gammastt Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mrem/hr) 

ADJACENT TO THE 100-TON HI-TRAC 
1 12.93 241.58 22.37 276.89 279.53 
2 813.20 0.48 308.60 1122.28 1305.57 
3 3.03 505.13 4.08 512.24 706.58 
4 11.59 242.85 0.72 255.15 350.84 

5 (pool lid) 33.90 1373.16 2.45 1409.51" 1418.98 

ONE METER FROM THE 100-TON HI-TRAC 
1 104.52 47.24 43.52 195.28 218.65 

2 357.48 4.37 101.86 463.71 545.32 [ 
3 43.02 82.69 18.06 143.78 186.79 

Note: MPC internal water level is 10 inches below the MPC lid.  

t Refer to Figures 5.1.2 and 5.1.4.  

tt Gammas generated by neutron capture are included with fuel gammas.  
t Cited dose rates correspond to the cask center. Figures 5.1.6, 5.1.7, and 5.1.11 illustrate the 
substantial reduction in dose rates moving radially outward from the axial center of the HI-TRAC.  
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Table 5.4.3

DOSE RATES FOR THE 100-TON HI-TRAC FOR THE FULLY FLOODED MPC 
CONDITION WITH A FULL NEUTRON SHIELD 

MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL AT 
35,4042,500 MWD/MTU AND 5-YEAR COOLING 

Dose Pointt Fuel 6 0Co Neutrons Totals Totals with 
Location Gammasft Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mrem/hr) 

ADJACENT TO THE 100-TON HI-TRAC 

1 9.85 20747 2.55 219.87 221.81 
2 472.26 0.32 19.09 491.68 595.39 

3 2.44 505.06 0.65 508.15 702.32 

4 11.58 242.84 0.65 255.07 350.75 
5 (pool lid) 33.76 1372.10 2.42 1408.274t' 1417.69 

ONE METER FROM THE 100-TON Ill-TRAC 

1 60.03 31.57 2.50 94.10 107.16 

72 2.47 7.02 215.21 260.67 

3 24.25 58.67 0.81 83.73 112.41 

Note: MPC internal water level is 10 inches below the MPC lid.  

t Refer to Figures 5.1.2 and 5.1.4.  
tt Gammas generated by neutron capture are included with fuel gammas.  
ttt Cited dose rates correspond to the cask center. Figures 5.1.6, 5.1.7, and 5.1.11 illustrate the 
substantial reduction in dose rates moving radially outward from the axial center of the HI-TRAC.
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Table 5.4.4 

DOSE RATES FROM THE 100-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL AT 

52,500 MWD/MTUAND 1O-YEAR COOLING 
Dose Point Fuel (ny) 6°Co Neutrons Totals Totals with Location Gammas Gammas Gammas (mremlhr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr) 
ADJACENT TO THE 100-TON HI-TRA C 1 15.08 19.66 363.97 26722 665.92 673.90 

2 422.99 82.07 0.54 13Z11 642.70 868.38 
3 6.44 3.07 317.36 333.60 660.47 877.80 

3 (temp) 2.56 6.82 110.64 3.40 123.41 199.38 
4 9.98 1.51 161.68 280.56 453.72 569.32 4 (outer) 2.72 0.94 40.25 189.66 233.58 262.67 Sool lid) 67.77 27.24 1835.58 1855.60 3786.19 3846.35 

5 transfer 129.15 0.97 2049.81 1036.11 3216.04 3279.10 
5(t-outer) 32.69 0.52 219.91 413.26 666.39 682.49 

ONE METER FROM THE 100-TON HI-TRAC 
1 54.58 11.10 53.05 43.47 162.20 191.31 2 180.35 24.93 5.95 51.68 262.90 360.88 
3 23.14 6.03 48.23 21.49 98.89 146.64 3 (temp) 23.01 6.38 40.21 7.48 77.08 119.42 [ 4 3.39 0.26 49.91 69.71 123.27 159.08 5 (transfer) 50.98 0.21 872.89 288.98 1213.06 1237.44 

5(t-outer) 7.63 0.94 77.61 83.06 169.24 172.14 

Notes: 
* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
• Dose location 3(temp) represents dose location 3 with temporary shielding installed.  * Dose location 4 (outer) is the radial segment at dose location 4 which is 18-30 inches from the center 

of the overpack 
* Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 5466 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner radius of the HI-TRAC is 34.375 in. and the outer radius of the water jacket is 44.375 in.  * Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 

the dose rate.  
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Table 5.4.5

DOSE RATES FROM THE 125-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL AT 

42,500 MWD/MTU AND 5-YEAR COOLING 
Dose Point Fuel (ny) 60Co Neutrons Totals Totals with 
Location Gammas Gammas Gammas (mrem/hr) (mremlhr) BPRAs 

(mrem/hr) (mremlhr) (mremlhr) (mrem/hr) 
ADJACENT TO THE 125-TON HI-TRAC 

1 7.52 14.41 103.35 84.68 209.96 211.09 
2 6Z09 41.11 0.01 50.69 158.90 173.04 
3 0.74 1.72 3Z27 140.76 180.48 195.22 
4 24.90 1.76 253.74 160.94 441.34 548.51 

4 (outer) 3.01 1.26 31.51 3.37 39.15 52.33 
5 (pool) 35.11 0.65 390.89 556.82 983.46 990.61 

5 (transfer) 29.88 0.87 310.36 89.13 430.24 434.47 
ONE METER FROM THE 125-TON HI-TRAC 

1 9.03 5.22 11.30 13.49 39.04 40.88 
2 29.65 12.87 0.36 18.28 61.16 67.28 
3 3.40 3.08 7.45 12.29 26.23 30.06 
4 6.93 0.42 61.09 16.53 84.98 110.66 

5 (transfer) 14.13 0.17 156.96 15.93 187.18 189.93 

Notes: 
* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
* Dose location 4(outer) is the radial segment at dose location 4 which is 18-24 inches from the center 

of the overpack 
* Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool 

lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.
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Table 5.4.6 

ANNUAL DOSE AT 200 METERS FROM A SINGLE 
HI-STORM OVERPACK WITH AN MPC-24 WITH DESIGN BASIS 

ZIRCALOY CLAD FUELt 

Dose Component 52,500 MWD/MTU 
5-Year Cooling 

(mrem/yr) 

Fuel gammastt 16.52 

6°Co Gammas 2.17 

Neutrons 1.50 

Total 20.19

t 8760 hour annual occupancy is assumed.  

tt Gammas generated by neutron capture are included with fuel gammas.  
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Table 5.4.7

DOSE VALUES USED IN CALCULATING ANNUAL DOSE FROM 
VARIOUS ISFSI CONFIGURATIONS 

4-5-052,500 MWD/MTU AND 5-YEAR COOLING ZIRCALOY CLAD FUELt 

Distance A B C 
Side of Overpack Top of Overpack Side of Shielded 

(mrem/yr) (mrem/yr) Overpack 
(mrem/yr) 

100 meters 129.0 1.59 25.80 

150 meters 45.6 0.61 9.12 
200 meters 19.9 0.27 3.98 

250 meters 9.72 0.13 1.94 
300 meters 5.20 6.57e-2 1.04 

350 meters 3.05 3.35e-2 0.61 
400 meters 1.75 1. 77e-2 0.35 

t 8760 hour annual occupancy is assumed.  
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Table 5.4.8 

DOSE RATES AT THE CENTERLINE OF THE OVERPACK FOR 
DESIGN BASIS STAINLESS STEEL CLAD FUEL 

WITHOUT BPRAs

Refer to Figure 5.1.1.  

tt Gammas generated by neutron capture are included with fuel gammas.  
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Table 5.4.9

DOSE RATES FROM THE 100-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-68 DESIGN BASIS ZIRCALOY CLAD FUEL AT 
30", 0040,000- MWD/MTU AND 5-YEAR COOLING 

Dose Point Fuel (ny) 6
°Co Neutrons Totals 

Location Gammas Gammas Gammas (mrem/hr) (mrem/hr) 
(mrem/hr) (mrem/hr) (mrem/hr) 

ADJACENT TO THE 100-TON HI-TRAC 
1 37.93 13.18 886.50 175.78 1113.40 
2 874.39 67. 70 0.50 102.55 1045.14 
3 3.61 1.36 841.96 107.82 954.74 

3 (temp) 1.81 2.40 269.98 0.95 275.14 
4 4.91 0.58 210.60 96.65 312.73 

4 (outer) 1.39 0.39 55.78 57.80 115.36 
5 (pool lid) 115.98 15.68 3959.26 1038.03 5128.95 

5(transfer lid) 133.91 0.75 4483.29 642.74 5260.69 
5 (t-outer) 48.17 0.30 410.54 239.91 698.93 

ONE METER FROM THE 100-TON HI-TRAC 
1 117.75 8.54 82.10 31.38 239.76 
2 370.80 19.10 6.92 3Z88 434.70 
3 29.23 3.30 132.29 8.14 172.96 

3 (temp) 29.15 3.40 103.55 3.75 139.85 
4 1.98 0.11 70.28 20.16 92.52 

5(transfer lid) 65.14 0.54 1996.78 176.55 2239.00 
5 (t-outer) 8.27 0.60 168.35 49.87 227.10 

Notes: 
"* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
"* Dose location 3(temp) represents dose location 3 with temporary shielding installed.  
"* Dose location 4(outer) is the radial segment at dose location 4 which is 18-30 inches from the center 

of the overpack 
"* Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 54

66 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner 
radius of the HI-TRAC is 34.375 in. and the outer radius of the water jacket is 44.375 in.  

"* Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool 
lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.
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Table 5.4.10 I 

DOSE RATES FROM THE 100-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-68 DESIGN BASIS ZIRCALOY CLAD FUEL AT 
45-050,000 MWD/MTU AND 41-210-YEAR COOLING 

Dose Point Fuel (ny) 60Co Neutrons Totals Location Gammas Gammas Gammas (mrem/hr) (mrem/hr) 
(mremlhr) (mrem/hr) (mremlhr) 

ADJACENT TO THE 100-TON EIl-TRAC 
1 14.98 19.48 502.66 259.77 796.88 
2 352.56 101.89 0.32 162.51 617.28 
3 1.35 2.01 477.40 159.33 640.09 

3 "tem 0.67 3.54 153.08 1.41 158.70 
4 1.68 0.85 119.41 142.82 264.76 

4 (outer) 0.49 0.57 31.63 85.42 118.11 
5 (pool lid) 45.87 23.17 2244.94 1533.96 3847.94 

5(transfer lid) 57.01 1.11 2542.07 949.82 3550.01 
5 (t-outer) 18.73 0.45 232.78 354.53 606.49 

ONE METER FROM THE 100-TON HI-TRAC 
1 48.56 12.62 46.55 46.37 154.10 
2 152.83 28.64 3.34 56.28 241.09 11 3 12.03 4.87 75.01 12.03 103.95 

3 "tem 12.00 5.03 58.71 5.54 81.29 
4 0.76 0.16 39.85 29.79 70.57 

5(transfer lid) 26.03 0.80 1132.20 260.90 1419.92 
5 (t-outer) 3.29 0.89 95.46 73.70 173.33 

Notes: 
• Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
• Dose location 3(temp) represents dose location 3 with temporary shielding installed.  
* Dose location 4 (outer) is the radial segment at dose location 4 which is 18-30 inches from the center 

of the overpack 
* Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 5466 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner radius of the HI-TRAC is 34.375 in. and the outer radius of the water jacket is 44.375 in.  
* Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 

the dose rate.  
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Table 5.4.11

DOSE RATES FROM THE 100-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-32 DESIGN BASIS ZIRCALOY CLAD FUEL 

32,500 MWD/MTU AND 5-YEAR COOLING 

Dose Point Fuel (ny) Co Neutrons Totals Totals with 
Location Gammas Gammas Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mremlhr) (mrem/hr) 
ADJACENT TO THE 100-TON HI-TRAC 

1 34.50 6.30 710.92 90.10 841.83 851.59 
2 875.41 30.29 0.67 45.87 952.24 1212.20 
3 18.05 1.06 732.97 104.16 856.23 1196.04 
4 28.44 0.80 337.51 90.10 456.85 623.02 

4 (outer) 7.59 0.32 84.67 61.27 153.84 195.62 
5 (pool) 216.26 8.54 3950.57 614.70 4790.07 4866.44 

5 (transfer) 305.05 0.35 4476.67 342.91 5124.97 5201.86 
5(t-outer) 55.49 0.16 381.36 130.67 567.68 581.74 

ONE METER FROM THE 100- TON HI- TRA C 
1 115.62 3.92 103.64 14.45 23762 271.55 
2 382.92 9.12 7.75 17.78 417.58 532.82 
3 50.27 2.22 100.77 6.74 160.00 225.40 
4 8.54 0.12 100.64 22.21 131.51 180.87 

5 (transfer) 128.73 0.17 1811.31 95.10 2035.31 206733 
5(t-outer) 12.84 0.35 156.29 26.61 196.09 199.29 

Notes: 
* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
• Dose location 4(outer) is the radial segment at dose location 4 which is 18-30 inches from the center 

of the overpack 
* Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 54

66 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner 
radius of the HI-TRAC is 34.375 in. and the outer radius of the water jacket is 44.375 in.  

* Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool 
lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.
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Table 5.4.12 

DOSE RATES FROM THE I00-TON HI-TRAC FOR NORMAL CONDITIONS 
MPC-32 DESIGN BASIS ZIRCALOY CLAD FUEL 

45,000 MWDIMTU AND 10-YEAR COOLING 

Dose Point Fuel (ny) 60Co Neutrons Totals Totals with 
Location Gammas Gammas Gammas (mrem/hr) (mrem/hr) BPRAs 

(mrem/hr) (mrem/hr) (mrem/hr) (mremfhr) 
ADJACENT TO THE 100-TON HI-TRAC 

1 15.12 13.36 441.43 190.84 660.75 670.51 
2 405.59 64.16 0.42 97.15 567.32 827.28 
3 7.71 2.24 455.12 220.62 685.68 1025.49 
4 12.19 1.70 209.57 190.82 414.27 580.44 

4 (outer) 3.10 0.67 52.57 129.78 186.12 227.90 
5 (pool) 102.13 18.08 2453.00 1301.93 3875.14 3951.51 

5 (transfer) 142.98 0.73 2779.67 726.34 3649.72 3726.61 
5(t-outer) 24.56 0.35 236.79 276.77 538.48 552.54 

ONE METER FROM THE 100-TONHI-TRAC 
1 52.82 8.30 64.35 30.60 156.07 190.00
2 
3 
4

173.93 19.20 6.94 38.22 238.29 353.53 
23.08 4.70 62.57 14.28 104.64 170.04 
3.39 0.24 62.49 47.05 113.18 16254

5 .(transfer) 58.41 0.36 1124.68 201.44 1384.89 1416.91 St-outer) 5.66 0.75 97.04 56.37 159.82 163.02 

Notes: 
"* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
"* Dose location 4 (outer) is the radial segment at dose location 4 which is 18-30 inches from the center 

of the overpaclc 
"• Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 5466 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner radius of the HI-TRAC is 34.375 in. and the outer radius of the water jacket is 44.375 in.  "* Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 

the dose rate.  
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Table 5.4.13 

DOSE RATES FROM THE 10 0-TON HI-TRAC FOR ACCIDENT CONDITIONS 
WITH FOUR DAMAGED FUEL CONTAINERS 

MPC-24 DESIGN BASIS ZIRCALOY CLAD FUEL 
42,500 MWD/MTUAND 5-YEAR COOLING 

WITHOUT BPRAs 

Dose Point' Fuel (ny) 60Co Neutrons Totals 
Location Gammas Gammas Gammas (mrem/hr) (mrem/hr) 

(mrem/hr) (mrem/hr) (mremlhr) 

ADJACENT TO THE 100- TON HI- TRA C 
1 48.60 15.24 626.44 227.63 917.91 
2 975.75 55.99 0.92 90.86 1123.53 
3 18.96 2.89 546.22 323.32 891.38 

ONE METER FROM THE 100-TON HI-TRA C 
1 135.96 8.42 91.31 34.38 270.06 
2 425.52 18.08 7.07 35.33 486.01 
3 61.73 4.80 83.00 19.58 169.11

t Refer to Figures 5.1.2 and 5.1.4.  
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Table 5.4.14

DOSE RATES FROM THE 100-TON HI-TRAC FOR ACCIDENT CONDITIONS 
WITH SIXTEEN DAMAGED FUEL CONTAINERS 
MPC-68 DESIGN BASIS ZIRCALOY CLAD FUEL 

40,000 MWD/MTU AND 5-YEAR COOLING 

Dose Pointe Fuel (ny) 60 Co Neutrons Totals 
Location Gammas Gammas Gammas (mremlhr) (mrem/hr) 

(mremfhr) (mrem/hr) (mrem/hr) 

ADJACENT TO THE 100-TON HI-TRA C 
1 89.97 18.53 886.50 32743 1322.43 

2 819.00 69.93 0.57 105.17 994.66 

3 4.40 2.56 841.96 236.47 1085.38 
ONE METER FROM THE 100-TON HI-TRAC 

1 137.42 9.87 82.10 44.92 274.30 
2 358.93 21.26 5.87 40.31 426.38 

3 40.53 4.65 132.29 16.75 194.21

t Refer to Figures 5.1.2 and 5.1.4.  

HI-STORM TSAR 
REPORT HI-951312

5.4-30

I I

Rev. 11



Table 5.4.15

DOSE RATES DUE TO BPRAs AND TPDs FROM THE 100-TON HI-TRAC 
FOR NORMAL CONDITIONS

MPC-24 MPC-32 
Dose Point BPRAs TPDs BPRAs TPDs 
Location (mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr) 

ADJACENT TO THE 100-TON HI-TRAC 
1 7.98 n nn 7A o) 7A
2 225.68 0.02 259.96 0.03 
3 217.33 197.20 339.81 304.82 

3 (temp) 75.97 68.99 117.84 106.24 
4 115.60 106.71 166.17 156.16 

4 (outer) 29.09 27.12 41.78 39.32 
5 (pool lid) 60.16 0.01 76.37 0.00 

5(transfer lid) 63.06 0.00 76.89 0.00 
5(t-outer) 16.10 0.00 14.06 0.00 

ONE METER FROM THE 100-TON HI-TRAC 
1 29.11 0.18 33.93 0.24 
2 97.98 0.77 115.24 1.04 
3 4Z775 40.55 65.40 5795 

3 (temp) 42.34 35.76 56.45 50.01 
4 35.81 33.37 49.36 47.19

5rranster ta)
J t-outer)

24.538
000 I 32.02 n

2.90 1
0 03.20

Notes: 
* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
° Dose location 3(temp) represents dose location 3 with temporary shielding installed.  
° Dose location 4(outer) is the radial segment at dose location 4 which is 18-30 inches from the center 

of the overpack 
Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 54
66 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner 
radius of the HI-TRAC is 34.375 in. and the outer radius of the water jacket is 44.375 in.  
Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool 
lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.  

HI-STORM TSAR 
Rev. 11 

REPORT HI-951312 

5.4-31

0.0 1
0.00 32.02 D 190

0.00 3.20



Table 5.4.16

DOSE RATES DUE TO CRAs FROM THE 100-TON HI-TRA C 
FOR NORMAL CONDITIONS

MPC-24 MPC-32 
Dose Point Config. 1 Config. 2 Config. 1 Config. 2 
Location mremhr) (mremlhr) (mremhr) (mrem/hr) 

ADJACENT TO THE 100-TON HI-TRA C 
1 5.39 1.02 3.25 0.68 
2 0.02 0.00 0.01 0.00 
3 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 

5 (pool lid) 919.75 170.85 1141.11 213.21 
5(transfer lid) 1116.24 212.79 1473.52 279.02 

5(t-outer) 1.00 0.17 0.68 0.13 
ONE METER FROM THE 100-TON HI-TRAC 

1 1.18 0.20 0.69 0.13 
2 0.14 0.02 0.03 0.01 
3 0.01 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 

5(transfer lid) 169.44 32.19 192.55 36.32 5(t-outer) 6.22 1.16 6.64 1.29 

Notes: 
* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
* Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 54

66 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner 
radius of the HI-TRAC is 34.3 75 in. and the outer radius of the water jacket is 44.3 75 in.  
Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool 
lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.
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Table 5.4.17

DOSE RATES DUE TO APSRs FROM THE 100-TON HI-TRAC 
FOR NORMAL CONDITIONS

MPC-24 MPC-32 
Dose Point Config. 1 Config. 2 Config. 3 Config. 1 Config. 2 Config. 3 
Location (mremlhr) (mrem/hr) (mrem/hr) (mremlhr) (mrem/hr mem/hr) 

ADJACENT TO THE 100-TON HI-TRA C 
1 12.43 2.34 12.42 751 1.58 7.67 
2 0.03 0.00 7.59 0.01 0.00 0.17 
3 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 0.00 0.00 

5 (pool lid) 1996.3 371.98 1940.91 2414.85 453.81 2687.17 
5(transfer) 2294.93 435.67 2285.99 3021.44 570.37 2855.84 
5(t-outer) 2.24 0.38 2.51 1.52 0.30 1.62 

ONE METER FROM THE 100-TON HI-TRAC 
1 2.69 0.46 3.45 1.57 0.31 1.66 
2 0.32 0.04 2.71 0.07 0.01 0.12 
3 0.02 0.00 0.04 0.01 0.01 0.00 
4 0.00 0.00 0.00 0.00 0.00 0.00 

5(transfer) 359.71 67.81 356.54 406.10 76.30 396.70 
5(t-outer) 13.27 2.47 13.42 14.18 2.69 14.33 

Notes: 
"* Refer to Figures 5.1.2 and 5.1.4 for dose locations.  
"* Dose location 5(t-outer) is the radial segment at dose location 5 (transfer lid) which is 30-42 and 54

66 inches from the center of the lid for the adjacent and one meter locations, respectively. The inner 
radius of the HI-TRAC is 34.3 75 in. and the outer radius of the water jacket is 44.375 in.  

"* Dose rate based on no water within the MPC. For the majority of the duration that the HI-TRAC pool 
lid is installed, the MPC cavity will be flooded with water. The water within the MPC greatly reduces 
the dose rate.  
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Table 5.4.18 

COMPARISON OF NEUTRON SOURCE PER INCH PER SECOND FOR 
DESIGN BASIS 7X7 FUEL AND DESIGN BASIS DRESDEN UNIT 1 FUEL

Assembly I Active fuel Neutrons

7x7 design 
basis 
6x6 design 
basis 
6x6 design 
basis MOX

length 
(inch) 
144 

110 

110

per sec per 
inch 
9.17E+5

Neutrons per sec 
per inch with 
Sb-Be source 
N/A

Reference for neutrons per sec 
per inch 

Table 5.2.17- 40 GWD/MTU and

2.OE+5 2.6E+5 Table 5.2.18 

3.06E+5 3.66E+5 Table 5.2.23

I j)

HI-STORM TSAR 
Rev. 11 

REPORT HI-951312 

5.4-34

I I



CHAPTER 6t: CRITICALITY EVALUATION

This chapter documents the criticality evaluation of the HI-STORM 100 System for the storage 
of spent nuclear fuel in accordance with 10CFR72.124. The results of this evaluation 
demonstrate that the HI-STORM 100 System is in full compliance with the Standard Review 
Plan for Dry Cask Storage Systems, NUREG-1536, and thus, fulfills the following acceptance 
criteria: 

1. The multiplication factor (k1f, including all biases and uncertainties at a 95-percent 
confidence level, should not exceed 0.95 under all credible normal, off-normal, and accident 
conditions.  

2. At least two unlikely, independent, and concurrent or sequential changes to the conditions 
essential to criticality safety, under normal, off-normal, and accident conditions, should occur 
before an accidental criticality is deemed to be possible.  

3. When practicable, criticality safety of the design should be established on the basis of 
favorable geometry, permanent fixed neutron-absorbing materials (poisons), or both. Where 
solid neutron absorbing materials are used, the design should provide for a positive means to 
verify their continued efficacy during the storage period.  

4. Criticality safety of the cask system should not rely on use of the following credits: 

a. burnup of the fuel 
b. fuel-related burnable neutron absorbers 
c. more than 75 percent for fixed neutron absorbers when subject to standard acceptance 

test.  

In addition to demonstrating that the criticality safety acceptance criteria are satisfied, this 
chapter describes the HI-STORM 100 System design structures and components important to 
criticality safety and defines the limiting fuel characteristics in sufficient detail to identify the 
package accurately and provide a sufficient basis for the evaluation of the package. Analyses for 
the HI-STAR 100 System, which are applicable to the HI-STORM 100 System, have been 
previously submitted to the USNRC under Docket Numbers 72-1008 and 71-9261.  

t This chapter has been prepared in the format and section organization set forth in Regulatory Guide 
3.61. However, the material content of this chapter also fulfills the requirements of NUREG-1536.  
Pagination and numbering of sections, figures, and tables are consistent with the convention set 
down in Chapter 1, Section 1.0, herein. Finally, all terms-of-art used in this chapter are consistent 
with the terminology of the glossary (Table 1.0.1) and component nomenclature of the Bill-of
Materials (Section 1.5).  
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6.1 DISCUSSION AND RESULTS

In conformance with the principles established in NUREG-1536 [6.1.1], 10CFR72.124 [6.1.2], 1-Y 
and NUREG-0800 Section 9.1.2 [6.1.3], the results in this chapter demonstrate that the effective 
multiplication factor (keff) of the HI-STORM 100 System, including all biases and uncertainties 
evaluated with a 95% probability at the 95% confidence level, does not exceed 0.95 under all 
credible normal, off-normal, and accident conditions. Moreover, these results demonstrate that 
the rI-STORM 100 System is designed and maintained such that at least two unlikely, 
independent, and concurrent or sequential changes must occur to the conditions essential to 
criticality safety before a nuclear criticality accident is possible. These criteria provide a large 
subcritical margin, sufficient to assure the criticality safety of the HI-STORM 100 System when 
fully loaded with fuel of the highest permissible reactivity.  

Criticality safety of the HI-STORM 100 System depends on the following thr-eefour principal 
design parameters: 

1. The inherent geometry of the fuel basket designs within the MPC (and the flux-trap water 
gaps in the MPC-24, MPC-24E and MPC-24EF); 

2. The incorporation of permanent fixed neutron-absorbing panels (Boral) in the fuel basket 
structure;-and 

3. An administrative limit on the maximum enrichment for PWR fuel and maximum planar
average enrichment for BWR fuel.-; and [ V 

4. An administrative limit on the minimum soluble boron concentration in the water for 
loading/unloading fuel with higher enrichments in the MPC-24, MPC-24E and MPC
24EF, and for loading/unloading fuel in the MPC-32.  

The off-normal and accident conditions defined in Chapter 2 and considered in Chapter 11 have 
no adverse effect on the design parameters important to criticality safety, and thus, the off
normal and accident conditions are identical to those for normal conditions.  

The HI-STORM 100 System is designed such that the fixed neutron absorber (Boral) will remain 
effective for a storage period greater than 20 years, and there are no credible means to lose it.  
Therefore, in accordance with NUJRE4I- 51OCFR72.124(b), there is no need to provide a 
surveillance or monitoring program to verify the continued efficacy of the neutron absorber,--as 
required by 1 OFR72.12"(b).  
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Criticality safety of the HI-STORM 100 System does not rely on the use of any of the following 
credits: 

"* burnup of fuel 

"* fuel-related burnable neutron absorbers 

"* more than 75 percent of the B-10 content for the fixed neutron absorber (Boral).  

The following twefour interchangeable basket designs are available for use in the HI-STORM 
100 System: 

a 24-cell basket (MPC-24), designed for intact PWR fuel assemblies with a specified 
maximum enrichment and, for higher enrichments, a minimum soluble boron concentration 
in the pool water for loading/unloading operations, 

* a 24-cell basket (MPC-24E)for intact and damaged PWRfuel assemblies. This is a variation 
of the MPC-24, with an optimized cell arrangement, increased '0B content in the Boral and 
with four cells, capable of accommodating either intact fuel or a damaged fuel container 
(DFC). Additionally, a variation in the MPC-24E, designated MPC-24EF, is designed for 
intact and damaged PWR fuel assemblies and PWR fuel debris. The MPC-24E and MPC
24EF is designed for fuel assemblies with a specified maximum enrichment and, for higher 
enrichments, a minimum soluble boron concentration in the pool water for 
loading/unloading operations, 

* a 32-cell basket (MPC-32), designed for intact PWR fuel assemblies of a specified maximum 
enrichment and minimum soluble boron concentration for loading/unloading, and 

a 68-cell basket (MPC-68), designed for both intact and damaged BWR fuel assemblies with 
a specified maximum planar-average enrichment. Additionally,-a variations in the MPC-68, 
designated MPC-68F and MPC-68FF, isare designed for intact and damaged BWR fuel 
assemblies and BWR fuel debris with a specified maximum planar-average enrichment.  

The HI-STORM 100 System includes the HI-TRAC transfer cask and the HI-STORM storage 
cask. The HI-TRAC transfer cask is required for loading and unloading fuel into the MPC and 
for transfer of the MPC into the HI-STORM storage cask. HI-TRAC uses a lead shield for 
gamma radiation and a water-filled jacket for neutron shielding. The HI-STORM storage cask 
uses concrete as a shield for both gamma and neutron radiation. Both the HI-TRAC transfer cask 
and the HI-STORM storage cask, as well as the HI-STAR Systemt, accommodate the 
interchangeable MPC designs. The three cask designs (HI-STAR, HI-STORM, and HI-TRAC) 

Analyses for the HI-STAR System have previously been submitted to the USNRC under Docket 
Numbers 72-1008 and 71-9261.  
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differ only in the overpack reflector materials (steel for HI-STAR, concrete for HI-STORM, and 
lead for HI-TRAC), which do not significantly affect the reactivity. Consequently, analyses for the HI-STAR+ System (e- ,+..,-+^. deemia ion o bcun.... a ...... ' -1n'. '1- --..

determi~nation of wreft-ease Cembkiatien of manumfactfring tolfranees, &valuation ef the
*V U 1 v 00 0 ffet umnaft ue elvatuation or damagedcael10) arc 

appliable to the HI STORM 100 System. Thersefoe, the analyses diacuseed in Sectiene 6.2, 6.3, and 6.1 Cf Otise hapter- wer~e taken dircetly &fro the MI STAR application (14SNR-C Docet 
Numbers 72 1008 and 71 926. are directly applicable to the HI-STORM 100 system and vice 
versa. Therefore, the majority of criticality calculations to support both the HI-STAR and the HI
STORM System have been performed for only one of the two systems, namely the HI-STAR 
System. Only a selected number of analyses has been performed for both systems to demonstrate 
that this approach is valid. Therefore, unless specifically noted otherwise, all analyses 
documented throughout this chapter have been performed for the HI-STAR System. For the cases 
where analyses were performed for both the HI-STORM and HI-STAR System, this is clearly 
indicated.  

The HI-STORM 100 System for storage (concrete overpack) is dry (no moderator), and thus, the 
reactivity is very low (kef• <0.4052). However, the HI-STORM 100 System for cask transfer (HI
TRAC, lead overpack) is flooded for loading and unloading operations, and thus, represents the 
limiting case in terms of reactivity. Soluble ber1-en . r.edit is net required f-r. l-adingu•. eading 

The MPC-24EF contains the same basket as the MPC-24E. More specifically, all dimensions 
relevant to the criticality analyses are identical between the MPC-24E and MPC-24EF.  
Therefore, all criticality results obtained for the MPC-24E are valid for the MPC-24EF and no 
separate analyses for the MPC-24EF are necessary.  

The MPC-68FF contains the same basket as the MPC-68. More specifically, all dimensions 
relevant to the criticality analyses are identical between the MPC-68 and MPC-68FF. Therefore, 
all criticality results obtained for the MPC-68 are valid for the MPC-68FF and no separate 
analyses for the MPC-68FF are necessary.  

Confirmation of the criticality safety of the HI-STORM 100 System was accomplished with the 
three-dimensional Monte Carlo code MCNP4a [6.1.4]. Independent confirmatory calculations 
were made with NITAWL-KENO5a from the SCALE-4.3 package [6.4.1]. KENO5a [6.1.5] 
calculations used the 238-group SCALE cross-section library in association with the NITAWL-II 
program [6.1.6], which adjusts the uranium-238 cross sections to compensate for resonance self
shielding effects. The Dancoff factors required by NITAWL-II were calculated with the 
CELLDAN code [6.1.13], which includes the SUPERDAN code [6.1.7] as a subroutine. K
factors for one-sided statistical tolerance limits with 95% probability at the 95% confidence level 
were obtained from the National Bureau of Standards (now NIST) Handbook 91 [6.1.8].  
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CASMO-3, a two-dimensional transport theory code [6.1.9-6.1.12] for fuel assemblies, was used 
to assess the incremental reactivity effects due to manufacturing tolerances. The CASMO-3 
calculations identify those tolerances that cause a positive reactivity effect, enabling the Monte 
Carlo code input to define the worst case (most conservative) conditions. CASMO-3 was not 
used for quantitative information, but only to qualitatively indicate the direction and approximate 
magnitude of the reactivity effects of the manufacturing tolerances.  

Benchmark calculations were made to compare the primary code packages (MCNP4a and 
KENO5a) with experimental data, using critical experiments selected to encompass, insofar as 
practical, the design parameters of the HI-STORM 100 System. The most important parameters 
are (1) the enrichment, (2) the water-gap size (MPC-24, MPC-24E and MPC-24EF) or cell 
spacing (MPC-32 and MPC-68),-aind (3) the '°B loading of the neutron absorber panels, and (4) 
the soluble boron concentration in the water. The critical experiment benchmarking-,wi-v4*i 
taken •fr. the H STAR applieA-ioen ,-ck, t NumhH nber-s 72 1008 and 71 9261), is presented in 
Appendix 6.A.  

Applicable codes, standards, and regulations, or pertinent sections thereof, include the following: 

e NUREG-1536, Standard Review Plan for Dry Cask Storage Systems, USNRC, Washington 
D.C., January 1997.  

S10OCFR72.124, Criteria For Nuclear Criticality Safety.  

* * Code of Federal Regulations, Title 10, Part 50, Appendix A, General Design: Criterion 62, 
Prevention of Criticality in Fuel Storage and Handling.  

* USNRC Standard Review Plan, NUREG-0800, Section 9.1.2, Spent Fuel Storage, Rev. 3, 
July 1981.  

To assure the true reactivity will always be less than the calculated reactivity, the following 
conservative design criteria and assumptions were made: 

"* The MPCs are assumed to contain the most reactive fresh fuel authorized to be loaded into a 
specific basket design.  

"* In accordance with NUREG-1536, no credit for fuel burnup is assumed, either in depleting 
the quantity of fissile nuclides or in producing fission product poisons.  

"* In accordance with NUREG-1536, the criticality analyses assume 75% of the manufacturer's 
minimum Boron-10 content for the Boral neutron absorber.  

"* The fuel stack density is conservatively assumed to be 96% of theoretical (10.522 g/cm3) for 
all criticality analyses. Fuel stack density is approximately equal to 98% of the pellet density.  

HI-STORM TSAR Rev. 11

REPORT HI-951312 6.1-5



Therefore, while the pellet density of some fuels may be slightly greater than 96% of 
theoretical, the actual stack density will be less.  

" No credit is taken for the 234U and 236U in the fuel.  

" When flooded, the moderator is assumed to be pure, -,bera•ed water, with or without 
soluble boron, at a temperature and density corresponding to the highest reactivity within the 
expected operating range (i-e., _..00 &6,c).  

* When credit is takenfor soluble boron, a IB content of 18.0 wt% in boron is assumed.  

* Neutron absorption in minor structural members and heat conduction elements is neglected, 
i.e., spacer grids, basket supports, and aluminum heat conduction elements are replaced by 
water.  

* In compliance with NUREG-1536, the worst hypothetical combination of tolerances (most 
conservative values within the range of acceptable values), as identified in Section 6.3, is 
assumed.  

0 When flooded, the fuel rod pellet-to-clad gap regions are assumed to be flooded with pure 
unborated water.  

* Planar-averaged enrichments are assumed for BWR fuel. (In accordance with NUREG-1536, 
analysis is presented in Appendix 6.BW to demonstrate that the use of planar-average I 
enrichments produces conservative results.) 

* In accordance with NUREG-1536, fuel-related burnable neutron absorbers, such as the 
Gadolinia normally used in BWR fuel and IFBA normally used in PWR fuel, are neglected.  

* For evaluation of the bias, all benchmark calculations that result in a keff greater than 1.0 are 
conservatively truncated to 1.0000, in accordance with NUREG-1536.  

The water reflector above and below the fuel is assumed to be unborated water, even if 
borated water is used in the fuel region.  

For fuel assemblies that contain low-enriched axial blankets, the governing enrichment is that 
of the highest planar average, and the blankets are not included in determining the average 
enrichment.  

For intact fuel assemblies, as defined in Chapte- 12 te Certificate of Compliance, missing 

t TAkzn dircatly frzm the 1H STAR app ...ations w k 2t Nu Cbertie72 1008 andc71 9261).  
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fuel rods must be replaced with dummy rods that displace a volume of water that is equal to, 
or larger than, that displaced by the original rods.  

Be.ause the MI STAR and MI STORM Systems differ- .n•ly in the .verpaek material, the lim.it.ing 
eases erc assumed to be the same for- both systems. Confsequentl, to bound all fuel btpes d 
basket eonfigur~iatns th-at were pfevieusly demonstrated to be acceptable in the H9I STR 
System, explieit caleulaiens were per-formed for- eaeh of &he limitig cae in the 1I STORMI

Results of the design basis criticality safety calculations for single internally flooded HI-TRAC 
transfer casks with full water reflection on all sides (limiting cases for the HI-STORM 100 
System) loaded with intact fuel assemblies are listed in Tables 6.1.1 through 6.1.8-3, 
conservatively evaluated for the worst combination of manufacturing tolerances (as identified in 
Section 6.3), and including the calculational bias, uncertainties, and calculational statistics. To 
demonstrate that the overpack material does not significantly affect the reactivity, results of the 
design basis criticality safety calculations for single unreflected, internally flooded HI-STAR 
casks (limiting cases for the HI-STAR 100 System) are listed in Tables 6.1.1 through 6.1.83 for 
comparison. In addition, a few results for single internally dry (no moderator) HI-STORM 
storage casks with full water reflection on all external surfaces of the overpack, including the 
annulus region between the MPC and overpack, are listed to confirm the low reactivity of the HI
STORM 100 System in storage.  

For each of the MPC designs, minimum soluble boron concentration (if applicable) and fuel 
assembly classestt, Tables 6.1.1 through 6.1.38 list the bounding maximum keff value, and the 
associated maximum allowable enrichment. The maximum allowed enrichments and the 
minimum soluble boron concentrations are defined in the Technical Specifi•c••ios .ontained in 
Chapter- 12 Appendix B to the Certificate of Compliance. Ma x-i m- k. ..alues fer aeh ef, the 
candidate fuel assemblies and basket eonfigur tion, that are bounded by those listed in Tables 
6.1.1 through 6.1.83, are given in Section 6.2.  

Results of the design basis criticality safety calculations for single unreflected, internally flooded 
casks (limiting cases) loaded with damaged fuel assemblies or a combination of intact and 
damaged fuel assemblies are listed in Tables 6.1.9 through 6.1.11. The results include the 
calculational bias, uncertainties, and calculational statistics. For each of the MPC designs 
qualified for damaged fuel and/or fuel debris (MPC-24E, MPC-24EF, MPC-68, MPC-68F and 
MPC-68FF), Tables 6.1.9 through 6.1.11 indicate the maximum number of DFCs and list the 
fuel assembly classes, the bounding maximum keff value and the associated maximum allowable 

* For each array size (e.g., 6x6, 7x7, 14x14, etc.), the fuel assemblies have been subdivided into a 
number of assembly classes, where an assembly class is defined in terms of the (1) number of fuel 
rods; (2) pitch; (3) number and location of guide tubes (PWR) or water rods (BWR); and (4) 
cladding material. The assembly classes for BWR and PWR fuel are defined in Section 6.2.  
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enrichment. For the permissible location of DFCs see Subsection 6.4.4.2. The maximum allowed 
enrichments are defined in Appendix B to the Certificate of Compliance.  

A table listing the maximum keff (including bias, uncertainties, and calculational statistics), 
calculated klf, standard deviation, and energy of the average lethargy causing fission (EALF) for 
each of the candidate fuel assemblies and basket configurations is provided in Appendix 6.C.  
These results confirm that the maximum kff values for the HI-STORM 100 System are below the 
limiting design criteria (keff < 0.95) when fully flooded and loaded with any of the candidate fuel 
assemblies and basket configurations. Analyses for the various conditions of flooding that 
support the conclusion that the fully flooded condition corresponds to the highest reactivity, and 
thus is most limiting, are presented in Section 6.4. The capability of the HI-STORM 100 System 
to safely accommodate damaged fuel and fuel debris is demonstrated in Subsection 6.4.4.  

Accident conditions have also been considered and no credible accident has been identified that 
would result in exceeding the design criteria limit on reactivity. After the MPC is loaded with 
spent fuel, it is seal-welded and cannot be internally flooded. The HI-STORM 100 System for 
storage is dry (no moderator) and the reactivity is very low. For arrays of HI-STORM storage 
casks, the radiation shielding and the physical separation between overpacks due to the large 
diameter and cask pitch preclude any significant neutronic coupling between the casks.
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Table 6.1.1 

BOUNDING MAX[MUM klff VALUES FOR EACH ASSEMBLY CLASS IN THE MPC-24 
(no soluble boron) 

Fuel Maximum Allowable 
Assembly Enrichment Maximumt keff 

Class (wt% 235U) 

HI-STORM HI-TRAC El-STAR 

14x14A 4.6 0.2938 0.9365 0.9383 
14x14B 4.6 0.9313 0.9323 
14x14C 4.6 --- 0.9360395 0.9364-400 
14x14D 4.0 --- 0.8583 0.8576 
14x14E 5.0 --- 0.7702 0.7715 
15x15A 4.1 --- 0.9292 0.9301 
15x15B 4.1 --- 0.9467 0.9473 
15x15C 4.1 --- 0.9448 0.9444 
15xl5D 4.1 --- 0.9447 0.9440 
15x15E 4.1 --- 0.9474 0.9475 
15xl5F 4.1 0.3416 0.946811 0.9478111 
15x15G 4.0 --- 0.8972 0.8986 
15x15H 3.8 --- 0.9411 0.9411 
16xl6A 4.6 0.3273 0.9363 0.9383 
17x17A 4.0 0.3082 0.9433 0.9452 
17x17B 4.0 --- 0.9412 0.9436 
17x17C 4.0 --- 0.9421 0.9427 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRAC 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.

The term "maximum klff " as used here, and elsewhere in this document, means the highest possible k
effective, including bias, uncertainties, and calculational statistics, evaluated for the worst case 
combination of manufacturing tolerances.  

tt KENO5a verification calculation resulted in a maximum Klf of 0.9471.  

ttt KENO5a verification calculation resulted in a maximum klf of 0.9466.
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Table 6.1.2 

BOUNDING MAXIMUM keff VALUES FOR EACH ASSEMBLY CLASS IN THE MPC-24 
WITH 400 PPM SOLUBLE BORON 

Fuel Maximum Allowable 
Assembly Enrichment Maximumt keff 

Class (wt% 235U) 

HI-STORM HI- TRA C HI-STAR 

14x14A 5.0 --- 0.8986 

14x14B 5.0 --- 0.8977 
14x14C 5.0 --- 0.9042 

14x14D 5.0 --- 0.8627 

14x14E 5.0 ---.--- 0.7176 

15x15A 5.0 --- 0.9209 

15x15B 5.0 --.--- 0.9362 

15x15C 5.0 --- --- 0.9351 

15xlSD 5.0 --- --- 0.9352 
15xlSE 5.0 --- --- 0.9388 

15xl5F 5.0 0.4111 0.9410 0.9402 

15x15G 5.0 --- --- 0.9022 
15xl5H 5.0 --- 0.9447 0.9447 

16x16A 5.0 ...--- 0.9058 

17x17A 5.0 --- --- 0.9371 

17x17B 5.0 --- --- 0.9372 

17x 7C 5.0 --- 0.9385 0.9386 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRAC 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.  

The term "maximum kff' as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.
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Table 6.1.3 

BOUNDING MAXIMUM keff VALUES FOR EA CHASSEMBLY CLASS IN THE MPC-24E AND 
MPC-24EF (no soluble boron) 

Fuel Maximum Allowable 
Assembly Enrichment Maximumt kef 

Class (wt% 235(U) 

HI-STORM HI-TRAC HI-STAR 

14xI4A 5.0 --- 0.9380 

14x14B 5.0 --- 0.9312 

14x14C 5.0 --- 0.9356 

14x14D 5.0 --- 0.8875 

14x14E 5.0 ---.--- 0.7651 
15x15A 4.5 --- 0.9336 

15x15B 4.5 --- 0.9465 

15x15C 4.5 0.9462 

15x15D 4.5 --- 0.9440 

15x15E 4.5 ... 0.9455 

15x15F 4.5 0.3699 0.9465 0.9468 

15x15G 4.5 --- 0.9054 

15x15H 4.2 --- 0.9423 

16x16A 5.0 --- 0.9341 

17x 7A 4.4 --- 0.9467 0.9447 

17x 7B 4.4 --- 0.9421 

17x 7C 4.4 0.9433 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRA C results are for internally fully flooded HI-TRA C 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.

The term "maximum kff " as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.
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Table 6.1.4 

BOUNDING MAXIMUM keff VALUES FOR EACHASSEMBLY CLASS IN THE MPC-24E AND 
MPC-24EF WITH 300 PPM SOLUBLE BORON 

Fuel Maximum Allowable 
Assembly Enrichment Maximumt kff 

Class (wt% 235o 

HI-STORM HI-TRAC HI-STAR 
14x14A 5.0 --- 0.8963 

14x14B 5.0 --- -- 0.8974 

14x14C 5.0 ... 0.9031 

14x14D 5.0 --.--- 0.8588 

14x14E 5.0 ---...- 0.7249 
15x15A 5.0 --- 0.9161 

15xlSB 5.0 --- 0.9321 

15x15C 5.0 --- --- 0.9271 

15x15D 5.0 --- 0.9290 

15x15E 5.0 --- --- 0.9309 

15x15F 5.0 0.3897 0.9333 0.9332 

15x15G 5.0 --- --- 0.8972 

15x15H 5.0 --- 0.9399 0.9399 

16x16A 5.0 --- --- 0.9021 

17x] 7A 5.0 --- 0.9320 0.9332 

17xI7B 5.0 --- --- 0.9316 

17x] 7C 5.0 --- 0.9312 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRAC 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.  

The term "maximum kff " as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.
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Table 6.1.5 

BOUNDING MAXIMUM kff VALUES FOR EA CHASSEMBLY CLASS IN THE MPC-32 
WITH 1900 PPM SOLUBLE BORON 

Fuel Maximum Allowable 
Assembly Enrichment Maximumt kff 

Class (wt% 235u) 

HI-STORM HI-TRAC HI-STAR 

14x14A 4.1 --- 0.83 72 

14x14B 4.1 --- -- 0.8626 

14xJ4C 4.1 --- 0.8776 

14x14D 4.1 --- 0.8405 

14x14E 4.1 ---.--- 0.6288 
15x15A 4.1 --- -- 0.9075 

I5xl5B 4.1 --- --- 0.9239 
15x15C 4.1 --- 0.9108 

15x15D 4.1 --- --- 0.9375 

15x15E 4.1 --- -- 0.9348 

15x15F 4.1 0.4691 0.9403 0.9411 

15x15G 4.1 --- --- 0.8980 
15x15H 4.1 --.--- 0.9267 

16x16A 4.1 --- --- 0.8831 

17x17A 4.1 --- --- 0.9105 

17x17B 4.1 --- .. 0.9309 

17xl 7C 4.1 0.9365 0.9355 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRA C 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.  

The term "maximum klf " as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.
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Table 6.1.6 

BOUNDING MAXIMUM k,,ff VALUES FOR EACHASSEMBLY CLASS IN THE MPC-32 
WITH 2600 PPM SOLUBLE BORON 

Fuel Maximum Allowable 
Assembly Enrichment Maximumt kef 

Class (wt% 235U) 

HI-STORM HI-TRAC HI-STAR 
14x14A 5.0 ---...- 0.8362 
14x14B 5.0 --- 0.8633 
14x14C 5.0 --- 0.8901 
14x14D 5.0 ---...- 0.8485 
14x14E 5.0 ---.--- 0.6240 
15x15A 5.0 --- 0.9121 
15xISB 5.0 --- 0.9313 
15xJ5C 5.0 --- 0.9181 
15x15D 5.0 --- --- 0.9466 
15x15E 5.0 --- --- 0.9434 

15x15F 5.0 0.5142 0.9470 0.9483 
15x15G 5.0 --- --- 0.9135 
15x15H 5.0 --- --- 0.9317 
16x16A 5.0 --- 0.8924 
17x17A 5.0 ...--- 0.9160 
17x17B 5.0 --.--- 0.9371 
17x] 7C 5.0 --- 0.9436 0.9437 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRAC 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.  

t The term "maximum klff " as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.
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Table 6.1.72

BOUNDING MAXIMUM keff VALUES FOR EACH ASSEMBLY CLASS IN THE MPC-68 
AND MPC-68FF 

Fuel Maximum Allowable 
Assembly Planar-Average Maximumt keff 

Class Enrichment (wt% a35U) 

__r-STORM rI-TRAC HI-STAR 

6x6A 2.7*t --- 0.7886-599 0.788860211 

6x6B 2.7tt --- 0.7833625 0.782464•4-1tt 

6x6C 2 .7tt 0.2759 0.8024 0 .8 0 2 1tt 

7x7A 2 .7 tt --- 0.796356 0 .7 9 7 4-3 ttt 

7x7B 4.2 0.40613-26 0.93850 0.93867-8 
8x8A 2.7f --- 0.76906-2 0.7697-5ttt 

8x8B 4.2 0.3934- 0.9427-345 0.941636 
8x8C 4.2 0.3714 0.9402 0.9425 
8x8D 4.2 --- 0.9408360 0.9403366 

8x8E 4.2 --- 0.9309 0.9312 

8x8F 4.0 --- 0.9396 0.9411 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRAC 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.  

The term "maximum k~f " as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.  

tt This calculation was performed for 3.0% planar-average enrichment, however, the actual fuel 
and Tcchmnieal Spceifieaticn Certificate of Compliance are limited to maximum planar-average 
enrichment of 2.7%. Therefore, the listed maximum k~ff value is conservative.  

ttt This calculation was performed for a `oB loading of 0.0067 g/cm 2, which is 75% of a minimum 
`1B loading of 0.0089 g/cm2. The minimum 0̀B loading in the MPC-68 is 0.0372 g/cm 2.  
Therefore, the listed maximum kelf value is conservative.  

Assemblies in this class contain both MOX and U0 2 pins. The composition of the MOX fuel 
pins is given in Table 6.3.4. The maximum allowable planar-average enrichment for the MOX 
pins is given in the Tehaieal Speeifie•^en,, Chaptr- 12Certificate of Compliance.
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Table 6.1.7-2 (continued)

BOUNDING MAXIMUM keff VALUES FOR EACH ASSEMBLY CLASS IN THE MPC-68 
AND MPC-68FF 

Fuel Maximum Allowable 
Assembly Planar-Average Maximum' keff 

Class Enrichment (wt% ...U) 

HI-STORM HI-TRAC IHI-STAR 

9x9A 4.2 0.3365 0.9434 0.9417 

9x9B 4.2 --- 0.94174-6 0.9436399 

9x9C 4.2 --- 0.9377 0.9395 

9x9D 4.2 --- 0.93871- 0.93942 

9x9E 4.10 0.940302 0.940601 

9x9F 4.20 --- 0.9366402 0.9377401 

9x9G 4.2 --- 0.9307 0.9309 

10xl0A 4.2 0.3379 0 .9 4 4 8tt 0.9457* 

l0x10B 4.2 --- 0.9443 0.9436 

1Ox10C 4.2 --- 0.9002430 0.899W9433 

l0xl0D 4.0 --- 0.9383 0.9376 

l0xl0E 4.0 --- 0.9157 0.9185 

Note: The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRAC 
transfer casks (which are part of the HI-STORM 100 System) with full water reflection on all 
sides, and the HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.  

The term "maximum klf " as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.  

KENO5a verification calculation resulted in a maximum keff of 0.9451.  

KENO5a verification calculation resulted in a maximum kff of 0.9453.
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Table 6.1.83

BOUNDING MAXIMUM k f VALUES FOR EACH ASSEMBLY CLASS IN THE MPC-68F 

Fuel Maximum Allowable 
Assembly Planar-Average Maximumt kff 

Class Enrichment (wt% 235U) 

HI-STORM HI-TRAC HI-STAR 

6x6A 2.7"t --- 0.7886599 0.7888602 

6x6Btft 2.7 --- 0.783362- 0.7824644 

6x6C 2.7 0.2759 0.8024 0.8021 

7x7A 2.7 --- 0.796356 0.79743 

8x8A 2.7 --- 0.769062 0.769768 1 

Notes: 

1. The HI-STORM results are for internally dry (no moderator) HI-STORM storage casks with full 
water reflection on all sides, the HI-TRAC results are for internally fully flooded HI-TRAC transfer 
casks (which are part of the HI-STORM 100 System) with full water reflection on all sides, and the 
HI-STAR results are for unreflected, internally fully flooded HI-STAR casks.  

2. These calculations were performed for a `°B loading of 0.0067 g/cm2, which is 75% of a minimum 
`1B loading of 0.0089 g/cm2. The minimum '0B loading in the MPC-68F is 0.0 10 g/cm2. Therefore, 
the listed maximum Klf values are conservative.

The term "maximum keff " as used here, and elsewhere in this document, means the highest 
possible k-effective, including bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.  

t, These calculations were performed for 3.0% planar-average enrichment, however, the actual fuel 
and Teehaieal Spceifica•iensCertificate of Compliance are limited to a maximum planar-average 
enrichment of 2.7%. Therefore, the listed maximum Keff values are conservative.  

tft Assemblies in this class contain both MOX and U0 2 pins. The composition of the MOX fuel 
pins is given in Table 6.3.4. The maximum allowable planar-average enrichment for the MOX 
pins is specified in theTzchnie-l Speifl•a,•ien, -hapter. 1-2Certificate of Compliance.
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Table 6.1.9 

BOUNDING MAXIMUM keff VALUES FOR THE MPC-24E AND MPC-24EF 
WITH UP TO 4 DFCs

Table 6.1.10

BOUNDING MAXIMUM keff VALUES FOR THE MPC-68, MPC-68F AND MPC-68FF 
WITH UP TO 68 DFCs 

Fuel Assembly Class Maximum Allowable Maximum keff 
Planar-Average Enrichment 

(wt% 2,5U) 

Intact Fuel Damaged HI-TRAC HI-STAR 
Fuel 

6x6A, 6x6B, 6x6C, 2.7 2.7 0.8024 0.8021 
7x7A, 8x8A 

Table 6.1.11 

BOUNDING MAXIMUM keff VALUES FOR THE MPC-68 AND MPC-68FF 
WITH UP TO 16 DFCs 

Fuel Assembly Class Maximum Allowable Maximum keff 
Planar-Average Enrichment 

(wt% 235U) 

Intact Fuel Damaged HI- TRA C HI-STAR 
Fuel 

All BWR Classes 3.7 4.0 0.9328 0.9328
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6.2 SPENT FUEL LOADING 

"The f1.alyses pr.. .. n4td in "his •÷.•-•n arc taken .ir-ccly frem the H14 STAR appf1iet...  
(USNR-C Doolcet Nuhmiber- 72 1008 antd 71 9261). Beeause the MPG designs arc idcntifiel, these 
analyses arc applicable to the HI T4;6C transfcr eask and the HI STORM storage everpack.  

Specifications for the BWR and PWR fuel assemblies that were analyzed are given in Tables 
6.2.1 and 6.2.2, respectively. For the BWR fuel characteristics, the number and dimensions for 
the water rods are the actual number and dimensions. For the PWR fuel characteristics, the actual 
number and dimensions of the control rod guide tubes and thimbles are used. Table 6.2.1 lists 
72-6 unique BWR assemblies while Table 6.2.2 lists 4644- unique PWR assemblies, all of which 
were explicitly analyzed for this evaluation. Examination of Tables 6.2.1 and 6.2.2 reveals that 
there are a large number of minor variations in fuel assembly dimensions.  

Due to the large number of minor variations in the fuel assembly dimensions, the use of explicit 
dimensions in the Technical SpeeificatiensCertificate of Compliance could limit the applicability [ 
of the HI-STORM 100 System. To resolve this limitation, bounding criticality analyses are 
presented in this section for a number of defined fuel assembly classes for both fuel types (PWR 
and BWR). The results of the bounding criticality analyses justify using bounding-T-eeh ieal 
See............... fuel dimensions, as defined in .hapte 1.2the Certificate of Compliance.  

6.2.1 Definition of Assembly Classes 

For each array size (e.g., 6x6, 7x7, 15x15, etc.), the fuel assemblies have been subdivided into a 
number of defined classes, where a class is defined in terms of (1) the number of fuel rods; (2) 
pitch; (3) number and locations of guide tubes (PWR) or water rods (BWR); and (4) cladding 
material. The assembly classes for BWR and PWR fuel are defined in Tables 6.2.1 and 6.2.2, 
respectively. It should be noted that these assembly classes are unique to this evaluation and are 
not known to be consistent with any class designations in the open literature.  

For each assembly class, calculations have been performed for all of the dimensional variations 
for which data is available (i.e., all data in Tables 6.2.1 and 6.2.2). These calculations 
demonstrate that the maximum reactivity corresponds to: 

* maximum active fuel length, 
* maximum fuel pellet diameter, 
* minimum cladding outside diameter (OD), 
* maximum cladding inside diameter (ID), 
* minimum guide tube/water rod thickness, and 
* maximum channel thickness (for BWR assemblies only).  

Therefore, for each assembly class, a bounding assembly was defined based on the above 
characteristics and a calculation for the bounding assembly was performed to demonstrate 
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compliance with the regulatory requirement of kff < 0.95. In some assembly classes this 
bounding assembly corresponds directly to one of the actual (real) assemblies; while in most 
assembly classes, the bounding assembly is artificial (i.e., based on bounding dimensions from 
more than one of the actual assemblies). In classes where the bounding assembly is artificial, the 
reactivity of the actual (real) assemblies is typically much less than that of the bounding 
assembly; thereby providing additional conservatism. As a result of these analyses, the TreeHiieal 
Speeifi.af .Certificate of Compliance will define acceptability in terms of the bounding I 
assembly parameters for each class.  

To demonstrate that the aforementioned characteristics are bounding, a parametric study was 
performed for a reference BWR assembly, designated herein as 8x8C04 (identified generally as a 
GE8x8R). Additionally, parametric studies were performed for a PWR assembly (the 15x15F 
assembly class) in the MPC-24 and MPC-32 with soluble boron in the water flooding the MPC.  
The results of thiese studyies are shown in Table 6.2.3 through 6.2.5, and verify the positive 
reactivity effect associated with (1) increasing the pellet diameter, (2) maximizing the cladding 
ID (while maintaining a constant cladding OD), (3) minimizing the cladding OD (while 
maintaining a constant cladding ID), (4) decreasing the water rod/guide tube thickness, (5) 
artificially replacing the Zircaloy water rod tubes/guide tubes with water, and (6) maximizing the 
channel thickness (for BWR Assemblies). These results, and the many that follow, justify the 
approach for using bounding dimensions in the Teehpieal Speeifieatins ef Chapter 12Certificate 
of Compliance. Where margins permit, the Zircaloy water rod tubes (BWR assemblies) are 
artificially replaced by water in the bounding cases to remove the requirement for water rod 
thickness from the Tec-hical Sp-,ifi.A.i.nsCertificate of Compliance. As these studies were 
performed with and without soluble boron, they also demonstrate that the bounding dimensions 
are valid independent of the soluble boron concentration.  

As mentioned, the bounding approach used in these analyses often results in a maximum keff 
value for a given class of assemblies that is much greater than the reactivity of any of the actual 
(real) assemblies within the class, and yet, is still below the 0.95 regulatory limit.  

6.2.2 Intact PWR Fuel Assemblies inthe-MPG-24 

6.2.2.1 Intact PWR Fuel Assemblies in the MPC-24 without Soluble Boron 

For PWR fuel assemblies (specifications listed in Table 6.2.2) the l5xl5F01 fuel assembly at 
4.1% enrichment has the highest reactivity (maximum k f of 0.9478). The 17xl7A01 assembly 
(otherwise known as a Westinghouse 17x17 OFA) has a similar reactivity (see Table 6.2.201-6) 
and was used throughout this criticality evaluation as a reference PWR assembly. The 17x17A01 
assembly is a representative PWR fuel assembly in terms of design and reactivity and is useful 
for the reactivity studies presented in Sections 6.3 and 6.4. Calculations for the various PWR fuel 
assemblies in the MPC-24 are summarized in Tables 6.2.64 through 6.2.224-8& for the fully 
flooded condition without soluble boron in the water.  
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(!i ~ Tables 6.2.64 through 6.2.2244 show the maximum lf values for the assembly classes that are I 
acceptable for storage in the MPC-24. All maximum keff values include the bias, uncertainties, 
and calculational statistics, evaluated for the worst combination of manufacturing tolerances. All 
calculations for the MPC-24 were performed for a `0B loading of 0.020 g/cm2, which is 75% of 
the minimum loading, 0.0267 g/cm2, specified on BM-1478, Bill of Materials for 24-Assembly 
IU-STAR 100 PWR MPC, in Section 1.5. The maximum allowable enrichment in the MPC-24 

varies from 3.84-0 to 4-.65.0 wt% 235U, depending on the assembly class, and is defined in Tables 
6.2.64 through 6.2.221-8. It should be noted that the maximum allowable enrichment does not 
vary within an assembly class. Table 6.1.1 summarizes the maximum allowable enrichments for 
each of the assembly classes that are acceptable for storage in the MPC-24.  

Tables 6.2.64 through 6.2.224- are formatted with the assembly class information in the top row, 
the unique assembly designations, dimensions, and kff values in the following rows above the 
bold double lines, and the bounding dimensions selected for the Freebfieal 
Speer, ieai . . Certificate of Compliance and corresponding bounding klf values in the final rows.  
Where the bounding assembly corresponds directly to one of the actual assemblies, the fuel 
assembly designation is listed in the bottom row in parentheses (e.g., Table 6.2.64). Otherwise, 
the bounding assembly is given a unique designation. For an assembly class that contains only a 
single assembly (e.g., 14xl4D, see Table 6.2.9-7), the Techn-'cal SpeeifieAtion dimensions listed 
in the Certificate of Compliance are based on the assembly dimensions from that single 
assembly. All of the maximum kff values corresponding to the selected bounding dimensions are 
greater than or equal to those for the actual assembly dimensions and are below the 0.95 
regulatory limit.  

The results of the analyses for the MPC-24, which were performed for all assemblies in each 
class (see Tables 6.2.6 through 6.2.22), further confirm the validity of the bounding dimensions 
established in Section 6.2.1. Thus, for all following calculations, namely analyses of the MPC
24E, MPC-32, and MPC-24 with soluble boron present in the water, only the bounding assembly 
in each class is analyzed.  

6.2.2.2 Intact PWR Fuel Assemblies in the MPC-24 with Soluble Boron 

Additionally, the HI-STAR 100 system is designed to allow credit for the soluble boron typically 
present in the water of PWR spent fuel pools. For a minimum soluble boron concentration of 
400ppm, the maximum allowable fuel enrichment is 5.0 wt% '35U for all assembly classes 
identified in Tables 6.2.6 through 6.2.22. Table 6.1.2 shows the maximum keff for the bounding 
assembly in each assembly class. All maximum kf values are below the 0.95 regulatory limit.  
The 15x15H assembly class has the highest reactivity (maximum kff of 0.9447). The calculated 
kef and calculational uncertainty for each class is listed in Appendix 6. C.  

6.2.2.3 Intact PWR Assemblies in the MPC-24E and MPC-24EF with and without 
Soluble Boron 

The MPC-24E and MPC-24EF are variations of the MPC-24, which provide for storage of 
higher enriched fuel than the MPC-24 through optimization of the storage cell layout. The 
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MPC-24E and MPC-24EF also allow for the loading of up to 4 PWR Damaged Fuel Containers 
(DFC) with damaged PWR fuel (MPC-24E and MPC-24EF) and PWR fuel debris (MPC-24EF 
only). The requirements for damaged fuel and fuel debris in the MPC-24E and MPC-24EF are 
discussed in Section 6.2.4.3.  

Without credit for soluble boron, the maximum allowable fuel enrichment varies between 4.2 and 
5.0 wt% 235U, depending on the assembly classes as identified in Tables 6.2.6 through 6.2.22.  
The maximum allowable enrichment for each assembly class is listed in Table 6.1.3, together 
with the maximum kefffor the bounding assembly in the assembly class. All maximum keff values 
are below the 0.95 regulatory limit The 15xJ5F assembly class at 4.5% enrichment has the 
highest reactivity (maximum keff of 0.9468). The calculated keff and calculational uncertainty for 
each class is listed in Appendix 6. C.  

For a minimum soluble boron concentration of 300ppm, the maximum allowable fuel enrichment 
is 5.0 wt% 235U for all assembly classes identified in Tables 6.2.6 through 62.22. Table 6.1.4 
shows the maximum keff for the bounding assembly in each assembly class. All maximum kef 
values are below the 0.95 regulatory limit. The 15xJ5H assembly class has the highest reactivity 
(maximum keffof 0.9399). The calculated kefand calculational uncertaintyfor each class is listed 
in Appendix 6. C.  

6.2.2.4 Intact PWR Assemblies in the MPC-32 

When loading any PWRfuel assembly in the MPC-32, a minimum soluble boron concentration is 
required.  

For a minimum soluble boron concentration of 1900ppm, the maximum allowable fuel 
enrichment is 4.1 wt% 235U for all assembly classes identified in Tables 6.2.6 through 6.2.22.  
Table 6.1.5 shows the maximum kef for the bounding assembly in each assembly class. All 
maximum keff values are below the 0.95 regulatory limit. The 15x15F assembly class has the 
highest reactivity (maximum kef, of 0.9411). The calculated kef and calculational uncertainty for 
each class is listed in Appendix 6. C.  

For a minimum soluble boron concentration of 2600ppm, the maximum allowable fuel 
enrichment is 5.0 wt% 23sU for all assembly classes identified in Tables 6.2.6 through 6.2.22.  
Table 6.1.6 shows the maximum keff for the bounding assembly in each assembly class. All 
maximum kef values are below the 0.95 regulatory limit. The 1Jx15F assembly class has the 
highest reactivity (maximum kf of 0.9483). The calculated ke and calculational uncertainty for 
each class is listed in Appendix 6. C.  

6.2.3 Intact BWR Fuel Assemblies in the MPC-68 and MPC-68FF 

For BWR fuel assemblies (specifications listed in Table 6.2.1) the artificial bounding assembly 
for the l0xl0A assembly class at 4.2% enrichment has the highest reactivity (maximum kff of 
HI-STORM TSAR Rev. 11
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0.9457). Calculations for the various BWR fuel assemblies in the MPC-68 and MPC-68FF are 
summarized in Tables 6.2.234-9 through 6.2.4034 for the fully flooded condition. In all cases, the 
gadolinia (Gd20 3) normally incorporated in BWR fuel was conservatively neglected.  

For calculations involving BWR assemblies, the use of a uniform (planar-average) enrichment, 
as opposed to the distributed enrichments normally used in BWR fuel, produces conservative 
results. Calculations confirming this statement are presented in Appendix 6.BW for several 
representative BWR fuel assembly designs. These calculations justify the specification of planar
average enrichments to define acceptability of BWR fuel for loading into the MPC-68.  

Tables 6.2.234-9 through 6.2.4034 show the maximum keff values for assembly classes that are 
acceptable for storage in the MPC-68 and MPC-68FF. All maximum klf values include the bias, 
uncertainties, and calculational statistics, evaluated for the worst combination of manufacturing 
tolerances. With the exception of assembly classes 6x6A, 6x6B, 6x6C, 7x7A, and 8x8A, which 
will be discussed in Section 6.2.4, all calculations for the MPC-68 and MPC-68FF were 
performed with a '0B loading of 0.0279 g/cm2, which is 75% of the minimum loading, 0.0372 
g/cm2, specified on BM-1479, Bill of Materials for 68-Assembly HI-STAR 100 BWR MPC, in 
Section 1.5. Calculations for assembly classes 6x6A, 6x6B, 6x6C, 7x7A, and 8x8A were 
conservatively performed with a 10B loading of 0.0067 g/cm2 . The maximum allowable 
enrichment in the MPC-68 and MPC-68FF varies from 2.7 to 4.2 wt% 235U, depending on the 
assembly class. It should be noted that the maximum allowable enrichment does not vary within 
an assembly class. Table 6.1.72 summarizes the maximum allowable enrichments for all 
assembly classes that are acceptable for storage in the MPC-68 and MPC-68FF.  

Tables 6.2.234-9 through 6.2.4440 are formatted with the assembly class information in the top 
row, the unique assembly designations, dimensions, and k~f values in the following rows above 
the bold double lines, and the bounding dimensions selected for the Teehrial 
Speeifiea.ie Certificate of Compliance and corresponding bounding kl, values in the final rows.  
Where an assembly class contains only a single assembly (e.g., 8x8E, see Table 6.2.27-3), the 
Tcehnica! Spccif•.atien dimensions listed in the Certificate of Compliance are based on the 
assembly dimensions from that single assembly. For assembly classes that are suspected to 
contain assemblies with thicker channels (e.g., 120 mils), bounding calculations are also 
performed to qualify the thicker channels (e.g. 7x7B, see Table 6.2.231-9). All of the maximum 
keff values corresponding to the selected bounding dimensions are shown to be greater than or 
equal to those for the actual assembly dimensions and are below the 0.95 regulatory limit.  

For assembly classes that contain partial length rods (i.e., 9x9A, l0xl0A, and lOxlOB), 
calculations were performed for the actual (real) assembly configuration and for the axial 
segments (assumed to be full length) with and without the partial length rods. In all cases, the 
axial segment with only the full length rods present (where the partial length rods are absent) is 
bounding. Therefore, the bounding maximum klf values reported for assembly classes that 
contain partial length rods bound the reactivity regardless of the active fuel length of the partial 

H-Taken dir-egy &efr the HI STAR applzatiens (Deeket Nufber- 72 1008 and 71 9261).  
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length rods. As a result, the T.echni.al Sp.ifieationsCertificate of Compliance haves no 
minimum requirement for the active fuel length of the partial length rods.  

For BWR fuel assembly classes where margins permit, the Zircaloy water rod tubes are 
artificially replaced by water in the bounding cases to remove the requirement for water rod 
thickness from the Teehri-al Sp_.ifi.a.i.n. Certificate of Compliance. For these cases, the 
bounding water rod thickness is listed as zero.  

As mentioned, the highest observed maximum klff value is 0.9457, corresponding to the artificial 
bounding assembly in the l0xl0A assembly class. This assembly has the following bounding 
characteristics: (1) the partial length rods are assumed to be zero length (most reactive 
configuration); (2) the channel is assumed to be 120 mils thick; and (3) the active fuel length of 
the full length rods is 155 inches. Therefore, the maximum reactivity value is bounding 
compared to any of the real BWR assemblies listed.  

6.2.4 Da•'aged-BWR and PWR Damaged Fuel Assemblies and BaR-Fuel Debris 

In addition to storing intact PWR and BWR fuel assemblies, the HI-STORM 100 System is 
designed to store da,,iaged-BWR and PWR damaged fuel assemblies and WVR-fuel debris.  
Damaged fuel assemblies and fuel debris are defined in Section 2.1.3 and the Tee.nie'al 
Spe-ifieafei• in Chapter• 12 Appendix B to the Certificate of Compliance. Both damaged BWR 
fuel assemblies and BWVR-fuel debris are required to be loaded into Damaged Fuel Containers V 
(DFCs) prior to being loaded into the MPC. Four different DFC types with different cross 
sections are considered; three types for B WR fuel and one for P WR fuel. DFCs containing fuel 
debris must be stored in the MPC-68F, MPC-68FF or MPC-24EF. DFCs containing BWR 
damaged fuel assemblies may be stored in-e-thff the MPC-68,-er MPC-68F or MPC-68FF.  
DFCs containing PWR damaged fuel may be stored in the MPC-24E and MPC-24EF. The 
criticality evaluation of various possible damaged conditions of the fuel is presented in 
Subsection 6.4.4.  

6.2.4.1 Damaged B WR Fuel Assemblies and B WR Fuel Debris in AssemblX Classes 6x6A. 6x6B, 
6x6C, 7x7A and 8x8A 

Tables 6.2.413-5 through 6.2.4539 show the maximum klf values for thefivesi* assembly classes 
6x6A, 6x6B, 6x6C, 7x7A and 8x8Athat may be .t.r.d as damaged fl er fu.el debris. All 
maximum k.ff values include the bias, uncertainties, and calculational statistics, evaluated for the 
worst combination of manufacturing tolerances. All calculations were performed for a `B 
loading of 0.0067 g/cm2, which is 75% of a minimum loading, 0.0089 g/cm2 . However, because 
the practical manufacturing lower limit for minimum '`B loading is 0.01 g/cm2 , the minimum '0B 
loading of 0.01 g/cm' is specified on BM-1479, Bill of Materials for 68-Assembly HI-STAR 100 
BWR MPC, in Section 1.5, for the MPC-68F. As an additional level of conservatism in the 
analyses, the calculations were performed for an enrichment of 3.0 wt% 235U, while the 
maximum allowable enrichment for these assembly classes is limited to 2.7 wt% 23SU in the 
T ...... f.......Certificate of Compliance. Therefore, the maximum klff values for I ' 
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damaged BWR fuel assemblies and fuel debris are conservative. Calculations for the various 
BWR fuel assemblies in the MPC-68F are summarized in Tables 6.2.41-35 through 6.2.4539 for 
the fully flooded condition.  

For the assemblies that may be stored as damaged fuel or fuel debris, the 6x6C01 assembly at 3.0 
wt% 213 U enrichment has the highest reactivity (maximum k~f of 0.8021). Considering all of the 
conservatism built into this analysis (e.g., higher than allowed enrichment and lower than actual 
'0B loading), the actual reactivity will be lower.  

Because the analysis for the damaged BWR fuel assemblies and fuel debris was performed for a 
"°B loading of 0.0089 g/cm2, which conservatively bounds the analysis of damaged BWR fuel 
assemblies in an stan d -MPC-68 or MPC-68FF with a minimum "B loading of 0.0372 g/cm2 , 
damaged BWR fuel assemblies may also be stored in the stand fd-MPC-68 or MPC-68FF.  
However, fuel debris is limited to the MPC-68F and MPC-68FF by the T-rc^l-al Speifia•tai•i 
inC-hapter"-l-2 Appendix B to the Certificate of Compliance.  

Tables 6.2.413-5 through 6.2.4539 are formatted with the assembly class information in the top 
row, the unique assembly designations, dimensions, and keff values in the following rows above 
the bold double lines, and the bounding dimensions selected for the Teehnieal 

, .......... nCertificate of Compliance and corresponding bounding klf values in the final rows.  
Where an assembly class contains only a single assembly (e.g., 6x6C, see Table 6.2.433-7), the 
T..hni.al Sp.ifi.ati.n. dimensions listed in the Certificate of Compliance are based on the 
assembly dimensions from that single assembly. All of the maximum Klff values corresponding to 
the selected bounding dimensions are greater than or equal to those for the actual assembly 
dimensions and are well below the 0.95 regulatory limit.  

6. 2.4.2 Damaged B WR Fuel Assemblies and Fuel Debris in the MPC-68 and MPC-68FF 

Damaged BWR fuel assemblies and fuel debris from all BWR classes may be loaded into the 
MPC-68 and MPC-68FF by restricting the locations of the DFCs to 16 specific cells on the 
periphery of the fuel basket. The MPC-68 may be loaded with up to 16 DFCs containing 
damaged fuel assemblies. The MPC-68FF may also be loaded with up to 16 DFCs, with up to 8 
DFCs containing fuel debris.  

For all assembly classes, the enrichment of the damaged fuel or fuel debris is limited to a 
maximum of 4. 0 wt% 2"U, while the enrichment of the intact assemblies stored together with the 
damaged fuel is limited to a maximum of 3.7 wt% 235U. The maximum kef is 0.9328. The 
criticality evaluation of the damaged fuel assemblies and fuel debris in the MPC-68 and MPC
68FF is presented in Section 6.4.4.2.  
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6.2.4.3 Damaged PWR Fuel Assemblies and Fuel Debris in the MPC-24E and MPC-24EF 

In addition to storing intact PWR fuel assemblies, the HI-STORM 100 System is designed to 
store damaged PWR fuel assemblies (MPC-24E and MPC-24EF) and fuel debris (MPC-24EF 
only). Damaged fuel assemblies and fuel debris are defined in Section 2.1.3 and Appendix B of 
the Certificate of Compliance. Damaged PWR fuel assemblies and fuel debris are required to be 
loaded into PWR Damaged Fuel Containers (DFCs) prior to being loaded into the MPC. Up to 
four DFCs may be stored in the MPC-24E or MPC-24EF. When loaded with damaged fuel 
and/or fuel debris, the maximum enrichment for intact and damaged fuel is 4.0 wt% 23SU for all 
assembly classes listed in Table 6.2.6 through 6.2.22. The maximum keff for these classes is 
0.9486. The criticality evaluation of the damaged fuel is presented in Subsection 6.4.4.2.  

6.2.5 Thoria Rod Canister 

Additionally, the HI-STORM 100 System is designed to store a Thoria Rod Canister in the MPC
68, MPC-68F or MPC-68FF. The canister is similar to a DFC and contains 18 intact Thoria 
Rods placed in a separator assembly. The reactivity of the canister in the MPC is very low 
compared to the approved fuel assemblies (The 23"U content of these rods correspond to U02 
rods with an initial enrichment of approximately 1.7 wt% 23'U). It is therefore permissible to the 
Thoria Rod Canister together with any approved content in a MPC-68 or MPC-68F.  
Specifications of the canister and the Thoria Rods that are used in the criticality evaluation are 
given in Table 6.2.46. The criticality evaluation are presented in Subsection 6.4.6.  
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Table 6.2.1 (page 1 of 74) 
BWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS

(all dimensions are in inches 

Assembly Clad Number of Cladding Cladding Pellet Active Fuel Number of Water Rod Water Rod Channel Channel 
Designation Material Pitch Fuel Rods OD Thickness Diameter Length Water Rods OD ID Thickness ID

6x6A Assembly Class
6x6A01 Zr 0.694 36 0.5645 0.0350 0.4940 110.0 0 n/a n/a 0.060 4.290 
6x6A02 Zr 0.694 36 0.5645 0.0360 0.4820 110.0 0 n/a n/a 0.060 4.290 
6x6A03 Zr 0.694 36 0.5645 0.0350 0.4820 110.0 0 n/a n/a 0.060 4.290 
6x6A04 Zr 0.694 36 0.5550 0.0350 0.4820 110.0 0 n/a n/a 0.060 4.290 
6x6A05 Zr 0.696 36 0.5625 0.0350 0.4820 110.0 0 n/a n/a 0.060 4.290 

6x6A06 Zr 0.696 35 0.5625 0.0350 0.4820 110.0 1 0.0 0.0 0.060 4.290 
6x6A07 Zr 0.700 36 0.5555 0.03525 0.4780 110.0 0 n/a n/a 0.060 4.290 
6x6A08 Zr 0.710 36 0.5625 0.0260 0.4980 110.0 0 n/a n/a 0.060 4.290 

6x6B (MOX) Assembly Class 
6x6B0l Zr 0.694 36 0.5645 0.0350 0.4820 110.0 0 n/a n/a 0.060 4.290 
6x6B02 Zr 0.694 36 0.5625 0.0350 0.4820 110.0 0 n/a n/a 0.060 4.290 
6x6B03 Zr 0.696 36 0.5625 0.0350 0.4820 110.0 0 n/a n/a 0.060 4.290 

6x6B04 Zr 0.696 35 0.5625 0.0350 0.4820 110.0 1 0.0 0.0 0.060 4.290 
6x6B05 Zr 0.710 35 0.5625 0.0350 0.4820 110.0 1 0.0 0.0 0.060 4.290 

6x6C Assembly Class 
6x6C01 Zr 10.7401 36 0.5630 0.0320 0.4880 77.5 0 n/a n/a 0.060 4.542 

7x7A Assembly Class 

7x70.631 49 0.4860 0.032830 0.4110 980 0 n/a n/a 0.060 4.542 
tx7A01 1l 94.4
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Table 6.2.1 (page 2 of 7) 
BWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches) 
Fuel 

Assembly Clad Number of Cladding Cladding Pellet Active Number of Water Rod Water Rod Channel Channel Designation Material Pitch Fuel Rods OD Thickness Diameter Fuel Water Rods OD ID Thickness ID 
Length 

7x7B Assembly Class 
7x7B01 Zr 0.738 49 0.5630 0.0320 0.4870 150 0 n/a n/a 0.080 5.278 
7x7B02 Zr 0.738 49 0.5630 0.0370 0.4770 150 0 n/a n/a 0.102 5.291 
7x7B03 Zr 0.738 49 0.5630 0.0370 0.4770 150 0 n/a n/a 0.080 5.278 
7x7B04 Zr 0.738 49 0.5700 0.0355 0.4880 150 0 n/a n/a 0.080 5.278 
7x7B05 Zr 0.738 49 0.5630 0.0340 0.4775 150 0 n/a n/a 0.080 5.278 
7x7B06 Zr 0.738 49 0.5700 0.0355 0.4910 150 0 n/a n/a 0.080 5.278 

8x8A Assembly Class 
8x8A01 Zr 0.523 64 0.4120 0.0250 0.3580 110 0 n/a n/a 0.100 4.290 
8x8A02 Zr 0.523 63 0.4120 0.0250 0.3580 120 0 n/a n/a 0.100 4.290

Rev. 11
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Table 6.2.1 (page -3 of 74) 
BWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches)

8x81301 Zr 0.641 63 0.4840 0.0350 0.4050 150 1 0.484 0.414 0.100 5.278 
8x8B02 Zr 0.636 63 0.4840 0.0350 0.4050 150 1 0.484 0.414 0.100 5.278 
8x8B03 Zr 0.640 63 0.4930 0.0340 0.4100 150 1 0.493 0.425 0.100 5.278 
8x8B04 Zr 0.642 64 0.5015 0.0360 0.4195 150 0 n/a n/a 0.100 5.278 

8x8C Assembly Class 
8x8C01 Zr 0.641 62 0.4840 0.0350 0.4050 150 2 0.484 0.414 0.100 5.278 
8x8C02 Zr 0.640 62 0.4830 0.0320 0.4100 150 2 0.591 0.531 0.000 no channel 
8x8C03 Zr 0.640 62 0.4830 0.0320 0.4100 150 2 0.591 0.531 0.080 5.278 
8x8C04 Zr 0.640 62 0.4830 0.0320 0.4100 150 2 0.591 0.531 0.100 5.278 
8x8C05 Zr 0.640 62 0.4830 0.0320 0.4100 150 2 0.591 0.531 0.120 5.278 
8x8C06 Zr 0.640 62 0.4830 0.0320 0.4110 150 2 0.591 0.531 0.100 5.278 
8x8C07 Zr 0.640 62 0.4830 0.0340 0.4100 150 2 0.591 0.531 0.100 5.278 
8x8C08 Zr 0.640 62 0.4830 0.0320 0.4100 150 2 0.493 0.425 0.100 5.278 
8x8C09 Zr 0.640 62 0.4930 0.0340 0.4160 150 2 0.493 0.425 0.100 5.278 
8x8C10 Zr 0.640 62 0.4830 0.0340 0.4100 150 2 0.591 0.531 0.120 5.278 
8x8Cll Zr 0.640 62 0.4830 0.0340 0.4100 150 2 0.591 0.531 0.120 5.215 
8x8C12 Zr 0.636 62 0.4830 0.0320 0.4110 150 2 0.591 0.531 0.120 5.215
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Table 6.2.1 (page •.4 of 74) 
BWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches)

ý orrectangular water cross segments dividing the assembly into four quadrants
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Fuel 
Assembly Clad Number of Cladding Cladding Pellet Active Fuel Number of Water Rod Water Rod Channel Channel Designation Material Pitch Fuel Rods OD Thickness Diameter Length Water Rods OD ID Thickness ID

8x8D01 Zr 0.640 60 0.4830 0.0320 0.4110 150 2 large/ 0.591/ 0.531/ 0.100 5.278 
2 small 0.483 0.433 

8x8D02 Zr 0.640 60 0.4830 0.0320 0.4110 150 4 0.591 0.531 0.100 5.278 
8x8D03 Zr 0.640 60 0.4830 0.0320 0.4110 150 4 0.483 0.433 0.100 5.278 
8x8D04 Zr 0.640 60 0.4830 0.0320 0.4110 150 1 1.34 1.26 0.100 5.278 
8x8D05 Zr 0.640 60 0.4830 0.0320 0.4100 150 1 1.34 1.26 0.100 5.278 
8x8D06 Zr 0.640 60 0.4830 0.0320 0.4110 150 1 1.34 1.26 0.120 5.278 
8x8D07 Zr 0.640 60 0.4830 0.0320 0.4110 150 1 1.34 1.26 0.080 5.278 
8x8D08 Zr 0.640 61 0.4830 0.0300 0.4140 150 3 0.591 0.531 0.080 5.278 

8x8E Assembly Class 
8x8E01 Zr 0.640 59 0.4930 0.0340 0.4160 150 5 0.493 0.425 0.100 5.278 

8x8F Assembly Class 
8x8F0J I Zr 0.609 64 0.4576 1 0.0290 1 0.3913 150 4t 0.291t 0.228t 0.055 5.390 

9x9A Assembly Class 
9x9A01 Zr 0.566 74 0.4400 0.0280 0.3760 150 2 0.98 0.92 0.100 5.278 
9x9A02 Zr 0.566 66 0.4400 0.0280 0.3760 150 2 0.98 0.92 0.100 5.278 
9x9A03 Zr 0.566 74/66 0.4400 0.0280 0.3760 150/90 2 0.98 0.92 0.100 5.278 
9x9A04 Zr 0.566 74/66 0.4400 0.0280 0.3760 150/90 2 0.98 0.92 0.120 5.278
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Table 6.2.1 (page 45 of 74) 
BWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches) 
Fuel 

Assembly Clad Number of Cladding Cladding Pellet Active Fuel Number of Water Rod Water Rod Channel Channel Designation Material Pitch Fuel Rods OD Thickness Diameter Length Water Rods OD ID Thickness ID 

9x9B Assembly Class 
9x9B01 Zr 0.569 72 0.4330 0.0262 0.3737 150 1 1.516 1.459 0.100 5.278 
9x9B02 Zr 0.569 72 0.4330 0.0260 0.3737 150 1 1.516 1.459 0.100 5.278 
9x9B03 Zr 0.572 72 0.4330 0.0260 0.3737 150 1 1.516 1.459 0.100 5.278 

9x9C Assembly Class 
9x9C0l1 Zr 1052 80 1[0.4230 1 0.0295 1 0.3565 j 150 1 1 1 0.512 1 0.472 1 0.100 1 5.278 

9x9D Assembly Class 
9x9D1 Zr _0.5721 79 1 0.4240 0.0300 0.3565 150 2 0.42M44 0.364 1 0.100 1 5.278 

9x9E Assembly Classt 
9x9E01 Zr 0.572 76 0.4170 0.029065 0.352430 150 5 0.42546 0.9"522 0.400120 5.2--15 
9x9E02 Zr 0.572 48 0.4170 0.0265 0.3530 150 5 0.546 0.522 0.120 5.215 

28 0.4430 0.0285 0.3745

The 9x9E and 9x9F fuel assembly classes represent a single fuel type containing fuel rods with different dimensions (SPC 9x9-5). In addition to the actual 
configuration (9x9E02 and 9x9F02), the 9x9E class contains a hypothetical assembly with only small fuel rods (9x9E01), and the 9x9F class contains a 
hypothetical assembly with only large rods (9x9F01). This was done in order to simplify the specification of this assembly in the CoC.

HI-STORM TSAR 

REPORT HI-951312
Rev. 11

6.2-13

I



Table 6.2.1 (page 6 of 47) 
B WR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches) 
Fuel 

Assembly Clad Number of Cladding Cladding Pellet Active Fuel Number of Water Rod Water Rod] Mhnel, Channel 
Designation Material Pitch Fuel Rods OD Thickness Diameter Length Water Rods OD ID Thickness ID 

9x9F Assembly Class* 
9x9F01 Zr 0.572 76 0.4430 0.0G1-285 0.3745 150 5 0.4-2-5546 0.9"4522 0.4.00120 5.24915 

9x9F02 Zr 0.572 48 0.4170 0.0265 0.3530 150 5 0.546 0.522 0.120 5.215 
28 0.4430 0.0285 0.3745 

9x9G Assembly Class 
9x9GO01 Zr 10.5721 72 0.4240 0.0300 0.3565 150 1 1 1.668 1.604 0.120 5.278 

lOxl OA Assembly Class 
10xl0A01 Zr 0.510 92 0.4040 0.0260 0.3450 155 2 0.980 0.920 0.100 5.278 
l0xl0A02 Zr 0.510 78 0.4040 0.0260 0.3450 155 2 0.980 0.920 0.100 5.278 
l0xl0A03 Zr 0.510 92/78 0.4040 0.0260 0.3450 155/90 2 0.980 0.920 0.100 5.278 

lOx lOB Assembly Class 
lOxiOB01 Zr 0.510 91 0.3957 0.0239 0.3413 155 1 1.378 1.321 0.100 5.278 
10xl0B02 Zr 0.510 83 0.3957 0.0239 0.3413 155 1 1.378 1.321 0.100 5.278 
lOxlOB03 Zr 0.510 91/83 0.3957 0.0239 0.3413 155/90 1 1.378 1.321 0.100 5.278

The 9x9E and 9x9Ffuel assembly classes represent a single fuel type containing fuel rods with different dimensions (SPC 9x9-5). In addition to the actual configuration (9x9E02 and 9x9F02), the 9x9E class contains a hypothetical assembly with only smallfuel rods (9x9E01), and the 9x9F class contains a hypothetical assembly with only large rods (9x9F01). This was done in order to simplify the specification of this assembly in the CoC.

Rev. 1l
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Table 6.2.1 (page 7 of 7) 
BWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches) 

Fuel 
Assembly Clad Number of Cladding Cladding Pellet Active Fuel Number of Water Rod Water Rod Channel Channel Designation Material Pitch Fuel Rods OD Thickness Diameter Length Water Rods OD ID Thickness ID 

1 Ox I OC Assembly Class 
10xiOC01 Zr 0.488 96 0.379080 0.02493 0.3224 150 5 04930 0.50 0.055 &.4-55.347 

1.227 1.165 

lOx 1 OD Assembly Class 
S0.565 100 0.3960 0.0200 0.3500 83 0 n/a n/a 0.08 5.663 

lOx 1 OE Assembly Class 
l0xO 10.5571I 96 0.3940 1 0.0220 0.3430 83 4 0.3940 0.3500 1 0.08 5.663
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Table 6.2.2 (page 1 of 4-) 
PWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS
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14x 14A Assembly Class
14x14A01 Zr 0.556 179 0.400 0.0243 0.3444 150 17 0.527 0.493 0.0170 
14x14A02 Zr 0.556 179 0.400 0.0243 0.3444 150 17 0.528 0.490 0.0190 
14x14A03 Zr 0.556 179 0.400 0.0243 0.3444 150 17 0.526 0.492 0.0170 

14x14B Assembly Class 
14x14B01 Zr 0.556 179 0.422 0.0243 0.3659 150 17 0.539 0.505 0.0170 
14x14B02 Zr 0.556 179 0.417 0.0295 0.3505 150 17 0.541 0.507 0.0170 
14x14B03 Zr 0.556 179 0.424 0.0300 0.3565 150 17 0.541 0.507 0.0170 
14x14B04 Zr 0.556 179 0.426 0.0310 0.3565 150 17 0.541 0.507 0.0170 

14x14C Assembly Class 
14x14C01 Zr 0.580 176 0.440 0.0280 0.3765 150 5 1.115 1.035 0.0400 
14x14C02 Zr 0.580 176 0.440 0.0280 0.3770 150 5 1.115 1.035 0.0400 
14x14C03 Zr 0.580 176 0.440 0.0260 0.3805 150 5 1.111 1.035 0.0380 

14x14D Assembly Class 
14x14D01 SS 0.556 180 0.422 0.0165 0.3835 144 16 0.543 0.514 0.0145

J



Table 6.2.2 (page 2 of 4) 
PWR FUEL CHARA CTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches)

t This is the fuel assembly used at Indian Point I (IP-1). This assembly is a 14x14 assembly with 23 fuel rods omitted to allow passage of control rods between 
assemblies. It has a different pitch in different sections of the assembly, and different fuel rod dimensions in some rods.
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Number of Guide Tube Fuel Assembly Clad Number of Cladding Cladding Pellet Active Fuel Guide Guide Tube Guide Tube Thickness Designation Material Pitch Fuel Rods OD Thickness Diameter Length Tubes OD ID 

14x14E Assembly Class 

14x14E01t SS 0.453 162 0.3415 0.0120 0.313 102 0 n/a n/a n/a 
and 3 0.3415 0.0285 0.280 
0.411 8 0.3415 0.0200 0.297 

14x14E02t SS 0.453 173 0.3415 0.0120 0.313 102 0 n/a n/a n/a 
and 

0.411 

14x14E03t SS 0.453 173 0.3415 0.0285 0.0280 102 0 n/a n/a n/a 
and 

0.411 

15x 15A Assembly Class 
15xl5A01 Zr 0.550 204 0.418 0.0260 0.3580 150 21 0.533 0.500 0.0165



Table 6.2.2 (page 3- of 43) 
PWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches) 

Number of Guide Fuel Assembly Clad Number of Cladding Cladding Pellet Active Fuel Guide Guide Tube Guide Tube Tube 
Designation Material Pitch Fuel Rods OD Thickness Diameter Length Tubes OD ID Thickness 

15xl15B Assemblv Class

l5xl5BOl Zr 0.563 204 0.422 0.0245 0.3660 150 21 0.533 0.499 0.0170 
l5xl5B02 Zr 0.563 204 0.422 0.0245 0.3660 150 21 0.546 0.512 0.0170 
l5x15B03 Zr 0.563 204 0.422 0.0243 0.3660 150 21 0.533 0.499 0.0170 
15x15B04 Zr 0.563 204 0.422 0.0243 0.3659 150 21 0.545 0.515 0.0150 
l5x15B05 Zr 0.563 204 0.422 0.0242 0.3659 150 21 0.545 0.515 0.0150 
15x15B06 Zr 0.563 204 0.420 0.0240 0.3671 150 21 0.544 0.514 0.0150 

15x I 5C Assembly Class 
15x15C0l Zr 0.563 204 0.424 0.0300 0.3570 150 21 0.544 0.493 0.0255 
l5xl5C02 Zr 0.563 204 0.424 0.0300 0.3570 150 21 0.544 0.511 0.0165 
15x15C03 Zr 0.563 204 0.424 0.0300 0.3565 150 21 0.544 0.511 0.0165 
l5x15C04 Zr 0.563 204 0.417 0.0300 0.3565 150 21 0.544 0.511 0.0165 

15xl5D Assembly Class 
15x15D01 Zr 0.568 208 0.430 0.0265 0.3690 150 17 0.530 0.498 0.0160 
l5x15D02 Zr 0.568 208 0.430 0.0265 0.3686 150 17 0.530 0.498 0.0160 
15x15D03 Zr 0.568 208 0.430 0.0265 0.3700 150 17 0.530 0.499 0.0155 
l5x15D04 Zr 0.568 208 0.430 0.0250 0.3735 150 17 0.530 0.500 0.0150 

15xl5E Assembly Class 
l5xl5E01 Zr 0.568 208 0.428 0.0245 0.3707 150 17 0.528 0.500 0.0140 

15x 15F Assembly Class 
l5xl5F01 Zr 0.568 208 0.428 0.0230 0.3742 150 17 0.528 0.500 0.0140
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Table 6.2.2 (page 43 of 4-) 
PWR FUEL CHARACTERISTICS AND ASSEMBLY CLASS DEFINITIONS 

(all dimensions are in inches)

Number of Cladding Cladding Pellet 
Fuel Rods OD Thickness Diameter

15xl5G01 SS 0.563 204 0.422 0.0165 0.3825 144 21 0.543 0.514 0.0145 

15x15HAssembly Class 

15x15H01 Zr 0.568 208 0.414 0.0220 0.3622 150 17 0.528 0.500 0.0140 

16x 16A Assembly Class 
l6x16A01 Zr 0.506 236 0.382 0.0250 0.3255 150 5 0.980 0.900 0.0400 
16x16A02 Zr 0.506 236 0.382 0.0250 0.3250 150 5 0.980 0.900 0.0400 

17x17A Assembly Class 
17xl7A01 Zr 0.496 264 0.360 0.0225 0.3088 144 25 0.474 0.442 0.0160 
17x17A02 Zr 0.496 264 0.360 0.0225 0.3088 150 25 0.474 0.442 0.0160 
17x17A03 Zr 0.496 264 0.360 0.0250 0.3030 150 25 0.480 0.448 0.0160 

17xl7B Assembly Class 
17x17B01 Zr 0.496 264 0.374 0.0225 0.3225 150 25 0.482 0.450 0.0160 
17x17B02 Zr 0.496 264 0.374 0.0225 0.3225 150 25 0.474 0.442 0.0160 
17x17B03 Zr 0.496 264 0.376 0.0240 0.3215 150 25 0.480 0.448 0.0160 
17x17B04 Zr 0.496 264 0.372 0.0205 0.3232 150 25 0.427 0.399 0.0140 
17x17B05 Zr 0.496 264 0.374 0.0240 0.3195 150 25 0.482 0.450 0.0160 
17x17B06 Zr 0.496 264 0.372 0.0205 0.3232 150 25 0.480 0.452 0.0140 

17x1 7C Assembly Class 
17x17C01 Zr 0.502 264 0.379 0.0240 0.3232 150 25 0.472 0.432 0.0200 
17x17C02 Zr 0.502 264 0.377 0.0220 0.3252 150 25 0.472 0.432 0.0200
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Table 6.2.3 
REACTIVITY EFFECT OF ASSEMBLY PARAMETER VARIATIONS for BWR Fuel in the MPC-68 

(all dimensions are in inches) 
Fuel Assembly/ Parameter reactivity calculated standard cladding cladding cladding pellet water rod channel 

Variation effect kff deviation OD ID thickness OD thickness thickness 
8x8C04 (GE8x8R) reference 0.9307 0.0007 0.483 0.419 0.032 0.410 0.030 0.100 
increase pellet OD (+0.001) +0.0005 0.9312 0.0007 0.483 0.419 0.032 0.411 0.030 0.100 
decrease pellet OD (-0.001) -0.0008 0.9299 0.0009 0.483 0.419 0.032 0.409 0.030 0.100 
increase clad ID (+0.004) +0.0027 0.9334 0.0007 0.483 0.423 0.030 0.410 0.030 0.100 
decrease clad ID (-0.004) -0.0034 0.9273 0.0007 0.483 0.415 0.034 0.410 0.030 0.100 
increase clad OD (+0.004) -0.0041 0.9266 0.0008 0.487 0.419 0.034 0.410 0.030 0.100 
decrease clad OD (-0.004) +0.0023 0.9330 0.0007 0.479 0.419 0.030 0.410 0.030 0.100 
increase water rod -0.0019 0.9288 0.0008 0.483 0.419 0.032 0.410 0.045 0.100 
thickness (+0.015) 

decrease water rod +0.0001 0.9308 0.0008 0.483 0.419 0.032 0.410 0.015 0.100 
thickness (-0.015) 

remove water rods +0.0021 0.9328 0.0008 0.483 0.419 0.032 0.410 0.000 0.100 
(i.e., replace the water rod 
tubes with water) 

remove channel -0.0039 0.9268 0.0009 0.483 0.419 0.032 0.410 0.030 0.000 
increase channel thickness +0.0005 0.9312 0.0007 0.483 0.419 0.032 0.410 0.030 0.120 
(+0.020)
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Table 6.2.4 
REA CTIVITY EFFECT OF ASSEMBLY PARAMETER VARIA TIONS in PWR Fuel in the MPC 24 with 400ppm soluble boron concentration 

(all dimensions are in inches) 
Fuel Assembly/Parameter reactivity calculated standard cladding Cladding cladding pellet guide tube 

Variation effect kff deviation OD ID thickness OD thickness 
I5xISF (]5x]5 B&W, 4.94% E) reference 0.9340 0.0005 0.4280 0.3820 0.0230 0.3742 0.0140 
increase pellet OD (+0.001) +0.0002 0.9342 0.0005 0.4280 0.3820 0.0230 0.3752 0.0140 
decrease pellet OD (-0.001) -0.0003 0.9337 0.0004 0.4280 0.3820 0.0230 0.3732 0.0140 
increase clad ID (+0.004) +0.0035 0.9374 0.0004 0.4280 0.3860 0.0210 0.3742 0.0140 
decrease clad ID (-0.004) -0.0026 0.9313 /"0.0005 0.4280 0.3780 0.0250 0.3742 0.0140 

increase clad OD (+0.004) -0.0032 0.9308 0.0004 0.4320 0.3820 0.0250 0.3742 0.0140 
decrease clad OD (-0.004) +0.0032 0.9372 0.0005 0.4240 0.3820 0.0210 0.3742 0.0140 
increase guide tube -0.0010 0.9329 0.0005 0.4280 0.3820 0.0230 0.3742 0.0180 
thickness (+0.004) 

decrease guide tube +0.0014 0.9354 0.0004 0.4280 0.3820 0.0230 0.3742 0.0100 
thickness (-0.004) 

remove guide tubes +0.0040 0.9379 0.0005 0.4280 0.3820 0.0230 0.3742 0.000 
(i.e., replace the guide tubes 
with water) 

voided guide tubes -0.0312 0.9028 0.0004 0.4280 0.3820 0.0230 0.3742 0.0140

HI-STORM TSAR 

REPORT HI-951312
Rev. 11

6.2-21

( �



Table 6.2.5 
REACTIVITY EFFECT OF ASSEMBLY PARAMETER VARIATIONS in PWR Fuel in the MPC-32 with 2600ppm soluble boron concentration 

(all mensions are in inches) 
Fuel Assembly/Parameter reactivity calculated standard cladding cladding cladding pellet guide tube 

Variation effect kff deviation OD ID thickness OD thickness 

15xl5F (15x15 B&W, 5.0% E) reference 0.9389 0.0004 0.4280 0.3820 0.0230 0.3742 0.0140 

increase pellet OD (+0.001) +0.0019 0.9408 0.0004 0.4280 0.3820 0.0230 0.3752 0.0140 

decrease pellet OD (-0.001) 0.0000 0.9389 0.0004 0.4280 0.3820 0.0230 0.3732 0.0140 

increase clad ID (+0.004) +0.0015 0.9404 0.0004 0.4280 0.3860 0.0210 0.3742 0.0140 

decrease clad ID (-0.004) -0.0015 0.9374 0.0004 0.4280 0.3780 0.0250 0.3742 0.0140 

increase clad OD (+0.004) -0.0002 0.9387 0.0004 0.4320 0.3820 0.0250 0.3742 0.0140 

decrease clad OD (-0.004) +0.0007 0.9397 0.0004 0.4240 0.3820 0.0210 0.3742 0.0140 

increase guide tube -0.0003 0.9387 0.0004 0.4280 0.3820 0.0230 0.3742 0.0180 
thickness (+0.004) 

decrease guide tube -0.0005 0.9384 0.0004 0.4280 0.3820 0.0230 0.3742 0.0100 
thickness (-0.004) 

remove guide tubes -0.0005 0.9385 0.0004 0.4280 0.3820 0.0230 0.3742 0.000 
(i.e., replace the guide tubes 
with water) 

voided guide tubes +0.0039 0.9428 0.0004 0.4280 0.3820 0.0230 0.3742 0.0140
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Table 6.2. 64 
MAXIMUM KEFF VALUES FOR THE 14X14A ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 
14x14A (4.6% Enrichment, Boral '0B minimum loading of 0.02 g/cmn) 

179 fuel rods, 17 guide tubes, pitch=0.556, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube Designation kff 1ff deviation OD ID thickness OD length thickness 

14x14A01 0.9378 0.9332 0.0010 0.400 0.3514 0.0243 0.3444 150 0.017 
14x14A02 0.9374 0.9328 0.0009 0.400 0.3514 0.0243 0.3444 150 0.019 
14x14A03 0.9383 0.9340 0.0008 0.400 0.3514 0.0243 0.3444 150 0.017 

Dimensions Listed in 0.400 0.3514 0.3444 150 0.017 Certificate of Compliance (min.) (max.) (max.) (max.) (min.) 
bounding dimensions 0.9383 0.9340 0.0008 0.400 0.3514 0.0243 0.3444 150 0.017 

(14x14A03) I
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Table 6.2.75 
MAXIMUM KE, VALUES FOR THE 14X14B ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches)
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14xl4B (4.6% Enrichment, Boral "0B minimum loading of 0.02 g/cm2) 

179 fuel rods, 17 guide tubes, pitch=0.556, Zr clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 

Designation keff kff deviation OD ID thickness OD length thickness 

l4x14B0l 0.9268 0.9225 0.0008 0.422 0.3734 0.0243 0.3659 150 0.017 

l4x14B02 0.9243 0.9200 0.0008 0.417 0.3580 0.0295 0.3505 150 0.017 
l4x14B03 0.9196 0.9152 0.0009 0.424 0.3640 0.0300 0.3565 150 0.017 

14xl4BO4 0.9163 0.9118 0.0009 0.426 0.3640 0.0310 0.3565 150 0.017 

Dimensions Listed in 0.417 0.3734 0.3659 150 0.017 
Certificate of Compliance (min.) (max.) (max.) (max.) (nin.) 

bounding dimensions 0.9323 0.9280 0.0008 0.417 0.3734 0.0218 0.3659 150 0.017 
(B14xl4BO0) I I I
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Table 6.2.86 
MAXIMUM KEFF VALUES FOR THE 14X14C ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 
14x14C (4.6% Enrichment, Boral '0B minimum loading of 0.02 g/cm2) 

176 fuel rods, 5 guide tubes, pitch=0.580, Zr clad 
Fuel Assembly maximum calculated standard cladding Cladding cladding pellet fuel guide tube Designation Klff k1 deviation OD ID thickness OD length thickness 

l4x14C0l 0.9361 0.9317 0.0009 0.440 0.3840 0.0280 0.3765 150 0.040 
l4xl4C02 0.9355 0.9312 0.0008 0.440 0.3840 0.0280 0.3770 150 0.040 
14xI4C03 0.9400 0.9357 0.0008 0.440 0.3880 0.0260 0.3805 150 0.038 

Dimensions Listed in 0.440 0.384080 0.3-70805 150 0.04038 Certificate of Compliance (mrin.) (max.) (max.) (max.) (min.) 
bounding dimensions 0.994.400 0.934-757 0.00098 0.440 0.384080 0.028060 0.37-6&805 150 0.4038 (14x14C0-3) I I _

"..eff.QeuMe *&Zýate tare 9oa-Hafy zguwvalnt (within 1 p) fer the Small ;variation in eellct diameter.- the ne11et diamt~r1~t ie'-
L.CP4;41AQ*P -_ efGempitanee is the la ec fe to wz vonuzisq
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Table 6.2.9-7 
MAXIMUM KEFF VALUES FOR THE 14X14D ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches)
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14x14D (4.0% Enrichment, Boral '0B minimum loading of 0.02 g/cm2) 

180 fuel rods, 16 guide tubes, pitch=0.556, SS clad

Fuel Assembly maximum calculated standard cladding Cladding cladding pellet fuel guide tube 
Designation Keff klff deviation OD ID thickness OD length thickness 

14x14D01 0.8576 0.8536 0.0007 0.422 0.3890 0.0165 0.3835 144 0.0145 
Dimensions Listed in 0.422 0.3890 0.3835 144 0 .0145 

Certificate of Compliance (min.) (max.) I (max.) (max.) (min.)



Table 6.2.10 
MAXIMUM KsF VALUES FOR THE 14X14E ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 

14x14E (5.0% Enrichment, Boral 10B minimum loading of 0.02 g/cm2) 

173fuel rods, 0 guide tubes, pitch=0.453 and 0.441, SS cladt

t This is the IP-1 fuel assembly at Indian Point. This assembly is a 14x14 assembly with 23fuel rods omitted to allow passage of control rods between 
assemblies. See Figure 6.2.1 for details of the pitch and location of the fuel rods. Fuel rod dimensions are bounding for each of the three types of rods found in 
the IP-l fuel assembly.  
"t Calculations were conservatively performed for a fuel length of 150 inches.
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Fuel Assembly maximum kf calculated standard cladding cladding cladding pellet fuel guide tube 
Designation kf deviation OD 1D thickness OD lengthtt thickness 

14x14E01 0.7663 0.7618 0.0009 0.3415 0.3175 0.0120 0.3130 102 0.0000 
0.2845 0.0285 0.2800 
0.3015 0.0200 0.2970 

14x14E02 0.7715 0.7671 0.0008 0.3415 0.3175 0.0120 0.3130 102 0.0000 
14x14E03 0.7016 0.6977 0.0006 0.3415 0.2845 0.0285 0.2800 102 0.0000 

Dimensions Listed in 0.3415 0.3175 0.3130 102 0.0000 Certificate of Compliance (min.) (ma .) (max.) (max.) (mmin.) 

Bounding dimensions 0.7715 0.7671 0.0008 0.3415 0.3175 0.0120 0.3130 102 0.0000 
(14x14E02) I I I



Table 6.2.118 
MAXIMUM KE• VALUES FOR THE 15X15A ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches)
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15xl5A (4.1% Enrichment, Boral '0B minimum loading of 0.02 g/ra2) 

204 fuel rods, 21 guide tubes, pitch=0.550, Zr clad

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 
Designation kff kff deviation OOD ID thickness OD length thickness 
l5xl5A01 0.9301 0.9259 0.0008 0.418 0.3660 0.0260 0.3580 150 0.0165 

Dimensions Listed in 0.418 0.3660 0.3580 150 0.0165 Certificate of Compliance (min.) (max.) (max.) I (max.) (min.)



Table 6.2.129 
MAXIMUM KEFF VALUES FOR THE 15X15B ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 

15 xl 5B (4.1% Enrichment, Boral 1"B minimum loading of 0.02 g/cm2) 

204 fuel rods, 21 guide tubes, pitch=0.563, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 

Designation lkf k1% deviation OD ID thickness OD length thickness 
15x15B01 0.9427 0.9384 0.0008 0.422 0.3730 0.0245 0.3660 150 0.017 
l5xl5B02 0.9441 0.9396 0.0009 0.422 0.3730 0.0245 0.3660 150 0.017 
l5xl5B03 0.9462 0.9420 0.0008 0.422 0.3734 0.0243 0.3660 150 0.017 
l5x15B04 0.9452 0.9407 0.0009 0.422 0.3734 0.0243 0.3659 150 0.015 
15xl5B05 0.9473 0.9431 0.0008 0.422 0.3736 0.0242 0.3659 150 0.015 
15x15B06 0.9448 0.9404 0.0008 0.420 0.3720 0.0240 0.3671 150 0.015 

Dimensions Listed in 0.420 0.3736 0.3671 150 0.015 Certificate of Compliance (rmin.) (max.) (max.) (max.) (min.) 
bounding dimensions 0.9471t 0.9428 0.0008 0.420 0.3736 0.0232 0.3671 150 0.015 

(Bl5xl5B01) I I

The kff value listed for the 15x15B05 case is slightly higher than that for the case with the bounding dimensions. However, the difference 
(0.0002) is well within the statistical uncertainties, and thus, the two values are statistically equivalent (within la). Therefore, the 0.9473 
value is listed in Table 6.1.1 as the maximum.
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Table 6.2.1340 
MAXIMUM KEFF VALUES FOR THE 15X15C ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches)

HI-STORM TSAR 
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15x15C (4.1% Enrichment, Boral '°B minimum loading of 0.02 g/cm2) 

204 fuel rods, 21 guide tubes, Ditch=0.563. Zr clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 

Designation l_ __ Klff deviation OD ID thickness OD length thickness 
15xl5C01 0.9332 0.9290 0.0007 0.424 0.3640 0.0300 0.3570 150 0.0255 
15xl5C02 0.9373 0.9330 0.0008 0.424 0.3640 0.0300 0.3570 150 0.0165 
15x15C03 0.9377 0.9335 0.0007 0.424 0.3640 0.0300 0.3565 150 0.0165 
15x15C04 0.9378 0.9338 0.0007 0.417 0.3570 0.0300 0.3565 150 0.0165 

Dimensions Listed in 0.417 0.3640 0.3570 150 0.0165 
Certificate of Compliance (min.) (max.) (max.) (max.) (min.) 

bounding dimensions 0.9444 0.9401 0.0008 0.417 0.3640 0.0265 0.3570 150 0.01165 
(B15xl5CO0) I I I I I



Table 6.2.1444 
MAXIMUM KEFF VALUES FOR THE 15Xl5D ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 

15x15D (4.1% Enrichment, Boral '0 B minimum loading of 0.02 g/cm2) 

208 fuel rods, 17guide tubes, pitch=0.568, Zr clad 

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 
Designation 1%• lff deviation OD ID thickness OD length thickness 
l5xl5D01 0.9423 0.9380 0.0008 0.430 0.3770 0.0265 0.3690 150 0.0160 

15xl5D02 0.9430 0.9386 0.0009 0.430 0.3770 0.0265 0.3686 150 0.0160 
l5xl5D03 0.9419 0.9375 0.0009 0.430 0.3770 0.0265 0.3700 150 0.0155 
l5xl5D04 0.9440 0.9398 0.0007 0.430 0.3800 0.0250 0.3735 150 0.0150 

Dimensions Listed in 0.430 0.3800 0.3735 150 0.0150 
Certificate of Compliance (min.) (max.) (max.) (max.) (min.) 

bounding dimensions 0.9440 0.9398 0.0007 0.430 0.3800 0.0250 0.3735 150 0.0150 
(15xl5D04) I I
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Table 6.2.152 
MAXIMUM KEFF VALUES FOR THE 15X15E ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 
15x15E (4.1% Enrichment, Boral '013 minimum loading of 0.02 g/cm2) 

208 fuel rods, 17 guide tubes, pitch=0.568, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube Designation lff lqu deviation OD ID thickness OD length thickness 

15xl5E01 0.9475 0.9433 0.0007 0.428 0.3790 0.0245 0.3707 150 0.0140 

Dimensions Listed in 0.428 0.3790 0.3707 150 0.0140 Certificate of Compliance: (rin.) (max.) (max.) (max.) (mrin.)
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Table 6.2.16-G 
MAXIMUM KrFF VALUES FOR THE 15Xl5F ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 
15x 15F (4.1% Enrichment, Boral '0B minimum loading of 0.02 g/cm2) 

208 fuel rods, 17 guide tubes, pitch=0.568, Zr clad 

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 
Designation Kff kff deviation OD ID thickness OD length thickness 

15xl5F01 0 .94 7 8 t 0.9436 0.0008 0.428 0.3820 0.0230 0.3742 150 0.0140 

Dimensions Listed in 0.428 0.3820 10.3742 150 0.0140 
Certificate of Compliance (min.) (max.) (max.) (max.) (min.)

ý KENO5a verification calculation resulted in a maximum k~ff of 0.9466.
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Table 6.2.174 
MAXIMUM KEFT VALUES FOR THE 15X15G ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches)
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15x15G (4.0% Enrichment, Boral 10B minimum loading of 0.02 g/cm2) 

204 fuel rods, 21 guide tubes, vitch=0.563. SS clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 

Designation JfJ l~fJ deviation OD ID thickness OD length thickness 

15x15G01 0.8986 0.8943 0.0008 0.422 0.3890 0.0165 0.3825 144 0.0145 

Dimensions Listed in 0.422 0.3890 0.3825 144 0.0145 
Certificate of Compliance (min.) I (max.) (max.) I (nin.)



Table 6.2.18 
MAXIMUM K5FF VALUES FOR THE 15XI5H ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches)
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15x15H (3.8% Enrichment, Boral '°B minimum loading of 0.02 g/cm2) 

208fuel rods, 17 guide tubes, pitch=0.568, Zr clad

Fuel Assembly maximum kff calculated standard cladding cladding cladding pellet fuel guide tube 
Designation k_ _ deviation OD ID thickness OD length thickness 
15x15HO1 0.9411 0.9368 0.0008 0.414 0.3700 0.0220 0.3622 150 0.0140 

Dimensions Listed in 0.414 0.3700 0.3622 150 0.0140 
Certificate of Compliance (min.) (max.) (max-) (max.) (min)



Table 6.2.19
MAXIMUM K2FF VALUES FOR THE 16X16A ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 
16x16A (4.6% Enrichment, Boral '0B minimum loading of 0.02 g/cm2) 

236 fuel rods, 5 guide tubes, pitch--0.506, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube Designation klff klff deviation OD ID thickness OD length thickness 

16xl6A0I 0.9383 0.9339 0.0009 0.382 0.3320 0.0250 0.3255 150 0.0400 
l6xl6A02 0.9371 0.9328 0.0008 0.382 0.3320 0.0250 0.3250 150 0.0400 

Dimensions Listed in 0.382 0.3320 0.3255 150 0.0400 Certificate of Compliance __(mrin.) (max.) (max.) (max.) (min.) 
bounding dimensions 0.9383 0.9339 0.0009 0.382 0.3320 0.0250 0.3255 150 0.0400 (16x16A0 1)
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Table 6.2.204-6 
MAXIMUM KEFF VALUES FOR THE 17Xl7A ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 
17x 17A (4.0% Enrichment, Boral "B minimum loading of 0.02 g/cm2) 

264 fuel rods, 25 guide tubes, pitch--0.496, Zr clad 

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube 
Designation lfr lfr deviation OD ID thickness OD length thickness 
17xl7A01 0.9449 0.9400 0.0011 0.360 0.3150 0.0225 0.3088 144 0.016 

17xl7A02 0.94521 0.9408 0.0008 0.360 0.3150 0.0225 0.3088 150 0.016 

l7x17A03 0.9406 0.9364 0.0008 0.360 0.3100 0.0250 0.3030 150 0.016 

Dimensions Listed in 0.360 0.3150 0.3088 150 0.016 Certificate of Compliance (min.) (max.) (max.) (max.) (min.) 

bounding dimensions 0.9452 0.9408 0.0008 0.360 0.3150 0.0225 0.3088 150 0.016 
(17xl7A02) I _

1KENO5a verification calculation resulted in a maximum kff of 0.9434.
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Table 6.2.214.  
MAXIMUM KEFF VALUES FOR THE 17X17B ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches)
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17x 1 7B (4.0% Enrichment, Boral °B minimum loading of 0.02 g/cm2) 

264 fuel rods, 25 guide tubes, pitch=0.496, Zr clad
Fuel Assembly maximum calculated standard Cladding cladding cladding pellet fuel guide tube 

Designation Kfr ltf deviation OD ID thickness OD length thickness 
17x17B01 0.9377 0.9335 0.0008 0.374 0.3290 0.0225 0.3225 150 0.016 
17x17B02 0.9379 0.9337 0.0008 0.374 0.3290 0.0225 0.3225 150 0.016 
17x17B03 0.9330 0.9288 0.0008 0.376 0.3280 0.0240 0.3215 150 0.016 
17xl7B04 0.9407 0.9365 0.0007 0.372 0.3310 0.0205 0.3232 150 0.014 
17x17B05 0.9349 0.9305 0.0009 0.374 0.3260 0.0240 0.3195 150 0.016 
17x17B06 0.9436 0.9393 0.0008 0.372 0.3310 0.0205 0.3232 150 0.014 

Dimensions Listed in 0.372 0.3310 0.3232 150 0.014 
Certificate of Compliance (min.) (max.) (max.) (max.) (min.) 

bounding dimensions 0.9436 0.9393 0.0008 0.372 0.3310 0.0205 0.3232 150 0.014 
(1 7x 1 7B06) I _ I

SJ



Table 6.2.22-14 
MAXIMUM KEF VALUES FOR THE 17X17C ASSEMBLY CLASS IN THE MPC-24 

(all dimensions are in inches) 
17x1 7C (4.0% Enrichment, Boral "0B minimum loading of 0.02 g/cm2) 

264 fuel rods, 25 guide tubes, pitch=0.502, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel guide tube Designation kf kff deviation OD ID thickness OD length thickness 

l7x17C0l 0.9383 0.9339 0.0008 0.379 0.3310 0.0240 0.3232 150 0.020 
17x17C02 0.9427 0.9384 0.0008 0.377 0.3330 0.0220 0.3252 150 0.020 

Dimensions Listed in 0.377 0.3330 0.3252 150 0.020 Certificate of Compliance (min.) (max.) (max.) (max.) (mrin.) 
bounding dimensions 0.9427 0.9384 0.0008 0.377 0.3330 0.0220 0.3252 150 0.020 (17xl7C02) I I
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Table 6.2.2349 
MAXIMUM KE5 VALUES FOR THE 7X7B ASSEMBLY CLASS IN THE MTC-68 and MPC-68FF 

(all dimensions are in inches) 

7x7B (4.2% Enrichment, Boral '°B minimum loading of 0.0279 g/cm2 ) 

49 fuel rods, 0 water rods, pitch=0.738, Zr clad

HI-STORM TSAR 
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.K

Fuel Assembly maximum calculated standard cladding cladding cladding pellet OD fuel water rod channel 

Designation K1G kff deviation OD ID thickness length thickness thickness 

7x7B01 0.9372 0.9330 0.0007 0.5630 0.4990 0.0320 0.4870 150 n/a 0.080 

7x7B02 0.9301 0.9260 0.0007 0.5630 0.4890 0.0370 0.4770 150 n/a 0.102 

7x7B03 0.9313 0.9271 0.0008 0.5630 0.4890 0.0370 0.4770 150 n/a 0.080 

7x7B04 0.9311 0.9270 0.0007 0.5700 0.4990 0.0355 0.4880 150 n/a 0.080 

7x7B05 0.9350 0.9306 0.0008 0.5630 0.4950 0.0340 0.4775 150 n/a 0.080 

7x7B06 0.9298 0.9260 0.0006 0.5700 0.4990 0.0355 0.4910 150 n/a 0.080 

Dimensions Listed in 0.5630 0.4990 0.4880910 150 n/a 0.120 
Certificate of Compliance (min.) (max.) (max.) (max.) (max.) 

bounding dimensions 0.93795 0.93352 0.0008 0.5630 0.4990 0.0320 0.4$A0910 150 n/a 0.102 
(B7x7B01) I 

bounding dimensions 0.937-586 0.934-244 0.00087 0.5630 0.4990 0.0320 0.4880910 150 n/a 0.120 
with 120 mil channel 

(B7x7B02)

I



Table 6.2.24-0 
MAXIMUM KEI VALUES FOR THE 8X8B ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 
8x8B (4.2% Enrichment, Boral `1B minimum loading of 0.0279 g/cm2) 

63 or 64 fuel rodst, 1 or 0 water rodst. nitcht = 0.636-0.644-2. Zr clad

t This assembly class was analyzed and qualified for a small variation in the pitch and a variation in the number offuel and water rods.
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- -I Fuel Assembly maximum calculated standard Fuel rods cladding cladding cladding pellet OD fuel water rod channel Designation I_ _ kff deviation Pitch OD ID thickness length thickness thickness 

8x8B01 0.9310 0.9265 0.0009 63 0.641 0.4840 0.4140 0.0350 0.4050 150 0.035 0.100 
8x8B02 0.9227 0.9185 0.0007 63 0.636 0.4840 0.4140 0.0350 0.4050 150 0.035 0.100 
8x8B03 0.9299 0.9257 0.0008 63 0.640 0.4930 0.4250 0.0340 0.4160 150 0.034 0.100 
8x8B04 0.9236 0.9194 0.0008 64 0.642 0.5015 0.4295 0.0360 0.4195 150 n/a 0.100 

Dimensions Listed in 63 or 64 0.636- 0.4840 0.42"95 0.416095 150 0.034 0.120 Certificate of Compliance 0.644-2 (min.) (max.) (max.) (max.) (max.) 
bounding (pitch=0.636) 0.934746 0.92-74301 0.00099 63 0.636 0.4840 0.42"495 0.0295725 0.416095 150 0.034 0.120 

(B8x8B01) 
bounding (pitch=0.640) 0.93-5785 0.934-543 0.0008 63 0.640 0.4840 0.42-095 0.0295725 0.416095 150 0.034 0.120 

(B8x8B02) 

bounding (pitch=0.6442) 0.9MP8416 0.93-P75 0.0007 63 0.6442 0.4840 0.425095 0.0295725 0.416095 150 0.034 0.120 
(B8x8B03)



Table 6.2.2524 
MAXIMUM K2 FF VALUES FOR THE 8X8C ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 
8x8C (4.2% Enrichment, Boral ' 0B minimum loading of 0.0279 g/cm2) 

62 fuel rods, 2 water rods, pitcht = 0.636-0.641, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel Designation Kff lff deviation pitch OD ID thickness OD length thickness thickness 

8x8C01 0.9315 0.9273 0.0007 0.641 0.4840 0.4140 0.0350 0.4050 150 0.035 0.100 
8x8C02 0.9313 0.9268 0.0009 0.640 0.4830 0.4190 0.0320 0.4100 150 0.030 0.000 
8x8C03 0.9329 0.9286 0.0008 0.640 0.4830 0.4190 0.0320 0.4100 150 0.030 0.800 
8x8C04 0 .9 3 4 8 tt 0.9307 0.0007 0.640 0.4830 0.4190 0.0320 0.4100 150 0.030 0.100 
8x8C05 0.9353 0.9312 0.0007 0.640 0.4830 0.4190 0.0320 0.4100 150 0.030 0.120 
8x8C06 0.9353 0.9312 0.0007 0.640 0.4830 0.4190 0.0320 0.4110 150 0.030 0.100 
8x8C07 0.9314 0.9273 0.0007 0.640 0.4830 0.4150 0.0340 0.4100 150 0.030 0.100 
8x8C08 0.9339 0.9298 0.0007 0.640 0.4830 0.4190 0.0320 0.4100 150 0.034 0.100 
8x8C09 0.9301 0.9260 0.0007 0.640 0.4930 0.4250 0.0340 0.4160 150 0.034 0.100 
8x8Cl0 0.9317 0.9275 0.0008 0.640 0.4830 0.4150 0.0340 0.4100 150 0.030 0.120 
8x8Cl 1 0.9328 0.9287 0.0007 0.640 0.4830 0.4150 0.0340 0.4100 150 0.030 0.120 
8x8C12 0.9285 0.9242 0.0008 0.636 0.4830 0.4190 0.0320 0.4110 150 0.030 0.120 

Dimensions Listed in 0.636- 0.4830 0.4250 0.4160 150 0.000 0.120 Certificate of Compliance 0.641 (min.) (max.) (max.) (max.) (mrin.) (max.) 
bounding (pitch=0.636) 0.9357 0.9313 0.0009 0.636 0.4830 0.4250 0.0290 0.4160 150 0.000 0.120 

(B8x8C0l) 
bounding (pitch=0.640) 0.9425 0.9384 0.0007 0.640 0.4830 0.4250 0.0290 0.4160 150 0.000 0.120 

(B8x8C02) 
Bounding (pitch=0.641) 0.9418 0.9375 0.0008 0.641 0.4830 0.4250 0.0290 0.4160 150 0.000 0.120 

(B8x8C03) I 

t This assembly class was analyzed and qualified for a small variation in the pitch.  
It KENO5a verification calculation resulted in a maximum kff of 0.9343.
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Table 6.2.2624 
MAXIMUM KEFF VALUES FOR THE 8X8D ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches)

t Fuel assemblies 8x8D01 through 8x8D03 have 4 water rods that are similar in size to the fuel rods, while assemblies 8x8D04 through 8x8D07 have 1 large 
water rod that takes the place of the 4 water rods. Fuel assembly 8x8D08 contains 3 water rods that are similar in size to the fuel rods.
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8x8D (4.2% Enrichment, Boral 10B minimum loading of 0.0279 g/cm2) 

60-61 fuel rods, 1-4 water rodsý, pitch=0.640, Zr clad
Fuel Assembly maximum calculated standard Cladding cladding cladding pellet fuel water rod channel 

Designation lff kf deviation OD ID thickness OD length thickness thickness 

8x8D0l 0.9342 0.9302 0.0006 0.4830 0.4190 0.0320 0.4110 150 0.03/0.025 0.100 

8x8D02 0.9325 0.9284 0.0007 0.4830 0.4190 0.0320 0.4110 150 0.030 0.100 

8x8D03 0.9351 0.9309 0.0008 0.4830 0.4190 0.0320 0.4110 150 0.025 0.100 
8x8D04 0.9338 0.9296 0.0007 0.4830 0.4190 0.0320 0.4110 150 0.040 0.100 
8x8D05 0.9339 0.9294 0.0009 0.4830 0.4190 0.0320 0.4100 150 0.040 0.100 

8x8D06 0.9365 0.9324 0.0007 0.4830 0.4190 0.0320 0.4110 150 0.040 0.120 
8x8D07 0.9341 0.9297 0.0009 0.4830 0.4190 0.0320 0.4110 150 0.040 0.080 

8x8D08 0.9376 0.9332 0.0009 0.4830 0.4230 0.0300 0.4140 150 0.030 0.080 

Dimensions Listed in 0.4830 0.4490230 0.414040 150 0.000 0.120 
Certificate of Compliance __(min.) (max.) (max.) (max.) (min.) (max.) 

bounding dimensions 0.9366403 0.932-63 0.00079 0.4830 0.4490230 0.032000 0.414040 150 0.000 0.120 
(B8x8DO01) 11 1 i 1

I



Table 6.2.27
MAXIMUM KEF5 VALUES FOR THE 8X8E ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches)
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8x8E (4.2% Enrichment, Boral '0B minimum loading of 0.0279 g/cm2) 

59 fuel rods, 5 water rods, pitch=0.640, Zr clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 

Designation lff kff deviation OD ID thickness OD length thickness thickness 
8x8E0l 0.9312 0.9270 0.0008 0.4930 0.4250 0.0340 0.4160 150 0.034 0.100 

Dimensions Listed in 0.4930 0.4250 0.4160 1 150 0.034 0.100 Certificate of Compliance (min.) (max.) (max.) (max.) r(min.) (max.)

Rev. 11



Table 6.2.28 
MAXIMUM KsFF VALUES FOR THE 8X8F ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 
8x8F (4.0% Enrichment, Boral '0B minimum loading of 0.0279 g/cm2) 

64fuel rods, 4 rectangular water cross segments dividing the assembly into four quadrants, pitch=0.609, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel Designation k•ff kf deviation OD ID thickness OD length thickness thickness 

8x8F0J 0.9411 0.9366 0.0009 0.4576 0.3996 0.0290 0.3913 150 0.0315 0.055 

Dimensions Listed in 0.4576 0.3996 0.3913 150 0.0315 0.055 Certificate of Compliance (min.) (max.) (max.) (max.) (min.) (max.)
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Table 6.2.294 
MAXIMUM KEFr VALUES FOR THE 9X9A ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 

9x9A (4.2% Enrichment, Boral '0B minimum loading of 0.0279 g/cm2 ) 

74/66 fuel rodst, 2 water rods, pitch=0.566, Zr clad

This assembly class contains 66 full length rods and 8 partial length rods. In order to eliminate a requirement on the length of the partial length rods, 
separate calculations were performed for the axial segments with and without the partial length rods.
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Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 
Designation kf_ kff deviation OD ID thickness OD length thickness thickness 

9x9A01 0.9353 0.9310 0.0008 0.4400 0.3840 0.0280 0.3760 150 0.030 0.100 
(axial segment with all 

rods) 

9x9A02 0.9388 0.9345 0.0008 0.4400 0.3840 0.0280 0.3760 150 0.030 0.100 
(axial segment with only 

the full length rods) 

9x9A03 0.9351 0.9310 0.0007 0.4400 0.3840 0.0280 0.3760 150/90 0.030 0.100 
(actual three-dimensional 
representation of all rods) 

9x9A04 0.9396 0.9355 0.0007 0.4400 0.3840 0.0280 0.3760 150 0.030 0.120 
(axial segment with only 

the full length rods) 

Dimensions Listed in 0.4400 0.3840 0.3760 150 0.000 0.120 
Certificate of Compliance (mrin.) (max.) (max.) (max.) (min.) (max.) 

bounding dimensions 0.9417 0.9374 0.0008 0.4400 0.3840 0.0280 0.3760 150 0.000 0.120 
(axial segment with only 

the full length rods) 
(B9x9AOI)

t



Table 6.2.3024 
MAXIMUM KEFF VALUES FOR THE 9X9B ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 
9x9B (4.2% Enrichment, Boral '0B minimum loading of 0.0279 g/cm2) 

72 fuel rods, I water rod (square, replacing 9 fuel rods), pitch=0.569 to 0.572/, Zr clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel Designation lff _ _r_ deviation pitch OD ID thickness OD length thickness thickness 

9x9B01 0.936"80 0.932-636 0.00078 0.569 0.4330 0.3807 0.0262 0.3737 150 0.0285 0.100 
9x9BO2 0.937-73 0.933429 0.00099 0.569 0.4330 0.3810 0.0260 0.3737 150 0.0285 0.100 
9x9B03 0.9417 0.9374 0.0008 0.572 0.4330 0.3810 0.0260 0.3 737 150 0.0285 0.100 

Dimensions Listed in 0.572 0.4330 0.3810 0.3740 150 0.000 0.120 Certificate of Compliance (min.) (max.) (max.) (max.) (min.) (max.) 
bounding dimensions 0.9438U436 0.934694 0.000-78 0.572 0.4330 0.3810 0.0260 0.3740tt 150 0.000 0.120 (B9x9B01) II

t This assembly class was analyzed and qualified for a small variation in the pitch.  
tt This value was conservatively defined to be larger than any of the actual pellet diameters.
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Table 6.2.31-26 
MAXIMUM KE• VALUES FOR THE 9X9C ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches)
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9x9C (4.2% Enrichment, Boral `1B minimum loading of 0.0279 g/cm2) 
80 fuel rods. 1 water rods. titch=O 579 Zr '1lad

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel Designation Kl klfr deviation OD ID thickness OD length thickness thickness 
9x9C01 0.9395 0.9352 0.0008 0.4230 0.3640 0.0295 0.3565 150 0.020 0.100 

Dimensions Listed in 0.4230 0.3640 0.3565 150 0.020 0.100 
Certificate of Compliance (rin.) (max.) (max.) (max.) (min.) (max.)



Table 6.2.322
MAXIMUM KEFF VALUES FOR THE 9X9D ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches)
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9x9D (4.2% Enrichment, Boral '0B minimum loading of 0.0279 g/cm2) 

79 fuel rods, 2 water rods, pitch=0.572, Zr clad

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 
Designation kff kff deviation OD ID thickness OD length thickness thickness 

9x9D01 0.9394- 0.935049 0.00089 0.4240 0.3640 0.0300 0.3565 150 0.030-50 0.100 

Dimensions Listed in 0.4240 0.3640 0.35651 150 0.030&0 1 0.100 
Certificate of Compliance (min.) (max.) (max.) (max.) (min.) (max.)



Table 6.2.332-g 
MAXIMUM KpFF VALUES FOR THE 9X9E ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 
9x9E (4.fto0 Enrichment, Boral B1B minimum loading of 0.0279 g/cm2 ) 

76 fuel rods, 5 water rods, pitch=0.572, Zr clad 

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 
Designation kff keff deviation OD ID thickness OD length thickness thickness 

9x9E01 0.9334406 0.9293-36- 0.00097 0.4170 0.3640-590 0.026590 0.35302-S 150 0.0120-305 0.12000 

9x9E02 0.9401 0.9359 0.0008 0.4170 0.3640 0.0265 0.3530 150 0.0120 0.120 
0.4430 0.3860 0.0285 0.3745 

Dimensions Listed in 0.4170 0.369W640 0.35302-5 150 0.0120206 0.12000 
Certificate of (min.) (max.) (max.) (max.) (min.) (max.) 
Compliancet 

bounding dimensions 0.9401 0.9359 0.0008 0.4170 0.3640 0.0265 0.3530 150 0.0120 0.120 
(9x9E02) 0.4430 0.3860 0.0285 0.3745

This fuel assembly, also known as SPC 9x9-5, contains fuel rods with different cladding and pellet diameters which do not bound each other. To be 
consistent in the way fuel assemblies are listed in the Certificate of Compliance, two assembly classes (9x9E and 9x9F) are required to specify this 
assembly. Each class contains the actual geometry (9x9E02 and 9x9F02), as well as a hypothetical geometry with either all small rods (9x9E01) or all large 
rods (9x9FO). The Certificate of Compliance lists the small rod dimensions for class 9x9E and the large rod dimensions for class 9x9F, and a note that 
both classes are used to qualify the assembly. The analyses demonstrate that all configurations, including the actual geometry, are acceptable.
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Table 6.2.3429 
MAXIMUM KE, VALUES FOR THE 9X9F ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches)

This fuel assembly, also known as SPC 9x9-5, contains fuel rods with different cladding and pellet diameters which do not bound each other. To be 
consistent in the way fuel assemblies are listed in the Certificate of Compliance, two assembly classes (Wx9E and 9x9F) are required to specify this 
assembly. Each class contains the actual geometry (gx9E02 and 9x9F02), as well as a hypothetical geometry with either all small rods (9x9E01) or all large 
rods (x9F0 1). The Certificate of Compliance lists the small rod dimensions for class 9xWE and the large rod dimensions for class 9x9F, and a note that 
both classes are used to qualify the assembly. The analyses demonstrate that all configurations, including the actual geometry, are acceptable.
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9x9F (4.10% Enrichment, Boral '0B minimum loading of 0.0279 g/cm2 ) 

76 fuel rods, 5 water rods, pitch=0.572, Zr clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 

Designation keff klf deviation OD ID thickness OD length thickness thickness 

9x9F0l 0.9307,- 0.926543-S 0.0007 0.4430 0.386040 0.028534t 0.3745 150 0.0120-Z5 0.12000 

9x9F02 0.9401 0.9359 0.0008 0.4170 0.3640 0.0265 0.3530 150 0.0120 0.120 

0.4430 0.3860 0.0285 0.3745 

Dimensions Listed in 0.4430 0.384060 0.3745 150 0.030-120 0.1020 
Certificate of (min.) (max.) (max.) (max.) (min.) (max.) 
Compliancet 

bounding dimensions 0.9401 0.9359 0.0008 0.4170 0.3640 0.0265 0.3530 150 0.0120 0.120 
(9x9F02) 0.4430 0.3860 0.0285 0.3745

t



Table 6.2.35 
MAXIMUM KEFF VALUES FOR THE 9X9G ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches)
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9x9G (4.2% Enrichment, Boral '°B minimum loading of 0.0279 g/cm2) 

72fuel rods, I water rod (square, replacing 9 fuel rods). niteh=0.572 Zr clad

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 
Designation kf kf deviation OD ID thickness OD length thickness thickness 

9x9GOI 0.9309 0.9265 0.0008 0.4240 0.3640 0.0300 0.3565 150 0.0320 0.120 

Dimensions Listed in 0.4240 0.3640 0.3565 150 0.0320 0.120 
Certificate of Compliance (mrin.) (max.) (max.) (max.) (in.) (max.)



Table 6.2.3630 
MAXIMUM KEFF VALUES FOR THE 10X1OA ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 

1OxlOA (4.2% Enrichment, Boral '°B minimum loading of 0.0279 g/cm2) 

92/78 fuel rodst, 2 water rods, pitch=0.5 10, Zr clad

t This assembly class contains 78 full-length rods and 14 partial-length rods. In order to eliminate the requirement on the length of the partial length rods, 
separate calculations were performed for axial segments with and without the partial length rods.  

tt Although the analysis qualifies this assembly for a maximum active fuel length of 155 inches, the Certificate of Compliance limits the active fuel length to 
150 inches. This is due to the fact that the Boral panels are 156 inches in length.  

ttt KENO5a verification calculation resulted in a maximum k1f of 0.9453.  
1 This value was conservatively defimed to be larger than any of the actual pellet diameters.
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Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 
Designation kff kff deviation OD ID thickness OD length thickness thickness 

lOxlOA01 0.9377 0.9335 0.0008 0.4040 0.3520 0.0260 0.3450 155 0.030 0.100 
(axial segment with all 

rods) 

l0xl0A02 0.9426 0.9386 0.0007 0.4040 0.3520 0.0260 0.3450 155 0.030 0.100 
(axial segment with only 

the full length rods) 

lOxlOA03 0.9396 0.9356 0.0007 0.4040 0.3520 0.0260 0.3450 155/90 0.030 0.100 
(actual three-dimensional 
representation of all rods) 

Dimensions Listed in 0.4040 0.3520 0.3455 1 50tt 0.030 0.120 
Certificate of Compliance (min.) (max.) (max.) (max.) (min.) (max.) 

bounding dimensions 0 .9 4 57stt 0.9414 0.0008 0.4040 0.3520 0.0260 0.3455t 155 0.030 0.120 
(axial segment with only 

the full length rods) 
(BIOxIOAO1)



Table 6.2.37A-4 
MAXIMUM KEFF VALUES FOR THE lOXIOB ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches) 

l0xl0B (4.2% Enrichment, Boral 10B minimum loading of 0.0279 g/cm2 ) 

91/83 fuel rodst, 1 water rods (square, replacing 9 fuel rods), pitch=0.5 10, Zr clad 

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 
Designation kff klf deviation OD ID thickness OD length thickness thickness 
lOxlOB01 0.9384 0.9341 0.0008 0.3957 0.3480 0.0239 0.3413 155 0.0285 0.100 

(axial segment with all 
rods) 

l0xl0B02 0.9416 0.9373 0.0008 0.3957 0.3480 0.0239 0.3413 155 0.0285 0.100 
(axial segment with only 

the full length rods) 

lOxlOB03 0.9375 0.9334 0.0007 0.3957 0.3480 0.0239 0.3413 155/90 0.0285 0.100 
(actual three-dimensional 
representation of all rods) 

Dimensions Listed in 0.3957 0.3480 0.3420 15 0 tt 0.000 0.120 Certificate of Compliance (min.) (max.) (max.) (max.) (mrin.) (max.) 

bounding dimensions 0.9436 0.9395 0.0007 0.3957 0.3480 0.0239 0.3 4 2 0 tit 155 0.000 0.120 
(axial segment with only 

the full length rods) 
(BlOxIOB01)

t This assembly class contains 83 full length rods and 8 partial length rods. In order to eliminate a requirement on the length of the partial length rods, 
separate calculations were performed for the axial segments with and without the partial length rods.  tt Although the analysis qualifies this assembly for a maximum active fuel length of 155 inches, the Certificate of Compliance limits the active fuel length to 
150 inches. This is due to the fact that the Boral panels are 156 inches in length.  Itt This value was conservatively defined to be larger than any of the actual pellet diameters.
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Table 6.2.38.  
MAXIMUM KEFF VALUES FOR THE 1OXIOC ASSEMBLY CLASS IN THE MPC-68 andMPC-68FF 

(all dimensions are in inches)
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I OxIOC (4.2% Enrichment, Boral '°B minimum loading of 0.0279 g/cm2) 

96 fuel rods, 5 water rods (1 center diamond and 4 rectangular), pitch=0.488. Zr clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 

Designation lff 1f deviation OD ID thickness OD length thickness thickness 
10xIOC01 0.89W09433 0.894W9392 0.0007 0.379080 0.3294 0.02439 0.3224 150 0.0341 0.055 

Dimensions Listed in 0.378090 0.3294 0.3224 150 0.0314 0.055 
Certificate of Compliance (min.) [ (max.) (max.) (max.) (min.) max.)

Th



Table 6.2.39-, 
MAXIMUM KEF VALUES FOR THE lOXIOD ASSEMBLY CLASS IN THE MPC-68 andMPC-68FF

(all dimensions are in inches) 
l0xIOD (4.0% Enrichment, Boral 10B minimum loading of 0.0279 g/cm2 ) 

100 fuel rods, 0 water rods, pitch=0.565, SS clad 
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 

Designation klff kf deviation OD ID thickness OD length thickness thickness 

10xl0D01 0.9376 0.9333 0.0008 0.3960 0.3560 0.0200 0.350 83 n/a 0.080 

Dimensions Listed in 0.3960 0.3560 0.350 83 n/a 080 
Certificate of Compliance (min.) j (max.) (max.) (max.) (max.)
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Table 6.2.4034 
MAXIMUM KEFF VALUES FOR THE IOX1OE ASSEMBLY CLASS IN THE MPC-68 and MPC-68FF 

(all dimensions are in inches)
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l0xl0E (4.0% Enrichment, Boral `°B minimum loading of 0.0279 g/cm2) 

96 fuel rods, 4 water rods, pitch=0.557. SS clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 

Designation kj r lKff deviation OD ID thickness OD length thickness thickness 

0xlOEE01 0.9185 0,9144 0.007 0.3940 0.3500 0.0220 0.3430 83 0.022 0.080 

Dimensions Listed in 0.3940 0.3500 0.3430 83 0.022 0.080 
Certificate of Compliance (min.) (max.) x.) I (max.) (min.) (max.)



Table 6.2.4135 
MAXIMUM KEFF VALUES FOR THE 6X6A ASSEMBLY CLASS IN THE MPC-68F and MPC-68FF 

(all dimensions are in inches) 

6x6A (3.0% Enrichmentt, Boral `B minimum loading of 0.0067 g/cm2) 

35 or 36 fuel rodstt, I or 0 water rodstt, pitchtt=0.694 to 0. 710, Zr clad 

Fuel Assembly maximum calculated standard pitch fuel cladding cladding cladding pellet fuel water rod channel 
Designation kff k1ff deviation rods OD ID thickness OD length thickness thickness 

6x6A01 0.7539 0.7498 0.0007 0.694 36 0.5645 0.4945 0.0350 0.4940 110 n/a 0.060 

6x6A02 0.7517 0.7476 0.0007 0.694 36 0.5645 0.4925 0.0360 0.4820 110 n/a 0.060 
6x6A03 0.7545 0.7501 0.0008 0.694 36 0.5645 0.4945 0.0350 0.4820 110 n/a 0.060 
6x6A04 0.7537 0.7494 0.0008 0.694 36 0.5550 0.4850 0.0350 0.4820 110 n/a 0.060 

6x6A 05 0.7555 0.7512 0.0008 0.696 36 0.5625 0.4925 0.0350 0.4820 110 n/a 0.060 
6x6A06 0.7618 0.7576 0.0008 0.696 35 0.5625 0.4925 0.0350 0.4820 110 0.0 0.060 
6x6A07 0.7588 0.7550 0.0007 0.700 36 0.5555 0.4850 0.03525 0.4780 110 n/a 0.060 
6x6A08 0.7808 0.7766 0.0007 0.710 36 0.5625 0.5105 0.0260 0.4980 110 n/a 0.060 

Dimensions Listed in 0.710 35 or 0.5550 0.4945 0.02225 0.4940 44-0 B40.0 0.060 
Certificate of (max.) 36 (min.) 0.5105 0.4980 120 (max.) 
Compliance (max.) (max.) (max.) 

bounding dimensions 07 60 0.7562 0.00067 0.694 35 0.5550 0.494 O.O0O .440 44-0 n/atO.0 0.060 
(B6x6AO0) 0.7727 0.7685 0.5105 0.02225 0.4980 120 

bounding dimensions 0.7782 0.7738 0.0008 0.700 35 0.5550 0.5105 0.02225 0.4980 120 0.0 0.060 
(B6x6A02) 

bounding dimensions 0.7888 0.7846 0.0007 0.710 35 0.5550 0.5105 0.02225 0.4980 120 0.0 0.060 
(B 6x6A 03) I IIIII 

t Although the calculations were performed for 3.0%, the enrichment is limited in the Certificate of Compliance to 2.7%.  
tt This assembly class was analyzed and qualified for a small variation in the pitch and a variation in the number of fuel and water rods.
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Table 6.2.42-36 
MAXIMUM KEFr VALUES FOR THE 6X6B ASSEMBLY CLASS IN THE MPC-68F and MPC-68FF 

(all dimensions are in inches) 

6x6B (3.0% Enrichmaentt, Boral `1B minimum loading of 0.0067 g/cm2 ) 

35 or 36 fuel rodstt (up to 9 MOX rods), I or 0 water rodstt, pitchtt=0.694 to 0. 710, Zr clad

Fuel Assembly maximum calculated standard pitch fuel cladding cladding cladding pellet fuel water rod channel 
Designation Klff kf deviation rods OD ID thickness OD length thickness thickness 

6x6B01 0.7598 0.7555 0.000 0.694 36 0.5645 0.4945 0.0350 0.4820 110 n/a 0.060 
0.7604 0.7563 0.0007 

6x6B02 0.7609 0.76 00007 0.694 36 0.5625 0.4925 0.0350 0.4820 110 n/a 0.060 
0.7618 0.7577 0.0007 

6x6B03 0.7619 0.7578 0.0007 0.696, 36 0.5625 0.4925 0.0350 0.4820 110 n/a 0.060 
6x6B04 0.7686 0.7644 0.0008 0.696 35 0.5625 0.4925 0.0350 0.4820 110 0.0 0.060 

6x6B05 0.7824 0.7785 0.0006 0.710 35 0.5625 0.4925 0.0350 0.4820 110 0.0 0.060 

Dimensions Listed in 0.710 35 or 0.5625 0.4945 0.4820 440 04•0. 0 0.060 
Certificate of (max.) 36 (min.) (max.) (max.) 120 (max.) 
Compliance (max.) 

bounding dimensions 0-.7614 0-_76-0 00007 0.710 35 0.5625 0.4945 0.0340 0.4820 440 0aO. 0 0.060 
(B6x6BO0) 0. 7822"t 0.7783 10.0006 120

Note: 

1. These assemblies eensiet ef contain up to 9 MOX pins -and 2:7 UQ-pins. The composition of the MOX fuel pins is given in Table 6.3.4.

t 

ttt

The "5U enrichment of the MOX and U0 2 pins is assumed to be 0.711% and 3.0%, respectively.  
This assembly class was analyzed and qualified for a small variation in the pitch and a variation in the number of fuel and water rods.  
The kqfvalue listed for the 6x6B05 case is slightly higher than that for the case with the bounding dimensions. However, the difference (0.0002) is well 
within the statistical uncertainties, and thus, the two values are statistically equivalent (within 1 q. Therefore, the 0.7824 value is listed in Tables 6.1.7 and 
6.1.8 as the maximum.
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Table 6.2.433-7 
MAXIMUM KEFF VALUES FOR THE 6X6C ASSEMBLY CLASS IN THE MPC-68F and MPC-68FF 

(all dimensions are in inches)

1 Although the calculations were performed for 3.0%, the enrichment is limited in the Certificate of Compliance to 2.7%.
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6x6C (3.0% Enrichmentt, Boral '6 minimum loading of 0.0067 g/cm2) 

36 fuel rods, 0 water rods, pitch=0.740, Zr clad
Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 

Designation jfj l j deviation OD ID thickness OD length thickness thickness 
6x6C0l 0.8021 0.7980 0.0007 0.5630 0.4990 0.0320 0.4880 77.5 n/a 0.060 

Dimensions Listed in 0.5630 0.4990 0.4880 1 77.5 n/a 0.060 
Certificate of ComplianceI (min.) (max.) (max.) (max.) (max.)



(

Table 6.2.4449 
MAXIMUM KEFF VALUES FOR THE 7X7A ASSEMBLY CLASS IN THE MPC-68F and MPC-68FF 

(all dimensions are in inches)

1 Although the calculations were performed for 3.0%, the enrichment is limited in the Certificate of Compliance to 2.7%.
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7x7A (3.0% Enrichmentt, Boral 0̀B minimum loading of 0.0067 g/cm2) 
/10 f~i11 vntek A! uatr rnrAe ,~t+rhA= I 1 7..•1~ Jt'l'JJ 1,,1• lCtf

Fuel Assembly maximum calculated standard cladding cladding cladding pellet fuel water rod channel 
Designation Klf kff deviation OD ID thickness OD length thickness thickness 

7x7A01 0.797-34 0.79302 0.0008 0.4860 0.42004 0.03-3028 0.4110 q980 n/a 0.060 

Dimensions Listed in 0.4860 0.42004 0.4110 7-980 n/a 0.060 
Certificate of Compliance I (min.) (max.) (max.) (max.) (max.)

1 I



Table 6.2.4539 
MAXIMUM KErr VALUES FOR THE 8X8A ASSEMBLY CLASS IN THE MPC-68F and MPC-68FF

(all dimensions are in inches) 
8x8A (3.0% Enrichmentt, Boral 10B minimum loading of 0.0067 g/cm2) 

63 or 64 fuel rodstt, 0 water rods, pitch=0.523, Zr clad 
Fuel Assembly maximum calculated standard fuel cladding cladding cladding pellet fuel water rod channel Designation keff kf deviation rods OD ID thickness OD length thickness thickness 

8x8A01 0.7685 0.7644 0.0007 64 0.4120 0.3620 0.0250 0.3580 110 n/a 0.100 
8x8A02 0.7697 0.7656 0.0007 63 0.4120 0.3620 0.0250 0.3580 120 n/a 0.100 Dimensions Listed in 63 0.4120 0.3620 0.3580 440120 n/a 0.100 

Certificate of Compliance I (min.) (max.) (max.) (max.) (max.) 
bounding dimensions 0.7697 0.7656 0.0007 63 0.4120 0.3620 0.0250 0.3580 120 n/a 0.100 (8x8A02) I 1 I I

t Although the calculations were performed for 3.0%, the enrichment is limited in the Certificate of Compliance to 2.7%.  "t This assembly class was analyzed and qualified for a variation in the number of fuel rods.
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Table 6.2.46 

SPECIFICATION OF THE THORIA ROD CANISTER AND THE THORIA RODS 

Canister ID 4.81" 

Canister Wall Thickness 0.11"" 

Separator Assembly Plates Thickness 0.11"" 

Cladding OD 0.412" 

Cladding ID 0. 362" 

Pellet OD 0.358" 

Active Length 110.5" 

Fuel Composition 1.8% U0 2 and 98.2% Th0 2 

Initial Enrichment 93.5 wt% 235 Ufor 1.8% of the fuel 

Maximum keff 0.1813 

Calculated keff 0.1779 

Standard Deviation 0.0004
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MODEL SPECIFICATION

6.3.1 Description of Calculational Model 

Figures 6.3.1, 6.3.1.a, 6.3.2 and 6.3.3 show representative horizontal cross sections of the 
fourVAwe-types of cells used in the calculations, and Figures 6.3.4 and-through 6.3.6 illustrate the 
basket configurations used. Four Twe-different MPC fuel basket designs were evaluated as 
follows: 

* a 24 PWR assembly basket 

* an optimized 24 PWR assembly basket (24E / 24EF) 

* a 32 PWR assembly basket 

* a 68 BWR assembly basket.  

Full three-dimensional calculations were used, assuming the axial configuration shown in Figure 
6.3.7. Although the Boral neutron absorber panels are 156 inches in length, which is much longer 
than the active fuel length (maximum of 150 inches), they are assumed equal to the active fuel 
length in the calculations. As shown on the Design Drawings in Section 1.5, 12 of the 24 
periphery Boral panels on the MPC-24 have reduced width (i.e., 6.25 inches wide as opposed to 
7.5 inches). However, as shown in Figure 6.3.4, the calculational models for the MPC-24 
conservatively assume all of the periphery Boral panels are 5.0 inches in width.  

The off-normal and accident conditions defined in Chapter 2 and considered in Chapter 11 have 
no adverse effect on the design conditions important to criticality safety (see Subsection 6.4.2.5), 
and thus from a criticality standpoint, the normal, off-normal, and accident conditions are 
identical and do not require individual models.  

The calculational model explicitly defines the fuel rods and cladding, the guide tubes (or water 
rods for BWR assemblies), the water-gaps and Boral absorber panels on the stainless steel walls 
of the storage cells. Under the conditions of storage, when the MPC is dry, the resultant 
reactivity with the design basis fuel is very low (keff < 0.452). For the flooded condition (loading 
and unloading), pure, unborated water was assumed to be present in the fuel rod pellet-to-clad 
gaps. Appendix 6.D provides sample input files for eaehtwo of the-4we MPC basket designs 
(MPC-68 and MPC-24) in the HI-STORM 100 System.  

The water thickness above and below the fuel is intentionally maintained less than or equal to the 
actual water thickness. This assures that any positive reactivity effect of the steel in the MPC is 
conservatively included. Furthermore, the water above and below the fuel is modeled as 
unborated water, even when borated water is present in the fuel region.  
HI-STORM TSAR Rev. 11
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As indicated in Figures 6.3.1 througherd 6.3.3 and in Tables 6.3.1 and 6.3.2, calculations were 
made with dimensions assumed to be at their most conservative value with respect to criticality.  
The dotermiination of tho wor-st caso (most oduservativo) dimcnsions, prcesontcd in this scotien, is 
takon dirceetly fromn toe m- STAR applications (Docket Num~b er-s 72 1008 and 71 926 1). Bocauso 
toe MG designs erc commoen to both systoms, toe [1 STAR analyzes arce alse applicable to h 
HI STORM 100 Systor, . CASMO-3 was used to determine the direction of the manufacturing 
tolerances, which produced the most adverse effect on criticality. After the directional effect 
(positive effect with an increase in reactivity; or negative effect with a decrease in reactivity) of 
the manufacturing tolerances was determined, the criticality analyses were performed using the 
worst case tolerances in the direction which would increase reactivity. These effects are shown in 
Table 6.3.1 which also identifies the approximate magnitude of the tolerances on reactivity.  

The various basket dimensions are inter-dependent, and therefore cannot be individually varied 
(i.e., reduction in one parameter requires a corresponding reduction or increase in another 
parameter). Thus, it is not possible to determine the reactivity effect of each individual 
dimensional tolerance separately. However, it is possible to determine the reactivity effect of the 
dimensional tolerances by evaluating the various possible dimensional combinations. To this 
end, an evaluation of the various possible dimensional combinations was performed using 
MCNP4a. Calculated keff results (which do not include the bias, uncertainties, or calculational 
statistics), along with the actual dimensions, for a number of dimensional combinations are 
shown in Table 6.3.2 for the reference PWR and BWR assemblies. In Tablo 6.3.2, thc bexN I.D. is 
thc inner- box dimension and the minimm nominal, and maximu~m values corrospond to thosc 
va..uos permittd by the tolerno•,o-s in,• ao Design Drawings in kettion 1.5. For cach of the diP 
dcsigns, thc roeactivity cffcots of tho tolerancos aroe vory smnall, goncrally within one standar-d 
doviation. The offect of the box wall thiolmoss toloranoc is nogligible, being either- slightly 
nogativo or .wi.in one standard deviation of tho reference. Each of the basket dimensions are 
evaluated for their minimum, nominal and maximum values from the Design Drawings of section 
1.5. For PWR MPC designs, the reactivity effect of tolerances with soluble boron present in the 
water is additionally determined. Due to the close similarity between the MPC-24 and MPC
24E, the basket dimensions are only evaluated for the MPC-24, and the same dimensional 
assumptions are applied to both MPC designs.  

Based on the MCNP4a and CASMO-3 calculations, the conservative dimensional assumptions 
listed in Table 6.3.3 were determined. Because the reactivity effect (positive or negative) of the 
manufacturing tolerances are not assembly dependent, these dimensional assumptions were 
employed for the criticality analyses.  

As demonstrated in this section, design parameters important to criticality safety are: fuel 
enrichment, the inherent geometry of the fuel basket structure,-and the fixed neutron absorbing 
panels (Boral) and the soluble boron concentration in the water during loading/unloading 
operations. As shown in Chapter 11, none of these parameters are affected during any of the
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design basis off-normal or accident conditions involving handling, packaging, transfer or storage.  

6.3.2 Cask Regional Densities 

Composition of the various components of the principal designs of the I--STORM 100 System 
are listed in Table 6.3.4.  

The HI-STORM 100 System is designed such that the fixed neutron absorber (Boral) will remain 
effective for a storage period greater than 20 years, and there are no credible means to lose it. A 
detailed physical description, historical applications, unique characteristics, service experience, 
and manufacturing quality assurance of Boral are provided in Section 1.2.1.3.1.  

The continued efficacy of the Boral is assured by acceptance testing, documented in Section 
9.1.5.3, to validate the "'B (poison) concentration in the Boral. To demonstrate that the neutron 
flux from the irradiated fuel results in a negligible depletion of the poison material over the 
storage period, an MCNP4a calculation of the number of neutrons absorbed in the '0B was 
performed. The calculation conservatively assumed a constant neutron source for 50 years equal 
to the initial source for the design basis fuel, as determined in Section 5.2, and shows that the 
fraction of 0̀B atoms destroyed is only 2.6E-09 in 50 years. Thus, the reduction in I&B 
concentration in the Boral by neutron absorption is negligible. In addition, analysis in Appendix 
3.M. 1 demonstrates that the sheathing, which affixes the Boral panel, remains in place during all 
credible accident conditions, and thus, the Boral panel remains permanently fixed. Therefore, in 
accordance with JOCFR72.124(b)N .. .--- 136, there is no need to provide a surveillance or 
monitoring program to verify the continued efficacy of the neutron absorbere ,,t.. ..fed-by 
I-OGFR72MR24(b).  

rn-STORM TSAR Rev. 11
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Table 6.3.1

CASMO-3 CALCULATIONS FOR EFFECT OF TOLERANCES AND TEMPERATURE

Ak for Maximum Tolerance 

Change in Nominal 
Parametert MPC-24 MPC-68 Action/Modeling Assumption 

Reduce Boral Width to Minimumtt +0.0003 N/Attt Assume minimum Boral width 
min.= 7.4375" min. = nom. = 4.75" 
nom.= 7.500" 

Increase U0 2 Density to Maximum +0.0012 +0.0014 Assume maximum U0 2 density 
max. = 10.522 g/cc max. = 10.522 g/cc 
nom. = 10.412 g/cc nom. = 10.412 g/cc 

Reduce Box Inside -0.0016 Assume maximum box I.D. for the Dimension (I.D.) to Minimum min.= 8.69" See Table 6.3.2 MPC-24 
nom. = 8.75" 

Increase Box Inside +0.0014 -0.0030 Assume minimum box I.D. for the 
Dimension (I.D.) to Maximum max. = 8.81" max. = 6.113" MPC-68 

nom. = 8.75" nom. = 6.053" 
Decrease Water Gap to Minimum +0.0058 Assume minimum water gap in the 

min. = 1.09" N/A MPC-24 
nom. = 1.15" 

-Nete: Frcm 141 STAR eakuetienoa in Dccket Numb zr- 72 1008 End 71 9261 fcr- identical MPG de~~ 

t Reduction (or increase) in a parameter indicates that the parameter is changed to its minimum (or maximum) value.  

tt Although the most prevalent Boral width for the MPC-24 is 7.50" +0.125, -0", the analyses conservatively assumed the 
Boral width to be 7.4375". Further, the analyses conservatively assumed the periphery Boral width to be 5.0".  

ttt The Boral width for the MPC-68 is 4.75" +0.125", -0" (i.e., the nominal and minimum values are the same).
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Table 6.3.1 (continued) 

CASMO-3 CALCULATIONS FOR EFFECT OF TOLERANCES AND TEMPERATURE 

&k Maximum Tolerance 

Change in Nominal 
Parameter MPC-24 MPC-68 Action/Modeling Assumption 

Increase in Temperature Assume 20'C 

200C Ref. Ref.  
400C -0.0031 -0.0039 
700C -0.0093 -0.0136 
100 0C -0.0170 -0.0193 

10% Void in Moderator Assume no void 

20'C with no void Ref. Ref.  
200C -0.0271 -0.0241 
100 0C -0.0439 -0.0432 

Removal of Flow Channel (BWR) N/A -0.0073 Assume flow channel present for 
MPC-68 

Nete: Rein H! STAR ealeulatiens in Deeket Number-s 72 1008 End 71 9261 fcr- identieal NC designs.
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Table 6.3.2 

MCNP4a EVALUATION OF BASKET MANUFACTURING TOLERANCESt 

MCNP4a 
Calculated 

Pitch Box I.D. Box Wall Thickness keff 

MPC-24tt (17x17AO1 @ 4.0% Enrichment) 

nominal (10.777") maximum (8.81") nominal (5/16") 0.9400±0.001 1tt 

minimum (10.717") nominal (8.75") nominal (5/16") 0.9365±0.0009 

nominal (10.777") nom. - 0.05" (8.70") nom. + 0.05" (0.3625") 0.9395±0.0008 

MPC-68 (8x8C04 @ 4.2% Enrichment) 

minimum (6.43") minimum (5.993") nominal (1/4") 0.9307±0.0007 

nominal (6.49") nominal (6.053") nominal (1/4") 0.9274±0.0007 

maximum (6.55") maximum (6.113") nominal (1/4") 0.9272±0.0008 
nom. + 0.05" (6.54") nominal (6.053") nom. + 0.05" (0.30") 0.9267±0.0007 

Notes: 1 
1. Values in parentheses are the actual value used.  

2. Frem HI STA4R ealeulatipns in Deekzt NMhber-s 72 1 QO8 and 71 9261 fcr- idcntifal NIC designs-.  

Tolerance for pitch and box I.D. are ± 0.06".  
Tolerance for box wall thickness is +0.05", -0.00".  

tt All calculations for the MPC-24 assume minimum water gap thickness (1.09").  

- Numbers are lcr statistical uncertainties.
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Table 6.3.2 (cont.)

MCNP4a EVALUATION OF BASKETMANUFACTURING TOLERANCESt

MCNP4a 
Calculated 

Pitch Box LD. Box Wall Thickness keff 
MPC-24 (1 7x 7A @ 5. 0% Enrichment) 400ppm soluble boron 

nominal (10. 777") maximum (8.81') nominal (5/16') 0 .9 3 0 0 _40. 00 06 tt 

maximum (10.837') maximum (8.81') nominal (5/16') 0.9236-10.0006 

minimum (10. 717') nominal (8.75') nominal (5/16') 0.9294-10.0007 

minimum (10.717') minimum (8.69') nominal (5/16') 0.9223-10.0007 

nominal (10. 777') nominal-0.05" (8.70') nom.+0.05" (0.3625') 0.9285_10.0006 

nominal (10. 777') nominal (8.75') nominal (5/16') 0.9232.10.0006 

MPC-32 (17x17A @ 5.0% Enrichment) 2600 ppm soluble boron 
minimum (9.158') minimum (8.69') nominal (9/32') 0.9085.10.0007 

nominal (9.218') nominal (8.75') nominal (9/32') 0.9028-10.0007 
maximum (9.278') maximum (8.81') nominal (9/32') 0.8996_10.0008 

nominal+O.05" (9.268') nominal (8.75') nominal+O.05 " (0.331') 0.9023-10.0008 

minimum+O.05"(9.208') minimum (8.69') nominal+0.05" (0.331') 0.9065_10.0007 

maximum (9.2 78') Maximum-0.05" (8.76') nominal+0.05" (0.331') 0.9030.-0.0008 

Notes: 

1. Values in parentheses are the actual value used.  

t Tolerance for pitch and box I.D. are ± 0.06".  

Tolerance for box wall thickness is +0.05", -0.00".  

ft Numbers are I o-statistical uncertainties.
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Table 6.3.3 

BASKET DIMENSIONAL ASSUMPTIONS

HI-STORM TSAR 
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Box Wall Water-Gap 
Basket Type Pitch Box I.D. Thickness Flux Trap 

MPC-24 nominal maximum nominal minimum 
(10.777") (8.81") (5/16") (1.09") 

MPC-24E nominal maximum nominal minimum 

(10.847') (8.81 ", (5/16'9 (1.076", 
9.11 "for DFC 0.776"for DFC 

Positions) Positions) 

MPC-32 Minimum Minimum Nominal N/A 
(9.158') (8.69') (9/32') 

MPC-68 minimum Minimum nominal N/A 
(6.43") (5.993") (1/4")

N 
I,
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Table 6.3.4

COMPOSITION OF THE MAJOR COMPONENTS OF THE HI-STORM 100 SYSTEM

MPC-24, MPC-24E and MPC-32 

U0 2 5.0% ENRICHMENT, DENSITY (glcc) = 10.522 

Nuclide Atom-Density Wgt. Fraction 

8016 4.696E-02 1.185E-01 

92235 1.188E-03 4.408E-02 

92238 2.229E-02 8.3 74E-01 

U0 2 4.0% ENRICHMENT, DENSITY (g/cc) = 10.522 

Nuclide Atom-Density Wgt. Fraction 

8016 4.693E-02 1.185E-01 

92235 9.505E-04 3.526E-02 

92238 2.252E-02 8.462E-01
BORAL (0.02 g '°B/cm sq), DENSITY (g/cc) = 2.660 (MPC-24)

Nuclide Atom-Density Wgt. Fraction 

5010 8.707E-03 5.443E-02 

5011 3.512E-02 2.414E-01 

6012 1.095E-02 8.210E-02 

13027 3.694E-02 6.222E-01 

BORAL (0. 0279 g I0B/cm sq), DENSITY (g/cc) = 2. 660 
(MPC-24E and MPC-32) 

Nuclide Atom-Density Wgt. Fraction 

5010 8.071E-03 5.089E-02 

5011 3.255E-02 2.257E-01 

6012 1.015E-02 7.675E-02 

13027 3.805E-02 6.467E-01
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BORA TED WA TER, 300 PPM, DENSITY (g/cc)=1. 00

Nuclide Atom-Density Wt. Fraction 

5010 3.248E-06 5.400E-05 

5011 1.346E-05 2.460E-04 

1001 6.684E-02 1.1186E-01 

8016 3.342E-02 8.8784E-01 

BORA TED WA TER, 400PPM, DENSITY (g/cc)=1. 00 

Nuclide Atom-Density Wgt. Fraction 

5010 4.330E-06 7.200E-05 

5011 1.794E-05 3.280E-04 

1001 6.683E-02 1.1185E-01 

8016 3.341E-02 8.8775E-01 

BORA TED WATER, 1900PPM, DENSITY (g/cc)=1. 00 

Nuclide Atom-Density Wgt. Fraction 

5010 2.05 7E-05 3.420E-04 

5011 8.522E-05 1.558E-03 

1001 6.673E-02 1.1169E-01 

8016 3.336E-02 8.8641E-01 

BORA TED WA TER, 2600PPM, DENSITY (g/cc)=0. 93 

Nuclide Atom-Density Wgt. Fraction 

5010 2.618e-05 4.680E-04 

5011 1.085e-04 2.132E-03 

1001 6.201e-02 1.1161E-01 

8016 3.101e-02 8.8579E-01
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Table 6.3.4 (continued)

COMPOSITION OF THE MAJOR COMPONENTS OF THE HI-STORM 100 SYSTEM 

MPC-68 

U0 2 4.2% ENRICHMENT, DENSITY (g/cc) = 10.522 

Nuclide Atom-Density Wgt. Fraction 

8016 4.697E-02 1.185E-01 

92235 9.983E-04 3.702E-02 

92238 2.248E-02 8.445E-01 

U0 2 3.0% ENRICHMENT, DENSITY (g/cc) = 10.522 

Nuclide Atom-Density Wgt. Fraction 

8016 4.695E-02 1.185E-01 

92235 7.127E-04 2.644E-02 

92238 2.276E-02 8.550E-01 

MOX FUELt, DENSITY (g/cc) 10.522 
Nuclide Atom-Density Wgt. Fraction 

8016 4.714E-02 1.190E-01 

92235 1.719659E-04 6.380-540E-03 

92238 2.285E-02 8.5846E-01 

94239 3.876E-04 1.461E-02 

94240 9.177E-06 3.400E-04 

94241 3.247E-05 1.240E-03 

94242 2.118E-06 7.000E-05

The Pu-238, which is an absorber, was conservatively neglected in the MOX description 
for analysis purposes.
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Table 6.3.4 (continued) 
COMPOSITION OF THE MAJOR COMPONENTS OF THE HI-STORM 100 SYSTEM

BORAL (0.0279 g '°B/cm sq), DENSITY (./ce) = 2.660

Nuclide Atom-Density Wgt. Fraction 

5010 8.071E-03 5.089E-02 

5011 3.255E-02 2.257E-01 

6012 1.015E-02 7.675E-02 

13027 3.805E-02 6.467E-01 

FUEL IN THORJA RODS, DENSITY (g/cc) = 10.522 

Nuclide Atom-Density Wgt. Fraction 

5010 4.798E-02 1.212E-01 

5011 4.001E-04 1.484E-02 

6012 2.742E-05 1.030E-03 

13027 2.357E-02 8.630E-01 

COMMON MATERIALS 

ZR CLAD, DENSITY (g/cc) = 6.550 

Nuclide Atom-Density Wgt. Fraction 

40000 4.323E-02 1.OOOE+00 

MODERATOR (11O), DENSITY (g/cc) = 1.000 

Nuclide Atom-Density Wgt. Fraction 

1001 6.688E-02 1.119E-01 

8016 3.344E-02 8.881E-01
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Table 6.3.4 (continued) 
COMPOSITION OF THE MAJOR COMPONENTS OF THE HI-STORM 100 SYSTEM

-H-STORM TSAR 
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STAINLESS STEEL, DENSITY (g/cc) = 7.840 
Nuclide Atom-Density Wgt. Fraction 

24000 1.761E-02 1.894E-01 

25055 1.761E-03 2.001E-02 

26000 5.977E-02 6.905E-01 

28000 8.239E-03 1.000E-01 

ALUMINUM, DENSITY (g/cc) = 2.700 

Nuclide Atom-Density Wgt. Fraction 

13027 6.026E-02 1.000E+00



'i �)
COMPOSITION OF THE MAJOR COMPONENTS OF THE HI-STORM 100 SYSTEM 

CONCRETE, DENSITY (glco) = 2.35 

Nuclide Atom-Density Wgt. Fraction 

1001 8.806E-03 6.OOOE-03 

8016 4.623E-02 5.OOOE-01 

11000 1.094E-03 1.700E-02 

13027 2.629E-04 4.800E-03 

14000 1.659E-02 3.150E-01 

19000 7.184E-04 1.900E-02 

20000 3.063E-03 8.300E-02 

26000 3.176E-04 1.200E-02 

LEAD, DENSITY (g/cc) = 11.34 

Nuclide Atom-Density Wgt. Fraction 

82000 3.296E-02 1.0 

HOLTITE-A, DENSITY (g/cc) = 1.61 

1001 5.695E-02 5.920E-02 

5010 1.365E-04 1.410E-03 

5011 5.654E-04 6.420E-03 

6012 2.233E-02 2.766E-01 

7014 1.370E-03 1.980E-02 

8016 2.568E-02 4.237E-01 

13027 7.648E-03 2.129E-01

Table 6.3.4 (continued)
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FIGURE 6.3.IA; TYPICAL CELL IN THE CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH REPRESENTATIVE FUEL IN THE MPC-24E BASKET 
( SEE CHAPTER I FOR TRUE BASKET DIMENSIONS )

NOTE: THESE DIMENSIONS WERE CONSERVATIVELY USED FOR CRITICALITY ANALYSES.
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FIGURE 6.3.2; TYPICAL CELL IN THE CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH REPRESENTATIVE FUEL IN THE MPC-32 BASKET SEE CHAPTER I FOR TRUE BASKET DIMENSIONS 

NOTE: THESE DIMENSIONSWERE CONSERVATIVELY USED FOR CRITICALITY ANALYSES. I 
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CRITICALITY CALCULATIONS

6.4.1 Calculational or Experimental Method 

6.4.1.1 Basic Criticality Safety Calculations 

The principal method for the criticality analysis is the general three-dimensional continuous 
energy Monte Carlo N-Particle code MCNP4a [6.1.4] developed at the Los Alamos National 
Laboratory. MCNP4a was selected because it has been extensively used and verified and has all 
of the necessary features for this analysis. MCNP4a calculations used continuous energy cross
section data based on ENDF/B-V, as distributed with the code [6.1.4]. Independent verification 
calculations were performed with NITAWL-KENO5a [6.1.5], which is a three-dimensional 
multigroup Monte Carlo code developed at the Oak Ridge National Laboratory. The KENO5a 
calculations used the 238-group cross-section library, which is based on ENDF/B-V data and is 
distributed as part of the SCALE-4.3 package [6.4.1], in association with the NITAWL-II 
program [6.1.6], which adjusts the uranium-238 cross sections to compensate for resonance self
shielding effects. The Dancoff factors required by NITAWL-II were calculated with the 
CELLDAN code [6.1.13], which includes the SUPERDAN code [6.1.7] as a subroutine.  

The convergence of a Monte Carlo criticality problem is sensitive to the following parameters: 
(1) number of histories per cycle, (2) the number of cycles skipped before averaging, (3) the total 
number of cycles and (4) the initial source distribution. The MCNP4a criticality output contains 
a great deal of useful information that may be used to determine the acceptability of the problem 
convergence. This information was used in parametric studies to develop appropriatd values for 
the aforementioned criticality parameters to be used in the criticality calculations for this 
submittal. Based on these studies, a minimum of 5,000 histories were simulated per cycle, a 
minimum of 20 cycles were skipped before averaging, a minimum of 100 cycles were 
accumulated, and the initial source was specified as uniform over the fueled regions (assemblies).  
Further, the output was examined to ensure that each calculation achieved acceptable 
convergence. These parameters represent an acceptable compromise between calculational 
precision and computational time. Appendix 6.D provides sample input files for eaeh-ef-the 
MPC-24 and MPC-68 baskets in the HI-STORM 100 System.  

CASMO-3 [6.1.9] was used for determining the small incremental reactivity effects of 
manufacturing tolerances. Although CASMO-3 has been extensively benchmarked, these 
calculations are used only to establish direction of reactivity uncertainties due to manufacturing 
tolerances (and their magnitude). This allows the MCNP4a calculational model to use the worst 
combination of manufacturing tolerances. Table 6.3.1 shows results of the CASMO-3 
calculations, take- di.. c.ly fr. m the HI. STAR applieoat," (Deekt Nuc•r,•ie 72 1008 and ,71 
9261) whichutiliSA idRetiva. NC designs 
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6.4.2 Fuel Loading or Other Contents Loading Optimization 

The basket designs are intended to safely accommodate fuel with enrichments indicated in 
Tables 6.1.1 through 6.1.8 -an 6.1.2. These calculations were based on the assumption that the 
HI-STORM 100 System (HI-TRAC transfer cask) was fully flooded with clean unborated water 
or water containing specific minimum soluble boron concentrations. In all cases, the calculations 
include bias and calculational uncertainties, as well as the reactivity effects of manufacturing 
tolerances, determined by assuming the worst case geometry.  

Nominally, the fuel assemblies would be centrally positioned in each MPC basket cell. However, 
in accordance with NUREG-1536, the consequence of eccentric positioning was also evaluated 
and found to be negligible. To simulate eccentric positioning (and possible closer approach to the 
MPC steel shield), calculations were performed analytically decreasing the inner radius until it 
was 1 cm awayt from the nearest fuel. Results showed a minor increase in reactivity of 0.0026 
Ak maximum (MPC-68) which implies that the effect of eccentric location of fuel is negligible at 
the actual reflector spacing.  

6.4.2.1 Internal and External Moderation

As required by NUREG-1536, calculations in this section demonstrate that the HI-STORM 100 
System remains subcritical for all credible conditions of moderation. The . .alyses . r. taken.  
directly from the HI STAR appficatiens (USNRC Decket Nuhmber-s 72 1008 and 71 9261).  
Because the MPC designs are identical and the ever-paek material docs not signfieantfly effeetth 

caSk anid the HI1 STORM4 starage evorpaek.  

6.4.2.1.1 Unborated Water 

With a neutron absorber present (i.e., the Boral sheets or the steel walls of the storage 
compartments), the phenomenon of a peak in reactivity at a hypothetical low moderator density 
(sometimes called "optimum" moderation) does not occur to any significant extent. In a 
definitive study, Cano, et al. [6.4.2] has demonstrated that the phenomenon of a peak in reactivity 
at low moderator densities does not occur in the presence of strong neutron absorbing material or 
in the absence of large water spaces between fuel assemblies in storage. Nevertheless, 
calculations for a single reflected cask were made to confirm that the phenomenon does not occur 
with low density water inside or outside the casks.  

PNL critical experiments have shown a small positive reactivity effect of thick steel 
reflectors, with the maximum effect at 1 cm distance from the fuel. In the cask designs, 
the fuel is mechanically prohibited from being positioned at a 1 cm spacing from the 
overpack steel.  
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Calculations for the MPC designs with internal and external moderators of various densities are 
shown in Table 6.4.1. For comparison purposes, a calculation for a single unreflected cask (Case 
1) is also included in Table 6.4.1. At 100% external moderator density, Case 2 corresponds to a 
single fully-flooded cask, fully reflected by water. Figure 6.4.10 plots calculated kff values (±2u) 
as a function of internal moderator density for both MPC designs with 100% external moderator 
density (i.e., full water reflection). Results listed in Table 6.4.1 support the following 
conclusions: 

For each type of MPC, the calculated keff for a fully-flooded cask is independent of the 
external moderator (the small variations in the listed values are due to statistical 
uncertainties which are inherent to the calculational method (Monte Carlo)), and 

* For each type of MPC, reducing the internal moderation results in a monotonic reduction 
in reactivity, with no evidence of any optimum moderation. Thus, the fully flooded 
condition corresponds to the highest reactivity, and the phenomenon of optimum low
density moderation does not occur and is not applicable to the HI-STORM 100 System.  

For each of the MPC designs, the maximum klff values are shown to be less than or statistically 
equal to that of a single internally flooded unreflected cask and are below the regulatory limit of 
0.95.  

6.4.2.1.2 Borated Water 

With the presence of a soluble neutron absorber in the water, the discussion in the previous 
section is not always applicable. Calculations were made to determine the optimum moderator 
density for the MPC designs that require a minimum soluble boron concentration.  

Calculations for the MPC designs with various internal moderator densities are shown in Table 
6.4.6. As shown in the previous section, the external moderator density has a negligible effect on 
the reactivity, and is therefore not varied. Water containing soluble boron has a slightly higher 
density than pure water. Therefore, water densities up to 1.005 g/cm3 were analyzed for the 
higher soluble boron concentrations. Additionally, for the higher soluble boron concentrations, 
analysis have been performed with empty (voided) guide tubes. This variation is discussed in 
detail in Section 6.4.8. Results listed in the Table 6.4.6 support the following conclusions: 

* For all cases with a soluble boron concentration of up to 1900ppm, and for a soluble 
boron concentration of 2600ppm assuming voided guide tubes, the conclusion of the 
Section 6.4.2.1.1 applies, i.e. the maximum reactivity is corresponds to 100% moderator 
density.  

,, For 2600ppm soluble boron concentration with filled guide tubes, the results presented in 
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Table 6.4.6 indicate that there is a maximum of the reactivity somewhere between 0.90 •'' 
g/cm3 and 1.00 g/cm3 moderator density. However, a distinct maximum can not be f f• 
identified, as the reactivities in this range are very close. For the purpose of the 
calculations with 2 600ppm soluble boron concentration, a moderator density of 0.93 
g/cm3 was chosen, which corresponds to the highest calculated reactivity listed in Table 
6.4.6.  

6.4.2.2 Partial Flooding 

As required by NUREG-1536, calculations in this section address partial flooding in the HI
STORM 100 System and demonstrate that the fully flooded condition is the most reactive.  

The reactivity changes during the flooding process were evaluated in both the vertical and 
horizontal positions for all MPC designs. For these calculations, the cask is partially filled (at 
various levels) with full density (1.0 g/cc) water and the remainder of the cask is filled with 
steam consisting of ordinary water at partial density (0.002 g/cc), as suggested in NUREG-1536.  
Results of these calculations are shown in Table 6.4.2. In all cases, the reactivity increases 
monotonically as the water level rises, confirming that the most reactive condition is fully 
flooded.  

6.4.2.3 Clad Gap Flooding 

As required by NUREG-1536, the reactivity effect of flooding the fuel rod pellet-to-clad gap 
regions, in the fully flooded condition, has been investigated. Table 6.4.3 presents maximum keff 
values that demonstrate the positive reactivity effect associated with flooding the pellet-to-clad 
gap regions. These results confirm that it is conservative to assume that the pellet-to-clad gap 
regions are flooded. For all cases that involve flooding, the pellet-to-clad gap regions are 
assumed to be flooded with clean, unborated water.  

6.4.2.4 Preferential Flooding 

Preferential or uneven flooding within the HI-STORM 100 System was not evaluated because 
such a condition is not credible for any of the MPC basket designs loaded in the HI-STORM 100 
System. Preferential flooding of any of the MPC fuel basket designs is not possible because flow 
holes are present on all four walls of each basket cell and on the two flux trap walls at both the 
top and bottom of the MPC basket. The flow holes are sized to ensure that they cannot be 
blocked by crud deposits (see Chapter 11). Because the fuel cladding temperatures remain below 
their design limits (as demonstrated in Chapter 4) and the inertial loading remains below 63g's 
(the inertial loadings associated with the design basis drop accidents discussed in Chapter 11 are 
limited to 45g's), the cladding remains intact (see Section 3.5). For damaged BWR fuel 
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assemblies and BWR fuel debris, the assemblies or debris are pre-loaded into stainless steel 
Damaged Fuel Containers fitted with 250 micron fine mesh screens which prevent damaged fuel 
assemblies or fuel debris from blocking the basket flow holes. Therefore, the flow holes cannot 
be blocked.  

Once established, the integrity of the MPC confinement boundary is maintained during all credible off-normal and accident conditions, and thus, the MPC cannot be flooded. Therefore, it 
is concluded that the MPC fuel baskets cannot be preferentially flooded.  

6.4.2.5 Design Basis Accidents 

The analyses presented in Chapters 3 and 11 demonstrate that the damage resulting from the 
design basis accidents is limited to a loss of the water jacket for the HI-TRAC transfer cask and 
minor damage to the concrete radiation shield for the HI-STORM storage cask, which have no 
adverse effect on the design parameters important to criticality safety.  

As reported in Chapter 3, Table 3.4.4, the minimum factor of safety for either MPC as a result of 
the hypothetical cask drop or tip-over accident is 1.1 against the Level D allowables for 
Subsection NG, Section III of the ASME Code. Therefore, because the maximum box wall stresses are well within the ASME Level D allowables, the flux-trap gap change will be 
insignificant compared to the characteristic dimension of the flux trap.  

In summary, the design basis accidents have no adverse effect on the design parameters 
important to criticality safety, and therefore, there is no increase in reactivity as a result of any of 
the credible off-normal or accident conditions involving handling, packaging, transfer or storage.  
Consequently, the HI-STORM 100 System is in full compliance with the requirement of 1OCRF72.124, which states that "before a nuclear criticality accident is possible, at least two 
unlikely, independent, and concurrent or sequential changes have occurred in the conditions 
essential to nuclear criticality safety." 

6.4.3 Criticality Results 

Results of the design basis criticality safety calculations for the condition of full flooding with 
3leCn unberatcd water (limiting cases) are presented in section 62 and summarized in Section 
6.1. To demonstrate the applicability of the HI-STAR analyses, results of the design basis 
criticality safety calculations for the HI-STAR cask (limiting cases) are also summarized in Section 6.1 for comparison. These data confirm that for each of the candidate fuel types and 
basket configurations the effective multiplication factor (krff), including all biases and 
uncertainties at a 95-percent confidence level, do not exceed 0.95 under all credible normal, off
normal, and accident conditions.  

Additional calculations (CASMO-3) at elevated temperatures confirm that the temperature 
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coefficients of reactivity are negative as shown in Table 6.3.1. This confirms that the calculations 
for the storage baskets are conservative. (I 
In calculating the maximum reactivity, the analysis used the following equation: 

k = k, + K, + Bias + a., 

where: 
=:> k, is the calculated klff under the worst combination of tolerances; 
SK, is the K multiplier for a one-sided statistical tolerance limit with 95% probability at 

the 95% confidence level [6.1.8]. Each final Kff value calculated by MCNP4a (or 
KENO5a) is the result of averaging 100 (or more) cycle keff values, and thus, is based on 
a sample size of 100. The K multiplier corresponding to a sample size of 100 is 1.93.  
However, for this analysis a value of 2.00 was assumed for the K multiplier, which is 
larger (more conservative) than the value corresponding to a sample size of 100; 
a, is the standard deviation of the calculated kefr, as determined by the computer code 

(MCNP4a or KENO5a); 
=: Bias is the systematic error in the calculations (code dependent) determined by 

comparison with critical experiments in Appendix 6.A; and 
o-,, is the standard error of the bias (which includes the K multiplier for 95% probability 
at the 95% confidence level; see Appendix 6.A).  

The critical experiment benchmarking and the derivation of the bias and standard error of the 
bias (95% probability at the 95% confidence level), whi.h are taken f.em the HI ST.  
appli.a.i.n. De.k .t Nuabe.. .72 1008 and 71 9261), are presented in Appendix 6.A.  

6.4.4 Damaged Fuel Gentzaine and Fuel Debris 

The 11 STAR analysis provided in the ,ppl. atins ,DIekct Numbers 7-2 1008 and 71 9261) 
incelude an evaluatien ef damaged fuel. Thi3 evaluation is alse applicabic te the HI1 T41AG 
transfer- eask and the HI1 STORM stoage over-paek, sinee the NMPC designs are identical.

Bedh-d-amaged-BWR fuel assemblies and-RWR fuel debris are required to be loaded into 
Damaged Fuel Containers (DFCs) prior to being loaded into the MPC. Four (4) different DFC 
types with different cross sections are analyzed. Three (3) of these DFCs are designed for BWR 
fuel assemblies, one (1) is designed for P WR fuel assemblies. Two of the DFCs for B WR fuel are 
specifically designed for fuel assembly classes 6x6A, 6x6B, 6x6C, 7x7A and 8xWA. These 
assemblies have a smaller cross section, a shorter active length and a low initial enrichment of 
2.7 wt% ...U, and therefore a low reactivity. The analysis for these assembly classes is presented 
in the following Section 6.4.4.1. The remaining two DFCs are generic DFCs designed for all 
BWR and PWR assembly classes. The criticality analysis for these generic DFCs is presented in 
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Section 6.4.4.2.

6.4.4.1 MPC-68, MPC-68F or MPC-68FF loaded with Assembly Classes 6x6A. 6x6B, 
6x6C, 7x7A and 8x8A 

This section only addresses criticality calculations and results for assembly classes 6x6A, 6x6B, 
6x6C, 7x7A and 8x8A, loaded into the MPC-68, MPC-68F or MPC-68FF. Up to 68 DFCs with 
these assembly classes are permissible to be loaded into the MPC. Two different DFC types with 
slightly different cross-sections are analyzed. DFCs containing fuel debris must be stored in the 
MPC-68F or MPC-68FF. DFCs containing damaged fuel assemblies may be stored in either the 
MPC-68, MPC-68F or MPC-68FF. Evaluation of the capability of storing damaged fuel and fuel 
debris (loaded in DFCs) is limited to very low reactivity fuel in the MPC-68F. Because the 
MPC-68 and MPC-68FF haves a higher specified '0B loading, the evaluation of the MPC-68F 
conservatively bounds the storage of damaged BWR fuel assemblies in a standard MPC-68 or 
MPC-68FF. Although the maximum planar-average enrichment of the damaged fuel is limited to 
2.7% 235U as specified in Chaptr- 12the Certificate of Compliance, analyses have been made for 
three possible scenarios, conservatively assuming fueltt of 3.0% enrichment. The scenarios 
considered included the following: 

1. Lost or missing fuel rods, calculated for various numbers of missing rods in order 
to determine the maximum reactivity. The configurations assumed for analysis are 
illustrated in Figures 6.4.2 through 6.4.8.  

2. Broken fuel assembly with the upper segments falling into the lower segment 
creating a close-packed array (described as a 8x8 array). For conservatism, the 
array analytically retained the same length as the original fuel assemblies in this 
analysis. This configuration is illustrated in Figure 6.4.9.  

3. Fuel pellets lost from the assembly and forming powdered fuel dispersed through 
a volume equivalent to the height of the original fuel. (Flow channel and clad 
material assumed to disappear).  

Results of the analyses, shown in Table 6.4.5, confirm that, in all cases, the maximum reactivity 
is well below the regulatory limit. There is no significant difference in reactivity between the two 
DFC types. Collapsed fuel reactivity (simulating fuel debris) is low because of the reduced 
moderation. Dispersed powdered fuel results in low reactivity because of the increase in 131U 
neutron capture (higher effective resonance integral for 238U absorption).  

The loss of fuel rods results in a small increase in reactivity (i.e., rods assumed to collapse, 
leaving a smaller number of rods still intact). The peak reactivity occurs for 8 missing rods, and a 
smaller (or larger) number of intact rods will have a lower reactivity, as indicated in Table 6.4.5.  

tt 6x6A0 1 and 7x7AO 1 fuel assemblies were used as representative assemblies.  
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The analyses performed and summarized in Table 6.4.5 provides the relative magnitude of the 
effects on the reactivity. This information coupled with the maximum keff values listed in Table 
6.1.3 and the conservatism in the analyses, demonstrate that the maximum klf of the damaged 
fuel in the most adverse post-accident condition will remain well below the regulatory 
requirement of kff < 0.95.  

6.4.4.2 Generic BWR and PWR Damaged Fuel and Fuel Debris 

The MPC-24E, MPC-24EF, MPC-68 and MPC-68FF are designed to contain PWR and BWR 
damaged fuel and fuel debris, loaded into generic DFCs. The number of generic DFCs is limited 
to 16 for the MPC-68 and MPC-68FF, and to 4 for the MPC-24E and MPC-24EF. The 
permissible locations of the DFCs are shown in Figure 6.4.11 for the MPC-68/68FF and in 
Figure 6.4.12for the MPC-24E/24EF.  

Damaged fuel assemblies are assemblies with known or suspected cladding defects greater than 
pinholes or hairlines, or with missing rods, but excluding fuel assemblies with gross defects (for 
a full definition see Section 1.1 of the Certificate of Compliance). Therefore, apart from possible 
missing fuel rods, damaged fuel assemblies have the same geometric configuration as intact fuel 
assemblies and consequently the same reactivity. Missing fuel rods can result in a slight increase 
of reactivity. After a drop accident, however, it can not be assumed that the initial geometric 
integrity is still maintained. For a drop on either the top or bottom of the cask, the damaged fuel 
assemblies could collapse. This would result in a configuration with a reduced length, but 
increased amount offuel per unit length. For a side drop, fuel rods could be compacted to one Itj 
side of the DFC. In either case, a significant relocation offuel within the DFC is possible, which 
creates a greater amount of fuel in some areas of the DFC, whereas the amount offuel in other 
areas is reduced. Fuel debris can include a large variety of configurations ranging from whole 
fuel assemblies with severe damage down to individualfuel pellets.  

To address all the situations listed above and identify the configuration or configurations 
leading to the highest reactivity, it is impractical to analyze a large number of different 
geometrical configurations for each of the fuel classes. Instead, a bounding approach is taken 
which is based on the analysis of regular arrays of bare fuel rods without cladding. Details and 
results of the analyses are discussed in the following sections.  

6.4.4.2.1 Bounding Intact Assemblies 

Intact BWR assemblies stored together with DFCs are limited to a maximum planar average 
enrichment of 3.7 wt% 23su regardless of the fuel class. The results presented in Table 6.1.7 are 
for different enrichments for each class, ranging between 2.7 and 4.2 wt% 23su, making it 
difficult to identify the bounding assembly. Therefore, additional calculations were performed 
for the bounding assembly in each assembly class with a planar average enrichment of 3.7 wt%.  
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The results are summarized in Table 6.4.7 and demonstrate that the assembly classes 9x9E and 
9x9F have the highest reactivity. These two classes share the same bounding assembly (see 
footnotes for Tables 6.2.33 and 6.2.34forfurther details). This bounding assembly is used as the 
intact B WR assembly for all calculations with DFCs.  

Intact PWR assemblies stored together with DFCs are limited to a maximum enrichment of 
4.0 wt% "3 U, regardless of the fuel class. The results presented in Table 6.1.3 are for different 
enrichments for each class, ranging between 4.2 and 5. 0 wt% 23 U, making it difficult to directly 
identify the bounding assembly. However, Table 6.1.4 shows results for an enrichment of 5.0 
wt% for all fuel classes, with a soluble boron concentration of 300 ppm. The assembly class 
15x15H has the highest reactivity. This is consistent with the results in Table 6.1.3, where the 
assembly class J5x15H is among the classes with the highest reactivity, but has the lowest initial 
enrichment. Therefore, the 15x15H assembly is used as the intact PWR assembly for all 
calculations with DFCs.  

6.4.4.2.2 Bare Fuel Rod Arravs 

A conservative approach is used to model both damaged fuel and fuel debris in the DFCs, using 
arrays of bare fuel rods: 

Fuel in the DFCs is arranged in regular, rectangular arrays of bare fuel rods, i.e. all 
cladding and other structural material in the DFC is replaced by water.  

* The active length of these rods is chosen to be the maximum active fuel length of all fuel 
assemblies listed in Section 6.2, which is 155 inch for BWRfuel and 150 inch for PWR fuel.  

* To ensure the configuration with optimum moderation and highest reactivity is analyzed, the 
amount offuel per unit length of the DFC is varied over a large range. This is achieved by 
changing the number of rods in the array and the rod pitch. The number of rods are varied 
between 9 (3x3) and 189 (1 7x1 7) for B WR fuel, and between 64 (8x8) and 729 (2 7x27) for 
P WR fuel.  

Analyses are performed for the minimum, maximum and typical pellet diameter of PWR and 
B WRfuel.  

This is a very conservative approach to model damaged fuel, and to model fuel debris 
configurations such as severely damaged assemblies and bundles of individual fuel rods, as the 
absorption in the cladding and structural material is neglected.  

This is also a conservative approach to model fuel debris configurations such as bare fuel pellets 
due to the assumption of an active length of 155 inch (BWR) or 150 inch (PWR). The actual 
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height of bare fuel pellets in a DFC would be significantly below these values due to the 
limitation of the fuel mass for each basket position.  

To demonstrate the level of conservatism, additional analyses are performed with the DFC 
containing various realistic assembly configurations such as intact assemblies, assemblies with 
missing fuel rods and collapsed assemblies, i.e. assemblies with increased number of rods and 
decreased rod pitch.  

Graphical presentations of the calculated maximum kefffor each case as a function of the fuel 
mass per unit length of the DFC are shown in Figures 6.4.13 (BWR) and 6.4.14 (PWR). The 
results for the bare fuel rods show a distinct peak in the maximum keff at about 2 kg UOiinch for 
BWR fuel, and at about 3.5 kgUO2/inch for PWR fuel.  

The realistic assembly configurations are typically about 0. 01 (delta-k) or more below the peak 
results for the bare fuel rods, demonstrating the conservatism of this approach to model 
damaged fuel and fuel debris configurations such as severely damaged assemblies and bundles 
offuel rods.  

For fuel debris configurations consisting of bare fuel pellets only, the fuel mass per unit length 
would be beyond the value corresponding to the peak reactivity. For example, for DFCs filled 
with a mixture of 60 vol% fuel and 40 vol% water the fuel mass per unit length is 3.36 
kgUO/inch for the BWR DFC and 7.92 kgUO/inch for the PWR DFC. The corresponding 
reactivities are significantly below the peak reactivies. The difference is about 0.005 (delta-k) for 
BWR fuel and 0.01 (delta-k) or more for PWR fuel. Furthermore, the filling height of the DFC 1' 
would be less than 70 inches in these examples due to the limitation of the fuel mass per basket 
position, whereas the calculation is conservatively performedfor a height of 155 inch (BWR) or 
150 inch (PWR). These results demonstrate that even for the fuel debris configuration of bare 
fuel pellets, the model using bare fuel rods is a conservative approach.  

6.4.4.2.3 Distributed Enrichment in BWR Fuel 

BWR fuel usually has an enrichment distribution in each planar cross section, and is 
characterized by the maximum planar average enrichment. For intact fuel it has been shown that 
using the average enrichment for each fuel rod in a cross section is conservative, i.e. the 
reactivity is higher than calculated for the actual enrichment distribution (See Appendix 6.B).  
For damaged fuel assemblies, additional configurations are analyzed to demonstrate that the 
distributed enrichment does not have a significant impact on the reactivity of the damaged 
assembly under accident conditions. Specifically, the following two scenarios were analyzed& 

* As a result of an accident, fuel rods with lower enrichment relocate from the top part to the 
bottom part of the assembly. This results in an increase of the average enrichment in the top 
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part, but at the same time the amount offuel in that area is reduced compared to the intact 
assembly.  
As a result of an accident, fuel rods with higher enrichment relocate from the top part to the 
bottom part of the assembly. This results in an increase of the average enrichment in the 
bottom part, and at the same time the amount offuel in that area is increased compared to 
the intact assembly, leading to a reduction of the water content.  

In both scenarios, a compensation of effects on reactivity is possible, as the increase of reactivity 
due to the increased planar average enrichment might be offset by the possible reduction of 
reactivity due to the change in the fuel to water ratio. A selected number of calculations have 
been performed for these scenarios and the results show that there is only a minor change in 
reactivity. These calculations are shown in Figure 6.4.13 in the group of the explicit assemblies.  
Consequently, it is appropriate to qualify damaged B WR fuel assemblies and fuel debris based 
on the maximum planar average enrichment. For assemblies with missing fuel rods, this 
maximum planar average enrichment has to be determined based on the enrichment and number 
of rods still present in the assembly when loaded into the DFC.  

6.4.4.2.4 Results for MPC-68 and MPC-68FF 

The MPC-68 and MPC-68FF allows the storage of up to sixteen DFCs in the shaded cells on the 
periphery of the basket shown in Figure 6.4.11. In the MPC-68FF, up to 8 of these cells may 
contain DFCs with fuel debris. The various configurations outlined in Sections 6.4.4.2.2 and 
6.4.4.2.3 are analyzed with an enrichment of the intact fuel of 3.7% 23"U and an enrichment of 
damaged fuel or fuel debris of 4. 0% 235U. For the intact assembly, the bounding assembly of the 
9x9E and 9x9F fuel classes was chosen. This assembly has the highest reactivity of all BWR 
assembly classes for the initial enrichment of 3.7 wt% 23 U, as demonstrated in Table 6.4.7. The 
results for the various configurations are summarized in Figure 6.4.13 and in Table 6.4.8.  
Figure 6. 4.13 shows the maximum keff, including bias and calculational uncertainties, for various 
actual and hypothetical damaged fuel or fuel debris configurations as a function of the fuel mass 
per unit length of the DFC. Table 6.4.8 lists the highest maximum kff for the various 
configurations. All maximum keff values are below the 0.95 regulatory limit.  

6.4.4.2.5 Results for MPC-24E and MPC-24EF 

The MPC-24E allows the storage of up to four DFCs with damaged fuel in the four outer fuel 
baskets cells shaded in Figure 6.4.12. The MPC-24EF allows storage of up to four DFCs with 
damaged fuel or fuel debris in these locations. These locations are designed with a larger box ID 
to accommodate the DFCs. For an enrichment of 4.0 wt% 23'U for the intact fuel, damaged fuel 
and fuel debris, the results for the various configurations outlined in Section 6.4.4.2.2 are 
summarized in Figure 6.4.14 and in Table 6.4.9. Figure 6.4.14 shows the maximum kf including 
bias and calculational uncertainties, for various actual and hypothetical damaged fuel and fuel 
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debris configurations as a function of the fuel mass per unit length of the DFC. For the intact 
assemblies, the 15x15H assembly class was chosen. This assembly class has the highest 
reactivity of all PWR assembly classes for a given initial enrichment. This is demonstrated in 
Table 6.1.4. Table 6.4.9 lists the highest maximum keff for the various configurations. All 
maximum keff values are below the 0.95 regulatory limit.  

6.4.5 Fuel Assemblies with Missing Rods 

For fuel assemblies that are qualified for damaged fuel storage, missing and/or damaged fuel 
rods are acceptable. However, for fuel assemblies to meet the limitations of intact fuel assembly 
storage, missing fuel rods must be replaced with dummy rods that displace a volume of water 
that is equal to, or larger than, that displaced by the original rods.  

6.4.6 Thoria Rod Canister 

The Thoria Rod Canister is similar to a DFC with an internal separator assembly containing 18 
intact fuel rods. The configuration is illustrated in Figure 6.4.15. The keff value for an MPC-68F 
filled with Thoria Rod Canisters is calculated to be 0.1813. This low reactivity is attributed to 
the relatively low content in 235U (equivalent to UO2 fuel with an enrichment of approximately 
1.7 wt% 235U), the large spacing between the rods (the pitch is approximately 1 ", the cladding 
OD is 0.412') and the absorption in the separator assembly. Together with the maximum kf 
values listed in Tables 6.1.7 and 6.1.8 this result demonstrates, that the keff for a Thoria Rod 
Canister loaded into the MPC68 or the MPC68F together with other approved fuel assemblies 
or DFCs will remain well below the regulatory requirement of keff < 0. 95.  

6.4.7 Sealed Rods re=lacing BWR Water Rods 

Some B WR fuel assemblies contain sealed rods filled with a non-fissile material instead of water 
rods. Compared to the configuration with water rods, the configuration with sealed rods has a 
reduced amount of moderator, while the amount of fissile material is maintained. Thus, the 
reactivity of the configuration with sealed rods will be lower compared to the configuration with 
water rods. Any configuration containing sealed rods instead of water rods is therefore bounded 
by the analysis for the configuration with water rods and no further analysis is required to 
demonstrate the acceptability. Therefore, for all BWR fuel assemblies analyzed, it is permissible 
that water rods are replaced by sealed rods filled with a non-fissile material.  
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Non-fuel Hardware in PWR Fuel Assemblies

Non-fuel hardware such as Thimble Plugs (TPs), Burnable Poison Rod Assemblies (BPRAs), 
Control Rod Assemblies (CRAs), Axial Power Shaping Rods (APSRs) and similar devices are 
permitted for storage with all PWR fuel types. Non-fuel hardware is inserted in the guide tubes 
of the assemblies. For pure water, the reactivity of any PWR assembly with inserts is bounded by 
(i.e. lower than) the reactivity of the same assembly without the insert. This is due to the fact that 
the insert reduces the amount of moderator in the assembly, while the amount offissile material 
remains unchanged. This conclusion is supported by the calculation listed in table 62.4, which 
shows a significant reduction in reactivity as a result of voided guide tubes, i.e. the removal of 
the water from the guide tubes.  

With the presence of soluble boron in the water, non-fuel hardware not only displaces water, but 
also the neutron absorber in the water. It is therefore possible that the insertion results in an 
increase of reactivity, specifically for higher soluble boron concentrations. As a bounding 
approach for the presence of non-fuel hardware, analyses were performed with empty (voided) 
guide tubes, i.e. any absorption of the hardware is neglected. If assemblies contain an instrument 
tube, this tube remains filled with borated water. Table 6.4.6 shows results for the variation in 
water density for cases with filled and voided guide tubes. These results show that the optimum 
moderator density depends on the soluble boron concentration, and on whether the guide tubes 
are filled or assumed empty. For the MPC-24 with 400 ppm and the MPC-32 with 1900 ppm, 
voiding the guide tubes results in a reduction of reactivity. All calculations for the MPC-24 and 
MPC-24E, and for the MPC-32 with 1900 ppm are therefore performed with water in the guide 
tubes. For the MPC-32 with 2600 ppm, the reactivity for voided guide tubes slightly exceeds the 
reactivity for filled guide tubes. However, this effect is not consistent across all assembly classes.  
Table 6.4.10 shows results with filled and voided guide tubes for all assembly classes in the 
MPC-32 at 2600ppm. Some classes show an increase, other classes show a decrease as a result 
of voiding the guide tubes. Therefore, for the results presented in the Section 6.1, Table 6.1.6, the 
maximum value for each class is chosen.  

In summary, from a criticality safety perspective, non-fuel hardware inserted into PWR 
assemblies are acceptable for all allowable PWR types, and, depending on the assembly class, 
can increase the safety margin.  

6.4.9 Neutron Sources in Fuel Assemblies 

Fuel assemblies containing start-up neutron sources are permitted for storage in the HI-STORM 
100 System. The reactivity of a fuel assembly is not affected by the presence of a neutron source 
(other than by the presence of the material of the source, which is discussed later). This is true 
because in a system with a keff less than 1.0, any given neutron population at any time, 
regardless of its origin or size, will decrease over time. Therefore, a neutron source of any 
strength will not increase reactivity, but only the neutron flux in a system, and no additional 
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criticality analyses are required. Sources are inserted as rods into fuel assemblies, i.e. they 
replace either a fuel rod or water rod (moderator). Therefore, the insertion of the material of the 
source into a fuel assembly will not lead to an increase of reactivity either.

6.4.610 Applicability of HI-STAR Analyses to HI-STORM 100 System

Calculations previously supplied to the NRC in applications for the HI-STAR 100 System 
(Docket Numbers 71-9261 and 72-1008) are directly applicable to the HI-STORM storage and 
HI-TRAC transfer casks. The MPC designs are identical. The cask systems differ only in the 
overpack shield material. The limiting condition for the HI-STORM 100 System is the fully 
flooded HI-TRAC transfer cask. As demonstrated by the comparative calculations presented in 
Tables 6.1.1 through 6.1.38, the shield material in the overpack (steel and lead for HI-TRAC, 
steel for HI-STAR) has a negligible impact on the eigenvalue of the cask systems. As a result, 
this analysis for the 125-ton HI-TRAC transfer cask is applicable to the 100-ton HI-TRAC 
transfer cask. In all cases, for the reference fuel assemblies, the maximum keff values are in good 
agreement and are conservatively less than the limiting keff value (0.95).
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Table 6.4.1

MAXIMUM REACTIVITIES WITH REDUCED WATER DENSITIES FOR CASK ARRAYSW 

Water Density MCNP4a Maximum keffIt 
Case MPC-24 MPC-68 

Number Internal External (17x17A01 @ 4.0%) (8x8CO4 @ 4.2%) 
1 100% single 0.9449 0.9348 

cask 

2 100% 100% 0.9434 0.9339 
3 100% 70% 0.9465 0.9339 
4 100% 50% 0.9444 0.9347 
5 100% 20% 0.9439 0.9338 
6 100% 10% 0.9424 0.9336 
7 100% 5% 0.9446 0.9333 
8 100% 0% 0.9457 0.9338 
9 70% 0% 0.8497 0.8488 
10 50% 0% 0.7632 0.7631 
11 20% 0% 0.5787 0.5797 
12 10% 0% 0.5012 0.5139 
13 5% 0% 0.4629 0.4763 
14 10% 100% 0.4839 0.4946 

1 Froem HI STAR ealetilatiens in Deeket Number-s 72 1008 and 71 9261 fcr identieal MPGC desien.

t For an infinite square array of casks with 60cm spacing between cask surfaces.  

tt Maximum kff includes the bias, uncertainties, and calculational statistics, evaluated for 
the worst case combination of manufacturing tolerances.
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Table 6.4.2 

REACTIVITY EFFECTS OF PARTIAL CASK FLOODING

MPC-24 (17x17A01 @ 4.0% ENRICHMENT) (no soluble boron) 
Flooded Condition Vertical Orientation Flooded Condition Horizontal Orientation 

(% Full) (% Full) 
25 0.9219 25 0.9119 
50 0.9397 50 0.9321 
75 0.9443 75 0.9423 
100 0.9449 100 0.9449 

MIPC-68 (8x8C04 @ 4.2% ENRICHMENT) 
Flooded Condition Vertical Orientation Flooded Condition Horizontal Orientation 

(% Full) (% Full) 
25 0.9132 23.5 0.8586 
50 0.9307 50 0.9088 
75 0.9312 76.5 0.9275 
100 0.9348 100 0.9348 

MPC-32 (15Wx5F @ 5.0 % ENRICHMENT) 2600ppm Soluble Boron 
Flooded Condition Vertical Orientation Flooded Condition Horizontal Orientation 

(% Full) (% Full) 
25 0.8927 31.25 0.9213 
50 0.9215 50 0.9388 
75 0.9350 68.75 0.9401 

100 0.9445 100 0.9445 

Notes: 

1. All values are maximum kff which include bias, uncertainties, and calculational statistics, evaluated 
for the worst case combination of manufacturing tolerances.

2 14m 1" STA ealulemeau in Uziqeict P4umber-s:72 1008l and 71 9261 for- identiea MiP" dpqianq.
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Table 6.4.3

REACTIVITY EFFECT OF FLOODING THE PELLET-TO-CLAD GAP 

MPC-24 MPC-68 
Pellet-to-Clad 17xl7A01 8x8CO4 

Condition 4.0% Enrichment 4.2% Enrichment 

dry 0.9404 0.9279 

flooded with 0.9449 0.9348 
unborated water

Notes: 

1. All values are maximum k~ff which includes bias, uncertainties, and calculational statistics, evaluated 
for the worst case combination of manufacturing tolerances.

,144efm 141 STA Le( aioatizns in Dpcket Numbers :72 1008 end 71 9261 for- identieal MP desiens.
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Table 6.4.4 

DELETED
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Table 6.4.5

MAXIMUM keff VALUES' IN THE DAMAGED FUEL CONTAINER 

MCNP4a 
Condition Maximum" ke 

DFC DFC 
Dimensions: Dimensions: 

ID 4.93" ID 4.81" 
THK. 0.12" THK. 0.11" 

6x6 Fuel Assembly 

6x6 Intact Fuel 0.7086 0.7016 
w/32 Rods Standing 0.7183 0.7117 
w/28 Rods Standing 0.7315 0.7241 
w/24 Rods Standing 0.7086 0.7010 
w/18 Rods Standing 0.6524 0.6453 

Collapsed to 8x8 array 0.7845 0.7857 

Dispersed Powder 0.7628 0.7440 
7x7 Fuel Assembly 

7x7 Intact Fuel 0.7463 0.7393 
w/41 Rods Standing 0.7529 0.7481 
w/36 Rods Standing 0.7487 0.7444 
w/25 Rods Standing 0.6718 0.6644

Nete-

1 "•.F-m HISTTAR alet1latie.s in DT•I•t NumbeTr• 72 1008 and :71 9261 for. ideatieal ;4^ d"sigs.;

These calculations were performed with a planar-average enrichment of 3.0% and a `B 
loading of 0.0067 g/cm2 , which is 75% of a minimum 1̀B loading of 0.0089 g/cm2 . The 
minimum `GB loading in the MPC-68F is 0.0 10 g/cm 2. Therefore, the listed maximum k1ff 
values are conservative 

tt Maximum keff includes bias, uncertainties, and calculational statistics, evaluated for the 
worst case combination of manufacturing tolerances.
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MAXIMUM keff VALUES WITH REDUCED BORA TED WA TER DENSITIES 

Internal Water Maximum keff 
Density? 
in g/cm

3 

MPC-24 MPC-32 MPC-32 
(400ppm) (1900ppm) (2600ppm) 
S @5.0% A4.1% (s.o% 

Guide Tubes filled filled void filled void 
1.005 NCtt 0.9403 0.9395 NC 0.9481 
1.00 0.9395 0.9411 0.9400 0.9445 0.9483 
0.99 0.9380 0.9393 0.9396 0.9438 0.9462 
0.98 0.9340 0.9403 0.93 76 0.9447 0.9465 
0.97 0.9316 0.9397 0.9391 0.9453 0.9476 
0.96 0.9309 NC NC 0.9446 0.9466 
0.95 0.9292 0.9380 0.9384 0.9451 0.9468 
0.94 NC NC NC 0.9445 0.9467 
0.93 0.9219 0.9392 0.9352 0.9465 0.9460 
0.92 NC NC NC 0.9458 0.9450 
0.91 NC NC NC 0.9447 0.9452 
0.90 0.9180 0.9384 NC 0.9449 0.9454 
0.80 0.8903 0.9322 NC 0.9431 0.9390 
0.70 0.8616 0.9190 NC 0.9339 0.9259 
0.60 0.8286 0.8990 NC 0.9194 0.9058 
0.40 0.7439 0.8280 NC 0.8575 0.8410 
0.20 0.6276 0.7002 NC 0.7421 0.7271 
0.10 0.5563 0.6178 NC 0.6662 0.6584

t External moderator is modeled at 0%. This is consistent with the results demonstrated in Table 6.4. 1.  
"tt NC. Not Calculated
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Table 6.4.7

MAXIMUM keff VAL UES FOR INTA CT B WR FUEL ASSEMBLIES WITH A MAXIMUM 
PLANAR A VERA GE ENRICHMENT OF 3.7 wt% 235U

Fuel Assembly Class Maximum kff 
6x6A 0.8287 

6x6C 0.8436 

7x7A 0.8399 

7x7B 0.9109 

8x8A 0.8102 

8x8B 0.9131 

8x8C 0.9115 

8x8D 0.9125 

8x8E 0.9049 

8x8F 0.9233 

9x9A 0.9111 

9x9B 0.9134 

9x9C 0.9103 

9x9D 0.9096 

9x9E 0.9237 

9x9F 0.9237 

9x9G 0.9005 

1 Ox] OA 0.9158 

lOxlOB 0.9156 

lOxiOC 0.9152 

JOxlOD 0.9182 

lOxlOE 0.8970
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Table 6.4.8 

MAXIMUM keff VAL UES 7N THE GENERIC BWR DAMA GED FUEL CONTAINER FOR A 
MAXIMUM INITIAL ENRICHMENT OF 4.0 wt% 23SU FOR DAMA GED FUEL AND 3.7 wt% 

235•U FOR INTACT FUEL 

Model Configuration inside the DFC Maximum keff 

Intact Assemblies 0.9241 
(4 assemblies analyzed) 

Assemblies with missing rods 0.9240 
(7 configurations analyzed) 

Assemblies with distributed 0.9245 
enrichment 
(4 configurations analyzed) 

Collapsed Assemblies 0.9258 
(6 configurations analyzed) 

Regular Arrays of Bare Fuel Rods 0.9328 
(31 configurations analyzed)
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Table 6.4.9

MAXIMUM kff VALUES IN THE GENERIC PWR DAMAGED FUEL CONTAINER FOR A 
MAXIMUM INITIAL ENRICHMENT OF 4.0 wt% 23 5U 

Model Configuration inside the DFC Maximum kff 

Intact Assemblies 0.9340 
(2 assemblies analyzed) 

Assemblies with missing rods 0.9350 
(4 configurations analyzed) 

Collapsed Assemblies 0.9360 
(6 configurations analyzed) 

Regular Arrays of Bare Fuel Rods 0.9480 
(36 configurations analyzed)
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Table 6.4.10 

MAXIMUM keff VALUES WITH FILLED AND VOIDED GUIDE TUBES 

Fuel Class MPC-32 (2600ppm) 

@5.0 

Guide Tubes Filled, Guide Tubes Voided, 
Moderator Density 0.93 Moderator Density 1.00 

14x14A 0.8362 0.8326 

14x14B 0.8633 0.8585 

14x14C 0.8808 0.8901 

14xl14D 0.8485 0.8413 

14x14E 0.6240 0.6240 

15x15A 0.9121 0.9094 

15x15B 0.9286 0.9313 

15x15C 0.9150 0.9181 

l5x15D 0.9419 0.9466 

15x15E 0.9415 0.9434 

15x15F 0.9465 0.9483 

15xl5G 0.9109 0.9135 

15X15H 0.9301 0.9317 

16X16A 0.8868 0.8924 

17x 7A 0.9145 0.9160 

17x] 7B 0.9358 0.9371 

17X17C 0.9431 0.9437
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FIGURE 6.4.1
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SHEATHING 0.075"SS 1/4" STEEL

FIGURE 6.4.2; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH 6X6 ARRAY WITH 4 MISSING RODS IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS )

NOTE: THESE DIMENSIONS TERE CONSERVATIVELY USED FOR CRITICALITY ANALYSES.
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FIGURE 6.4.3; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH 6X6 ARRAY WITH 8 MISSING RODS IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS )

NOTE: THESE DIMENSIONS WERE CONSERVATIVELY USED FOR CRITICALITY ANALYSES.
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SHEATHING 0.075"SS

4.

FIGURE 6.4.4; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH 6X6 ARRAY WITH 12 MISSING RODS IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS )

NOTE: THESE DIMENSIONS WERE CONSERVATIVELY USED FOR CRITICALITY ANALYSES.
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4.75"

FIGURE 6.4.55; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH 6X6 ARRAY WITH 18 MISSING RODS IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS ) 

NOTE: THESE DIIMENSIONS WERE CONSERVATIVELY USED FOR CRITICALITY ANALYSES.
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FIGURE 6.4.6; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH 7X7 ARRAY WITH 8 MISSING RODS IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS )

NOTE: THESE DIMENSIONS WERE CONSERVATIVELY USED FOR CRITICALITY ANALYSES.
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/O.120"THK. DAMAGED FUEL CONTAINER 4.93" ID.  

OR O.110"TEK. DAMAGED FUEL CONTAINER 4.81" ID.  

5.993"

.

FIGURE 6.4.7; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) 
WITH 7X7 ARRAY WITH 13 MISSING RODS IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS )
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SHEATHING 0.075"SS 1/4" STEEL 

0 , 0 

4.75"0 0 
0 0 0 8.43" 

0.120"TJIK. DAMAGED FUEL CONTAINER 4.93" ID.  
OR O.I1O"THK. DAMAGEDJ FUEL CONTAINER 4.81" IDI.  

5.993" 

FIGURE 6.4.8; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) 
WILTH 7X7 ARRAY WYITH 24 MISSING RODS IN THE MPC-68 BASKET 
SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS 
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SHEATHINC 0.075"SS

4.75"

I

1/4" STEEL

'O.120"THK. DAMAGED FUEL CONTAINER 4.93" ID.  
OR O.IIO"THK. DAMAGED FUEL CONTAINER 4.61" ID.  

"5.993"

6.43"

+

FIGURE 6.4.9; FAILED FUEL CALCULATION MODEL (PLANAR CROSS-SECTION) WITH 
DAMAGED FUEL COLLAPSED INTO 8X8 ARRAY IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS )
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FIGURE 6.4.11; LOCATIONS OF THE DAMAGED FUEL CONTAINER 
IN THE MPC-68 AND MPC-68FF
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FIGURE 6.4.12; LOCATIONS OF THE DAMAGED FUEL CONTAINERS 
IN THE MPC 24E
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Figure 6.4.13: Maximum keff for the MPC-68F with Generic BWR Damaged Fuel Container, 
Initial Enrichment of 4.0 wt% for Damaged and 3.7 wt% for Intact Fuel.
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0.950

0.945

X-(-- DFCs with Arrays of Bare Fuel Pellets, 
Typical Pellet OD 

, DFCs with various Realistic Assembly Configurations, including Intact 

0.940 Assemblies, Assemblies with missing 

X 
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Fuel Mass per Unit Length of the DFC, kgUO2jinch 

Figure 6.4.14: Maximum keff for the MPC-24E with Generic PWR Damaged Fuel Container, 
Initial Enrichment of 4.0 wt% for Damaged and Intact Fuel.
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SHEATHING 0.075"SS 1/4" STEEL

tzi - -_ _-_- .441
/ THORIA ROD SEPARATOR 

0.110" TIHK. CANISTER 4.81" ID.

5.993"

FIGURE 6.4.15; THORIA ROD CANISTER (PLANAR CROSS-SECTION) 
WITH 18 THORIA RODS IN THE MPC-68 BASKET 
( SEE CHAPTER 1 FOR TRUE BASKET DIMENSIONS
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Miscellaneous and Minor Parameters

6.A.4.1 Reflector Material and Spacings 

PNL has performed a number of critical experiments with thick steel and lead reflectors.t 
Analysis of these critical experiments are listed in Table 6.A.5 (subset of data in Table 6.A. 1).  
There appears to be a small tendency toward overprediction of k. at the lower spacing, although 
there are an insufficient number of data points in each series to allow a quantitative 
determination of any trends. The tendency toward overprediction at close spacing means that 
the cask calculations may be slightly more conservative than otherwise.  

6.A.4.2 Fuel Pellet Diameter and Lattice Pitch 

The critical experiments selected for analysis cover a range of fuel pellet diameters from 0.311 
to 0.444 inches, and lattice spacings from 0.476 to 1.00 inches. In the cask designs, the fuel 
pellet diameters range from 0.303 to 0.3835 inches O.D. (0.496 to 0.580 inch lattice spacing) for 
PWR fuel and from 0.3224 to 0.494 inches O.D. (0.488 to 0.740 inch lattice spacing) for BWR 
fuel. Thus, the critical experiments analyzed provide a reasonable representation of the fuel in 
the MPC designs. Based on the data in Table 6.A. 1, there does not appear to be any observable 
trend with either fuel pellet diameter or lattice pitch, at least over the range of the critical 
experiments or the cask designs.  

6.A.4.3 Soluble Boron Concentration Effects 

Various soluble boron concentrations were used in the B& Wseries of critical experiments and 
in one PNL experiment, with boron concentrations ranging up to 2550 ppm. Results ofMCNP4a 
(and one KENOSa) calculations are shown in Table 6.A.6. Analyses of the very high boron 
concentration experiments (>1300 ppm) show a tendency to slightly overpredict reactivity for 
the three experiments exceeding 1300ppm. In turn, this would suggest that the evaluation of the 
MPC-32 with various soluble boron concentration could be slightly conservative for the high 
soluble boron concentration.  

6.A.5 MOX Fuel 

The number of critical experiments with PuO2 bearing fuel (MOX) is more limited than for U0 2 
fuel. However, a number of MOX critical experiments have been analyzed and the results are 
shown in Table 6.A.7. Results of these analyses are generally above a keff of 1.00, indicating that 
when Pu is present, both MCNP4a and KENO5a overpredict the reactivity.  

Parallel experiments with a depleted uranium reflector were also performed but not 
included in the present analysis since they are not pertinent to the Holtec cask design. A 
lead reflector is also not directly pertinent, but might be used in future designs.  

HI-STORM TSAR Rev. 11 
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Table 6.A.6

CALCULATIONS FOR CRITICAL EXPERIMENTS WITH VARIOUS SOL UBLE 
BORON CONCENTRATIONS 

Calculated keff 
Boron 
Concentration, 

Reference Experiment ppm MCNP4a KENO5a 

6.A. 15 PNL-4267 0 0.9974. ±0.0012 

6.A.8 BAW-1645-4 886 0.9970 ± 0.0010 0.9924 + 0.0006 

6.A.9 BAW-1810 1337 1.0023 ± 0.0010 

6.A.9 BAW-1810 1899 1.0060 0. 0009 

6.A. 15 PNL-4267 2550 1.0057 - 0.0010 -

DElFTE.
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APPENDIX 6.C: CALCULATIONAL SUMMARY

The following table lists the maximum keff (including bias, uncertainties, and calculational 
statistics), MCNP calculated keff, standard deviation, and energy of average lethargy causing 
fission (EALF) for each of the candidate fuel types and basket configurations.  

Table 6.C. 1 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS 

MPC-24 

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask keff keff (1-sigma) (eV) 

14x14A01 HI-STAR 0.9378 0.9332 0.0010 0.2147 
14xl4A02 HI-STAR 0.9374 0.9328 0.0009 0.2137 
14xl4A03 HI-STORM 0.2938 0.2905 0.0003 4.73E+04 
14x14A03 HI-TRAC 0.9365 0.9322 0.0008 0.2144 
14x14A03 HI-STAR 0.9383 0.9340 0.0008 0.2125 
l4xl4B0l HI-STAR 0.9268 0.9225 0.0008 0.2788 
14x14B02 HI-STAR 0.9243 0.9200 0.0008 0.2398 
14xl4B03 HI-STAR 0.9196 0.9152 0.0009 0.2598 
14x14B04 HI-STAR 0.9163 0.9118 0.0009 0.2631 

Bl4xl4B01 HI-TRAC 0.9313 0.9270 0.0008 0.2735 
B14xl4B01 HI-STAR 0.9323 0.9280 0.0008 0.2730 
14x14C01 HI-TRAC 0.9360 0.9318 0.0007 0.2819 
14x14C01 HI-STAR 0.9361 0.9317 0.0009 0.2821 
14x14C02 HI-STAR 0.9355 0.9312 0.0008 0.2842 
14x14C03 HI- TRA C 0.9395 0.9351 0.0008 0.2898 

14x14C03 HI-STAR 0.9400 0.935 7 0.0008 0.2900
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-24
Fuel Assembly Maximum Calculated Std. Dev. EALF 

Designation Cask kff keff (1-sigma) (eV) 

14x14D01 HI-TRAC 0.8583 0.8542 0.0007 0.3425 

14x14D01 HI-STAR 0.8576 0.8536 0.0007 0.3414 

14x14E01 HI-STAR 0.7663 0.7618 0.0009 0.3996 

14x14E02 HI- TRA C 0.7702 0.7661 0.0007 0.3611 

14x14E02 HI-STAR 0.7715 0.7671 0.0008 0.3633 

14x14E03 HI-STAR 0.7016 0.69 77 0.0006 0.2896 

15x15A01 HI-TRAC 0.9292 0.9249 0.0008 0.2683 

15x15A01 HI-STAR 0.9301 0.9259 0.0008 0.2660 

15x15B01 HI-STAR 0.9427 0.9384 0.0008 0.2704 

15C 15B02 HI-STAR 0.9441 0.9396 0.0009 0.2711 

15x15B03 HI-STAR 0.9462 0.9420 0.0008 0.2708 

15x15B04 HI-STAR 0.9452 0.9407 0.0009 0.2692 

15x 15B05 HI-TRAC 0.9467 0.9423 0.0009 0.2689 

15x 15B05 HI-STAR 0.9473 0.9431 0.0008 0.2693 

15x15B06 HI-STAR 0.9448 0.9404 0.0008 0.2732 

B15x15B01 HI-STAR 0.9471 0.9428 0.0008 0.2722 

15x15C01 HI-STAR 0.9332 0.9290 0.0007 0.2563 

15x15C02 HI-STAR 0.9373 0.9330 0.0008 0.2536 

15x15C03 HI-STAR 0.9377 0.9335 0.0007 0.2525 

15x 15C04 HI-STAR 0.9378 0.9338 0.0007 0.2499 

B15x15C01 HI-TRAC 0.9448 0.9405 0.0008 0.2452 

B15x15C01 HI-STAR 0.9444 0.9401 0.0008 0.2456
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-24
Fuel Assembly Maximum Calculated Std. Dev. EALF 

Designation Cask kf kff (1-sigma) (eV) 

15x15D01 HI-STAR 0.9423 0.9380 0.0008 0.2916 

15xl5D02 HI-STAR 0.9430 0.9386 0.0009 0.2900 

15x15D03 HI-STAR 0.9419 0.9375 0.0009 0.2966 

15x15D04 HI-TRAC 0.9447 0.9404 0.0008 0.3053 

15x15D04 HI-STAR 0.9440 0.9398 0.0007 0.3052 

15x15E01 HI-TRAC 0.9474 0.9432 0.0007 0.2916 

15x15E01 HI-STAR 0.9475 0.9433 0.0007 0.2916 

15x15F01 HI-STORM 0.3416 0.3383 0.0003 5.70E+04 

15xl5F01 HI-TRAC 0.9468 0.9426 0.0008 0.3036 

15x15F01 HI-STAR 0.9478 0.9436 0.0008 0.3006 

15x15G01 HI-TRAC 0.8972 0.8929 0.0008 0.3470 

15x15GQ1 HI-STAR 0.8986 0.8943 0.0008 0.3459 

15xJ5H01 HI-TRAC 0.9411 0.9369 0.0008 0.2418 

15x15H01 HI-STAR 0.9411 0.9368 0.0008 0.2425 

16x16A01 HI-STORM 0.3273 0.3239 0.0003 5.16E+04 

16x16A01 HI-TRAC 0.9363 0.9318 0.0009 0.2796 

16x16A01 HI-STAR 0.9383 0.9339 0.0009 0.2786 

16x16A02 HI-STAR 0.9371 0.9328 0.0008 0.2768 

17x17A01 HI-STAR 0.9449 0.9400 0.0011 0.2198 

17x17A02 HI-STORM 0.3082 0.3050 0.0003 5.04E+04 

17x17A02 HI-TRAC 0.9433 0.9390 0.0008 0.2205 

17x17A02 HI-STAR 0.9452 0.9408 0.0008 0.2205

HI-STORM TSAR 
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

HI-STORM TSAR 

REPORT HI-951312
Rev. 11 

Appendix 6.C-4

1
MPC-24

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask keff keff (1-sigma) (eV) 

17xl7A03 HI-STAR 0.9406 0.9364 0.0008 0.2082 
17x17B01 HI-STAR 0.9377 0.9335 0.0008 0.2697 
17x 17B02 HI-STAR 0.9379 0.9337 0.0008 0.2710 
17x17B03 HI-STAR 0.9330 0.9288 0.0008 0.2714 
17x 17B04 HI-STAR 0.9407 0.9365 0.0007 0.2666 
17x17B05 HI-STAR 0.9349 0.9305 0.0009 0.2629 
17x17B06 HI-TRAC 0.9412 0.9369 0.0008 0.2658 
17x17B06 HI-STAR 0.9436 0.9393 0.0008 0.2657 
17x17C01 HI-STAR 0.9383 0.9339 0.0008 0.2683 
17x 17C02 HI-TRAC 0.9421 0.9380 0.0007 0.2704 
17xl7C02 HI-STAR 0.9427 0.9384 0.0008 0.2703 I1
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-68

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask ke_ r 1_ _ (1-sigma) (eV) 

6x6A01 HI-STAR 0.7539 0.7498 0.0007 0.2754 
6x6A02 HI-STAR 0.7517 0.7476 0.0007 0.2510 
6x6AO3 HI-STAR 0.7545 0.7501 0.0008 0.2494 
6x6A04 HI-STAR 0.7537 0.7494 0.0008 0.2494 
6x6A 05 HI-STAR 0.7555 0.7512 0.0008 0.2470 
6x6A06 HI-STAR 0.7618 0.7576 0.0008 0.2298 

6x6A07 HI-STAR 0.7588 0.7550 0.0005 0.2360 
6x6A 08 HI-STAR 0.7808 0. 7766 0.0007 0.2527 

B6x6AO1 HI-TRAC 0.7732-599 0.7691-57-5-6 0.00078 0.2458668.  
B6x6A01 HI-STAR 0.7727602 0.7685-562 0.00076 0.2460677 
B6x6A02 HI--TRA C 0.7785 0.7741 0.0008 0.2411 
B6x6A 02 HI-STAR 0.7782 0.7738 0.0008 0.2408 
B6x6A03 HI-TRAC 0.7886 0.7846 0.0007 0.2311 
B6x6A03 HI-STAR 0.7888 0.7846 0.0007 0.2310 
6x6B01 HI-STAR 0.7604-599 0.7563-5- 0.00078 0.2461-3 
6x6B02 HI-STAR 0.761809 0.757767 0.0007 0.245061
6x6B03 HI-STAR 0.7619 0.7578 0.0007 0.2439 
6x6B04 HI-STAR 0.7686 0.7644 0.0008 0.2286 
6x6B05 HI-STAR 0.7824 0.7785 0.0006 0.2184 

B6x6B01 HI-TRAC 0.783362-5. 0.77945,a 0.00068 0.21814.54 
B6x6B01 HI-STAR 0.782264-4- 0.7783-570 0.00067- 0.2190442-

HI-STORM TSAR 
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Table 6.C. 1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-68 

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask keff keff (1-sigma) (eV) 

6x6C01 HI-STORM 0.2759 0.2726 0.0003 1.59E+04 
6x6C01 HI-TRAC 0.8024 0.7982 0.0008 0.2135 

6x6C01 HI-STAR 0.8021 0.7980 0.0007 0.2139 
7x7A01 HI-TRAC 0.7963-6 0.79221-5 0.0007 0.20163-1
7x7A01 HI-STAR 0.79743 0.79320 0.0008 0.2015 

7x7B01 HI-STAR 0.9372 0.9330 0.0007 0.3658 
7x7B02 HI-STAR 0.9301 0.9260 0.0007 0.3524 
7x7B03 HI-STAR 0.9313 0.9271 0.0008 0.3438 

7x7B04 HI-STAR 0.9311 0.9270 0.0007 0.3816 
7x7B05 HI-STAR 0.9350 0.9306 0.0008 0.3382 

7x7B06 HI-STAR 0.9298 0.9260 0.0006 0.395 7 

07BO, 14,,STORM, 0.3826 0,3792 00003 2.52E4 
B7x7B01 HI-TRAC 0.936780, 0.93243-3 0.00089 0.3899-789 

B7x7B01 HI-STAR 0.93758 0.93325 0.0008 0.3887794 
B7x7B02 HI-STORM 0.4061 0.4027 0.0003 2.069E+04 

B7x7B02 HI- TRA C 0.9385 0.9342 0.0008 0.3952 

B7x7B02 HI-STAR 0.93867-5 0.934432 0.00078 0.39838-39 

8x8A01 HI-TRAC 0.7662 0.7620 0.0008 0.2250 

8x8A01 HI-STAR 0.7685 0.7644 0.0007 0.2227 

8x8A02 HI-TRAC 0.7690 0.7650 0.0007 0.2163 

8x8A02 HI-STAR 0.7697 0.7656 0.0007 0.2158 

8x8B01 HI-STAR 0.9310 0.9265 0.0009 0.2935

HI-STORM TSAR 
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-68

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask keff kff (1-sigma) (eV) 

8x8B02 HI-STAR 0.9227 0.9185 0.0007 0.2993 

8x8B03 HI-STAR 0.9299 0.9257 0.0008 0.3319 

8x8B04 HI-STAR 0.9236 0.9194 0.0008 0.3 700 

B8x8B01 HI- TRA C 0.9352 0.9310 0.0008 0.3393 

B8x8B01 HI-STAR 0.93464-7 0.93012.74 0.00098 0.33891-9 

B8x8B02 HI-TRAC 0.9401 0.9359 0.0007 0.3331 

B8x8BO2 HI-STAR 0.93855.. 0.93434-5 0.0008 0.332924-5 

B8x8B03 HI-STORM 0.3934 0.3900 0.0004 1.815E+04 

B8x8B03 HI-TRAC 0.942775. 0.938532. 0.0008 0.32784-3 

B8x8B03 HI-STAR 0.9416-368 0.93 752• 0.0007 0.3293-34 

8x8C01 HI-STAR 0.9315 0.9273 0.0007 0.2822 

8x8C02 HI-STAR 0.9313 0.9268 0.0009 0.2716 

8x8C03 HI-STAR 0.9329 0.9286 0.0008 0.2877 

8x8C04 HI-STAR 0.9348 0.9307 0.0007 0.2915 

8x8C05 HI-STAR 0.9353 0.9312 0.0007 0.2971 

8x8C06 HI-STAR 0.9353 0.9312 0.0007 0.2944 
8x8C07 HI-STAR 0.9314 0.9273 0.0007 0.2972 

8x8C08 HI-STAR 0.9339 0.9298 0.0007 0.2915 

8x8C09 HI-STAR 0.9301 0.9260 0.0007 0.3183 

8x8C10 HI-STAR 0.9317 0.9275 0.0008 0.3018 

8x8C11 HI-STAR 0.9328 0.9287 0.0007 0.3001 

8x8C12 HI-STAR 0.9285 0.9242 0.0008 0.3062

HI-STORM TSAR 
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Table 6.C. 1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-68
Fuel Assembly Maximum Calculated Std. Dev. EALF 

Designation Cask kff keff (1-sigma) (eV) 

B8x8CO1 HI-TRAC 0.9348 0.9305 0.0008 0.3114 

B8x8C01 HI-STAR 0.9357 0.9313 0.0009 0.3141 

B8x8CO2 HI-STORM 0.3714 0.3679 0.0004 2.30E+04 
B8x8C02 HI-TRAC 0.9402 0.9360 0.0008 0.3072 

B8x8C02 HI-STAR 0.9425 0.9384 0.0007 0.3081 

B8x8C03 HI- TRA C 0.9429 0.9386 0.0008 0.3045 

B8x8CO3 HI-STAR 0.9418 0.9375 0.0008 0.3056 
8x8D01 HI-STAR 0.9342 0.9302 0.0006 0.2733 

8x8D02 HI-STAR 0.9325 0.9284 0.0007 0.2750 

8x8D03 HI-STAR 0.9351 0.9309 0.0008 0.2731 

8x8D04 HI-STAR 0.9338 0.9296 0.0007 0.2727 

8x8D05 HI-STAR 0.9339 0.9294 0.0009 0.2700 
8x8D06 HI-STAR 0.9365 0.9324 0.0007 0.2777 

8x8D07 HI-STAR 0.9341 0.9297 0.0009 0.2694 

8x8D08 HI-STAR 0.93 76 0.9332 0.0009 0.2841 

B8x8DO1 HI-TRAC 0.9408360 0.93681-7 0.00068 0.27734 

B8x8DO1 HI-STAR 0.9403366 0.93632- 0.00078 0.277840 

8x8E01 HI-TRAC 0.9309 0.9266 0.0008 0.2834 
8x8E01 HI-STAR 0.9312 0.9270 0.0008 0.2831 

8x8F01 HI- TRA C 0.9396 0.9356 0.0006 0.2255 

8x8F01 HI-STAR 0.9411 0.9366 0.0009 0.2264 

9x9A01 HI-STAR 0.9353 0.9310 0.0008 0.2875

HI-STORM TSAR 

REPORT HI-951312
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Table 6.C. 1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-68
Fuel Assembly Maximum Calculated Std. Dev. EALF 

Designation Cask keff k_ _ _ (1-sigma) (eV) 

9x9A02 HI-STAR 0.9388 0.9345 0.0008 0.2228 

9x9A03 HI-STAR 0.9351 0.9310 0.0007 0.2837 

9x9A04 HI-STAR 0.9396 0.9355 0.0007 0.2262 

B9x9AO1 HI-STORM 0.3365 0.3331 0.0003 1.78E+04 

B9x9A01 HI-TRAC 0.9434 0.9392 0.0007 0.2232 

B9x9A01 HI-STAR 0.9417 0.9374 0.0008 0.2236 

9x9B01 HI-STAR 0.936880 0.93-2636 0.000-78 0.256-1-76 

9x9B02 HI-STAR 0.937-73 0.933429 0.00089 0.254778 

9x9B03 HI-STAR 0.9417 0.93 74 0.0008 0.2545 

B9x9B01 HI-TRAC 0.94176 0.93764 0.00078 0.250492 

B9x9B01 HI-STAR 0.9436388 0.939446 0.000-78 0.2506-30 

9x9C01. HI-TRAC 0.9377 0.9335 0.0008 0.2697 

9x9C01 HI-STAR 0.9395 0.9352 0.0008 0.2698 

9x9D01 HI-TRAC 0.93874- 0.9343-3, 0.0008 0.2635-2 

9x9D0l HI-STAR 0.93942 0.935049 0.00098 0.26258 

9•0E01 Hi-TPAG 0.940; 0.9360 0.0008 0.2291 

9x9E01 HI-STAR 0.9334406 0.92933Q2 0.00078 0.222783 

9x9E02 HI-STORM 0.3676 0.3642 0.0003 2.409E+04 

9x9E02 HI- TRA C 0.9402 0.9360 0.0008 0.2075 

9x9E02 HI-STAR 0.9401 0.9359 0.0008 0.2065 

9X9F01 - - "TRAG 0.9366 0.9325 070007 0.3029 

9x9F01 HI-STAR 0.93077-7 0.9265-3.-5. 0.0007 0.289930-28

HI-STORM TSAR 
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Table 6.C. 1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-68
Fuel Assembly Maximum Calculated Std. Dev. EALF 

Designation Cask kff kff (1-sigma) (eV) 

9x9F02 HI-STORM 0.3676 0.3642 0.0003 2.409E+04 
9x9F02 HI- TRA C 0.9402 0.9360 0.0008 0.2075 
9x9F02 HI-STAR 0.9401 0.9359 0.0008 0.2065 
9x9G01 HI-TRAC 0.9307 0.9265 0.0007 0.2193 
9x9G01 HI-STAR 0.9309 0.9265 0.0008 0.2191 

10xl0A01 HI-STAR 0.9377 0.9335 0.0008 0.3170 
10x10A02 HI-STAR 0.9426 0.9386 0.0007 0.2159 
10x 10A03 HI-STAR 0.9396 0.9356 0.0007 0.3169 

B10xlOA01 HI-STORM 0.3379 0.3345 0.0003 1.74E+04 
B10xlOA01 HI-TRAC 0.9448 0.9405 0.0008 0.2214 
BlOxlOA01 HI-STAR 0.9457 0.9414 0.0008 0.2212 
l0xl0B0l HI-STAR 0.9384 0.9341 0.0008 0.2881 
10x1OB02 HI-STAR 0.9416 0.9373 0.0008 0.2333 
10xlOB03 HI-STAR 0.9375 0.9334 0.0007 0.2856 

Bl0xl0B0l HI-TRAC 0.9443 0.9401 0.0007 0.2380 
BlOxIOB01 HI-STAR 0.9436 0.9395 0.0007 0.2366 
10x1OC01 HI-TRAC 0.94300.9002 0.9387089641 0. 00080-00W-- 0.24240426N 
10xiOC01 HI-STAR 0.94338990 0.93928949 0.0007 0.24466-56 
lOxIOD01 HI-TRAC 0.9383 0.9343 0.0007 0.3359 
10x1ODO HI-STAR 0.9376 0.9333 0.0008 0.3355 
l0xl0E01 HI-TRAC 0.9157 0.9116 0.0007 0.3301 
l0x10E0l HI-STAR 0.9185 0.9144 0.0007 0.2936

HI-STORM TSAR 
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-24 400PPM SOLUBLE BORON

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask kff kff (1-sigma) (eP) 

14x14A03 HI-STAR 0.8986 0.8943 0.0008 0.2541 
B14x14B01 HI-STAR 0.89 77 0.8934 0.0008 0.3287 
14x14C01 HI-STAR 0.9042 0.8999 0.0008 0.3516 
14x14D01 HI-STAR 0.862 7 0.8586 0.0007 0.4471 
14x14E02 HI-STAR 0.7176 0.7134 0.0008 0.4380 
15x15AOI HI-STAR 0.9209 0.9165 0.0008 0.3449 

B15x15B01 HI-STAR 0.9362 0.9318 0.0008 0.3519 
B15x15C01 HI-STAR 0.9351 0.9305 0.0009 0.3166 
15x15D04 HI-STAR 0.9352 0.9308 0.0009 0.39 75 
15x15E01 HI-STAR 0.9388 0.9343 0.0009 0.3 785 
15x15F01 HI-STORM (DRY) 0.4111 0.4077 0.0004 2.208E+04 
15x15F01 HI-TRA C 0.9410 0.9365 0.0009 0.3924 
15x15F01 HI-STAR 0.9402 0.9359 0.0008 0.3933 
15x15G01 HI-STAR 0.9022 0.8979 0.0008 0.4528 
15x15H01 HI-TRAC 0.9447 0.9403 0.0008 0.3291 
15x15H01 HI-STAR 0.9447 0.9404 0.0008 0.3300 
16x16A01 HI-STAR 0.9058 0.9016 0.0008 0.3331 
17x1 7A02 HI-STAR 0.9371 0.9328 0.0008 0.2866 
17x 7B06 HI-STAR 0.93 72 0.9331 0.0007 0.3516 
17x 7C02 HI- TRA C 0.9385 0.9341 0.0008 0.3574 
17x17C02 HI-STAR 0.9386 0.9344 0.0007 0.3560

HI-STORM TSAR 
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Table 6.C. I (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-24E/MPC-24EF, UNBORA TED WATER

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask keff keff (1-sigma) (e V) 

14x14A03 HI-STAR 0.9380 0.933 7 0.0008 0.2277 

B14x14B01 HI-STAR 0.9312 0.9269 0.0008 0.2927 

14x14C01 HI-STAR 0.9356 0.9311 0.0009 0.3161 

14x14D01 HI-STAR 0.8875 0.8830 0.0009 0.4026 

14x14E02 HI-STAR 0.7651 0.7610 0.0007 0.3645 

15x15A01 HI-STAR 0.9336 0.9292 0.0008 0.2879 

B15x15B01 HI-STAR 0.9465 0.9421 0.0008 0.2924 

B15x15C01 HI-STAR 0.9462 0.9419 0.0008 0.2631 

15x15D04 HI-STAR 0.9440 0.9395 0.0009 0.3316 

15x15E01 HI-STAR 0.9455 0.9411 0.0009 0.3178 

15x15F01 HI-STORM (DRY) 0.3699 0.3665 0.0004 3.280e+04 

15x15F01 HI-TRAC 0.9465 0.9421 0.0009 0.3297 

15x15F01 HI-STAR 0.9468 0.9424 0.0008 0.32 70 

15x15G01 HI-STAR 0.9054 0.9012 0.0007 0.3 781 

15x15H01 HI-STAR 0.9423 0.9381 0.0008 0.2628 

16x16A01 HI-STAR 0.9341 0.9297 0.0009 0.3019.  
17x] 7A 02 HI- TRA C 0.9467 0.9425 0.0008 0.2372 

17x1 7A 02 HI-STAR 0.9447 0.9406 0.0007 0.23 74 

17x17B06 HI-STAR 0.9421 0.93 77 0.0008 0.2888 

1 7xl 7C02 HI-STAR 0.9433 0.9390 0.0008 0.2932

HI-STORM TSAR 
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-24E/MPC-24EF, 300PPM BORA TED WATER
FuelAssembly Maximum Calculated Std. Dev. EALF 
Designation Cask k___ keff (1-sigma) (e V) 

14x14A03 HI-STAR 0.8963 0.8921 0.0008 0.2231 
B14x14B01 HI-STAR 0.8974 0.8931 0.0008 0.3214 
14x14C01 HI-STAR 0.9031 0.8988 0.0008 0.3445 
14x14D01 HI-STAR 0.8588 0.8546 0.0007 0.4407 
14x14E02 HI-STAR 0.7249 0.7205 0.0008 0.4186 
15x15A01 HI-STAR 0.9161 0.9118 0.0008 0.3408 

B15xl5B01 HI-STAR 0.9321 0.92 78 0.0008 0.3447 
B15xJ5CO1 HI-STAR 0.92 71 0.9227 0.0008 0.3121 
15xl5D04 HI-STAR 0.9290 0.9246 0.0009 0.3950 
15x15EO1 HI-STAR 0.9309 0.9265 0.0009 0.3 754 
15x15FO1 HI-STORM (DRY) 0.3897 0.3863 0.0003 3.192E+04 
15x1 SF01 HI-TRA C 0.9333 0.9290 0.0008 0.3900 
15x15FO1 HI-STAR 0.9332 0.9289 0.0008 0.3861 
15x15G01 HI-STAR 0.8972 0.8930 0.0007 0.4473 
15x15H01 HI- TRA C 0.9399 0.9356 0.0008 0.3235 
15x15HO1 HI-STAR 0.9399 0.9357 0.0008 0.3248 
16x16A01 HI-STAR 0.9021 0.8977 0.0009 0.32 74 
17x17A02 HI-STAR 0.9332 0.9287 0.0009 0.2821 
17xl 7B06 HI-STAR 0.9316 0.92 73 0.0008 0.3455 
17xl 7C02 HI-TRA C 0.9320 0.9277 0.0008 0.2819 
17x17C02 HI-STAR 0.9312 0.9270 0.0007 0.3530

HI-STORM TSAR 
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-32 1900 PPM BORA4 TED WA TER

Fuel Assembly Maximum Calculated Std. Dev. EALF 
Designation Cask kEff keff (1-sigma) (e V) 

14x14A03 HI-STAR 0.8372 0.8333 0.0006 0.3229 

B14x14B01 HI-STAR 0.8626 0.8586 0.0006 0.4010 

14x14C01 HI-STAR 0.8776 0.8736 0.0006 0.4400 

14x14D01 HI-STAR 0.8405 0.8367 0.0005 0.53 78 

14x14E02 HI-STAR 0.6288 0.6249 0.0006 0.5995 

15x15A01 HI-STAR 0.9075 0.9035 0.0006 0.4256 

B15x15B01 HI-STAR 0.9239 0.9201 0.0006 0.4461 

B15x15C01 HI-STAR 0.9108 0.9069 0.0006 0.4030 

15x15D04 HI-STAR 0.93 75 0.9335 0.0007 0.5023 

15x15E01 HI-STAR 0.9348 0.9309 0.0006 0.4 798 

I5x15F01 HI-STORM(DRY) 0.4691 0.4658 0.0003 1.207E+04 

15x15F01 HI-TRAC 0.9403 0.9364 0.0006 0.4938 

15x15F01 HI-STAR 0.9411 0.93 71 0.0006 0.4923 

15x15G01 HI-STAR 0.8980 0.8942 0.0006 0.5682 

15x15H01 HI-STAR 0.9267 0.9228 0.0006 0.4228 

16x16A01 HI-STAR 0.8831 0.8 793 0.0006 0.4144 

1 7x 7A02 HI-STAR 0.9105 0.9066 0.0006 0.3647 

17x17B06 HI-STAR 0.9309 0.9269 0.0006 0.4365 

17x 7C02 HI-TRAC 0.9365 0.9327 0.0006 0.4468 

I 7x1 7C02 HI-STAR 0.9355 0.9317 0.0006 0.4469

HI-STORM TSAR 
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-32 2600 PPM BORA TED WATER, GUIDE TUBES FILLED

FuelAssembly Maximum Calculated Std. Dev. EALF 
Designation Cask keff kfef (1-sigma) (eV) 

14x14A03 HI-STAR 0.8362 0.8324 0.0006 0.4651 

B14xl4BO1 HI-STAR 0.8633 0.8594 0.0006 0.5923 

14x14C01 HI-STAR 0.8808 0.8768 0.0007 0.6567 

14x14DO1 HI-STAR 0.8485 0.8446 0.0006 0.7957 

14x14E02 HI-STAR 0.6240 0.6200 0.0006 0.9061 

15xl5A01 HI-STAR 0.9121 0.9082 0.0006 0.6343 

B15xlSBO1 HI-STAR 0.9286 0.9247 0.0006 0.6613 

BJ5xl5CO1 HI-STAR 0.9150 0.9110 0.0007 0.5997 

J5xl5D04 HI-STAR 0.9419 0.93 79 0.0006 0.7572 

15x15E01 HI-STAR 0.9415 0.93 76 0.0006 0.7194 

15x15F01 HI-STORM(DRY) 0.5142 0.5108 0.0004 1.228E+04 

15x15F01 HI-TRA C 0.9463 0.9423 0.0007 0.7409 

15x15F01 HI-STAR 0.9465 0.9425 0.0006 0.7421 

15x15G01 HI-STAR 0.9109 0.90 70 0.0006 0.8486 

15x15H01 HI-STAR 0.9301 0.9263 0.0006 0.6257 

16x16A01 HI-STAR 0.8868 0.8829 0.0006 0.6105 

17xl7A02 HI-STAR 0.9145 0.9105 0.0006 0.5382 

17x17B06 HI-STAR 0.9358 0.9318 0.0007 0.6500 

1 7x] 7C02 HI-TRAC 0.9424 0.9385 0.0006 0.6659 

1 7x1 7C02 HI-STAR 0.9431 0.9391 0.0006 0.6628
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Table 6.C.1 (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS

MPC-32 2600 PPM BORA TED WATER, GUIDE TUBES VOIDED 

FuelAssembly Maximum Calculated Std. Dev. EALF 
Designation Cask kff keff (1-sigma) (eV) 

14x14A03 HI-STAR 0.8326 0.8284 0.0007 0.4699 

B14x14B01 HI-STAR 0.8585 0.8544 0.0007 0.5998 

14x14C01 HI-STAR 0.8901 0.8862 0.0006 0.6646 

14x14D01 HI-STAR 0.8413 0.83 76 0.0005 0.8250 

15xl5A01 HI-STAR 0.9094 0.9054 0.0006 0.65 76 

B15x15B01 HI-STAR 0.9313 0.92 73 0.0006 0.6813 
B15x15C01 HI-STAR 0.9181 0.9141 0.0006 0.6168 

15x15D04 HI-STAR 0.9466 0.9425 0.0007 0.7525 

15xl5E01 HI-STAR 0.9434 0.9394 0.0007 0.7215 

15x15F01 HI- TRA C 0.9470 0.9431 0.0006 0.7456 

J5x15F01 HI-STAR 0.9483 0.9443 0.000 7 0.7426 

15x15G01 HI-STAR 0.9135 0.9095 0.0006 0.8844 

15x15H01 HI-STAR 0.9317 0.9277 0.0007 0.6239 

16x16A01 HI-STAR 0.8924 0.8885 0.0006 0.6039 

17x] 7A102 HI-STAR 0.9160 0.9119 0.0007 0.5446 

17x] 7B06 HI-STAR 0.93 71 0.9331 0.0006 0.6705 

17x17C02 HI-TRA C 0.9436 0.9396 0.0006 0.6773 

1 7x] 7C02 HI-STAR 0.9437 0.9399 0.0006 0.6780
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Table 6.C. I (continued) 
CALCULATIONAL SUMMARY FOR ALL CANDIDATE FUEL TYPES 

AND BASKET CONFIGURATIONS 

Note: Maximum kff = Calculated klf + KIxa, + Bias + a13 

where: 
K, =2.0 
arc = Std. Dev. (1-sigma) 
Bias = 0.0021 
orB = 0.0006 

See Subsection 6.4.3 for further explanation.
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