
CHAPTER 41 THERMAL EVALUATION

4.0 OVERVIEW

The HI-STORM System is designedfor long-term storage ofspent nuclearfuel (SNF) in a vertical
orientation. An array ofHI-STORM Systems laid out in a rectilinear pattern will be stored on a
concrete ISFSIpad in an open environment. In this section, compliance ofthe HI-STORM thermal
peiformance to 1OCFR 72 requirementsfor outdoor storage at an ISFSI is established. The analysis
considers passive rejection ofdecay heatfrom the storedSNF assemblies to the environment under
normal, off-normal, and accident conditions of storage. Effects of incident solar radiation
(insolation) andpartial radiation blockage due to thepresence ofneighboring casks at an ISFSI site
are included in the analyses. Finally, the thermal margins ofsafety for long-term storage ofboth
moderate burnup (up to 45,000 MWD/MTU) and high burnup spent nuclear fuel (greater than
45,000 MWD/MTU) in the HI-STORM100 system are quantified. Safe thermalpeiformance during
on-site loading, unloading and transfer operations utilizing the HI-TRA C transfer cask is also
demonstrated.

The HI-STORM thermal evaluation follows the guidelines ofNUREG-1536 [4.4.1] and ISG-ll
[4.1.4] to demonstrate thermal compliance ofthe HI-STORM system. . These guidelines provide
specific limits on the permissible maximum cladding temperature in the stored commercial spent
filel (CSF/ andother confinement boundary components, andon the maximum permissiblepressure
in the confinement space under certain operating scenarios. Specifically, the requirements are:

1. The filel cladding temperature for long-term storage shall be limited to
752 OP (400°C).

2. The fuel cladding temperature for short-term operations shall be limited to
752 OP (400°C) for high burnup filel and 1058°F (570°C) for moderate
burnup file!.

3. The/uel cladding temperature should be maintained below 1058°F (570°C)
for accident and off-normal event conditions.

4. The maximum internalpressure ofthe lvJPC should remain within its design
pressures for normal, off-normal, and accident conditions.

This chapter has been prepared in the format and section organization set forth in RegulatOlY Guide 3.61.
However, the material content ofthis chapter also fulfills the requirements qfNUREG-I536. Pagination
and numbering ofsections, figures, and tables are consistent with the convention set down in Chapter I,
Section 1.0, herein. Finally, all terms-oi-art used in this chapter are consistent with the terminology ofthe
glossmy (Table 1.0.1) . This chapter has been substantially re-written in support ofLAR #3 to improve
clarity and to incOlporate the 3-D thermal model. Because ofextensive editing a clean chapter is issued
with this amendment.

2 Defined as nuclearfitel that is used to produce energy in a commercial nuclear reactor (See Table 1.0.1).
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4. The cask materials should be maintained within their mlnlmUm and
maximum temperature criteria for normal, offnormal, and accident
conditions.

5. Forfuel assemblies proposedfor storage, the cask system should ensure a
veryl low probability ofcladding breach during long-term storage.

6. The HI-STORM System should be passively cooled.

7. The thermalperformance ofthe cask shall be in compliance with the design
criteria specified in FSAR Chapters 1 and 2 for normal, offnormal, and
accident conditions.

As demonstrated in this chapter, the HI-STORMSystem is designed to comply with all ofthe criteria
listed above. Sections 4.1 through 4.3 describe thermal analyses and inputdata that are common to
all conditions. 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 thermal analyses to
evaluate offnormal and accident conditions are described in Section 4.6. This FSAR chapter is in
filll compliance with ISG-ll and with NUREG-1536 guidelines, subject to the exceptions and
clarifications discussed in Chapter 1, Table 1.0.3.

The HI~STORM thermalevaluationsfor CSF are grouped in two categories offilel assemblies. The
two groups are classified as Low Heat Emitting (LHE) filel assemblies andDesign Basis (DB) filel
assemblies. The THE group offilelassemblies are characterized by low burnup, long cooling time,
and short activefilellengths. Consequently, their heat loads are dWalfed by the DB group offilel
assemblies. All Dresden-1 (6x6 and 8x8 and a thoria rod canister constituted as part ofan 8x8filel
assembly), Quad+, Humboldt Bay (7x7 and 6x6), Indian Point, Haddam Neck andall stainless-steel
cladfilel assemblies are classified as THEfile!. The low heat emitting characteristics ofthese filel
assemblies render them non-governingfor thermal evaluation. The HI-STORMSystem temperatures
for lvIPCs loaded with THEfilel are bounded by design basis evaluations reported in this chapter.

The HI-STORM System is evaluatedfor two fuel storage scenarios. In one scenario, designatedas
uniform loading, eVel)l basket cell is assumed to be occupied with filel producing heat at the
maximum rate. As discussed in Chapter 2, this storage specification is extremely conservative, and
virtually impossible to realize in actualpractice. A less unrealistic, yet conservative idealization of
storage scenario, designated as regionalized loading, involves defining two discrete regions within
the basket. The two regions are designated as Region 1 (inner region) andRegion 2 (outer region).
Regionalized storage is designed to recognize storage offuel assemblies having wide disparity in
heat emission rates. Forfurther discussion ofregionalizedstorage, Section 2.1 ofChapter 2 should
be consulted.

The HI-STORMSystem is designedfor one reference storage condition defined in Table 4.0.1. This
condition establishes the required helium backfill pressures computed later in this chapter (See
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Subsection 4.4.5.1). Having defined the helium badjill pressures an array of analyses are
performed to evaluate the range of storage configurations specified in Chapter 2 and results
reported in Section 4.4.

Table 4.0.1

REFERENCE HI-STORM OPERATING CONDITIONS

Condition Vallie I
MPC Decay Heat Table 2.1.26 I

MPC Operating Pressure 7 atm (absolute) I
Normal Ambient Temperature Table 2.2.2 I
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4.1 DISCUSSION

The HI-STORMFSAR seeks to establish complete compliance 'with theprovisions ofISG-11 [4.1.4].
For this pU7pose the HI-STORMnormal storagefuel cladding temperatures are required to meet the
752°F (400°C) temperature limitfor all CSF (See Section 4.3). Additionally, when the NIPCs are
deployed for storing High Burmp Fuel (HBF) further restrictions during certain filel loading
activities (vacuum dlying) are set forth to preclude file I temperatures from exceeding the normal
temperature limits. To ensure explicit compliance, a specific term "short term operations" is defined
in Chapter 2 to cover allfilelloading activities. ISG-ll filel cladding temperature limits are applied
for short-term operations (see Table 4.3.1).

Potential thermally challenging states for the spentfilel arise ifthefilel dlying process utilizes the
pressure reduction process (i.e., vacuum dlying). The short-term evolutions that may be thermalZv
limiting and warrant analysis are:

i. Vacuum Drying
ii. Loaded A1PC in HI-TRA C in the Vertical Orientation

The threshold A1PC heat generation rate at which the HI-STORN! peak cladding temperature
reaches a steady state equilibrium value approaching the normal storage peak clad temperature
limit is computed in this chapter. Likewise, the A1PC heat generation rates thatproduce the steady
state equilibrium temperature approaching the normal storage peak clad temperature limitfor the
A1PC in HI-TRAC are computed in this chapter. These computedheat generation rates directly bear
upon the compliance ofthe system with ISG-11 [4.1.4J and are, accordingly, adopted in the system
Technical Specifications for high burnup filel (HBF).

The abovegroundHI-STORMsystem consists ofa sealedA1PC situated inside a vertically-oriented,
ventilated storage overpack. Air inlet and outlet ducts that allowfor air cooling ofthe stored A1PC
are located at the bottom and top, respectively, ofthe cylindrical overpack. The SNF assemblies
reside inside the A1Pc, which is sealed with a welded lid toform the confinement boundmy. The
A1PC contains astainless-steel honeycombfilelbasket structure with square-shaped compartments
ofappropriate dimensions to allow insertion ofthefilel assemblies prior to welding ofthe A1PC lid
and closure ring. Each filel basketpanel, with the exception ofexteriorpanels on theA1PC-68 and
A1PC-32, is equipped with a thermal neutron absorberpanel sandwiched between an Alloy X steel
sheathingplate and thefilel basketpanel, along the entire length ofthe activefilel region..The A1PC
is backfilledwith helium up to the design-basisinitialfilllevel (Table 1.2.2). This provides a stable,
inert environmentfor long-term storage ofthe SNF. Heat is rejectedfrom the SNF in theHI-STORM
System to the environment by passive heat transport mechanisms only.

The helium backfill gas plays an important role in the A1PC 's thermalpelformance. The heliumfills
all the spaces between solid components andprovides an improved conduction medium (compared
to air) for dissipating decay heat in the A1Pc. Within the A1PC the pressurized helium environment
sustains a closed loop thermosiphon action, removing SNF heat by an upward flow of helium
through the storage cells. This A1PC internal convection heat dissipation mechanism is illustrated in
Figure 4.1.1. On the outside ofthe A1PC a dueted overpack constntction with a vertical annulus
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facilitates an upwardflow ofair by buoyancy forces. The annulus ventilation flow cools the hot
MPC sw1aces andsafely transports heat to the outside environment. The annulus ventilation cooling
mechanism is illustrated in Figure 4.1.2. To ensure that the helium gas is retainedand is not diluted
by lower conductivity air, the MPC confinement boundmy is designed andfabricated in accordance
with the ASME B&PV Code Section IIL Subsection NB as an all-seal-weldedpressure vessel'with
redundant closures. It is demonstrated in Section 11.1.3 that thefailure ofonefield-weldedpressure
boundmy seal will not result in a breach of the pressure boundary. The helium gas is therefore
assumed to be retained in an undiluted state, and may be credited in the thermal analyses.

An important thermal design criterion imposed on the HI-STORN! System is to limit the maximum
fuel cladding temperature to within design basis limits (Table 4.3.1) for long-term storage ofdesign
basis SNF assemblies. An equally important requirement 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 thefollowing.

The MPC design minimizes resistance to heat transfer within the basket and basket periphelY
regions. This is ensured by an uninterruptedpanel-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 ofthe
MPC lid and the top ofthe honeycomb fuel basket, and by elongated semicircular holes in each
basket cell wall. The bottom plenum isformed by large elongated semicircular holes at the base of
all cell walls. The lvIPC basket is designed to eliminate structural discontinuities (i.e., gaps) which
introduce added 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 lvfPC design thatpermits unrestrained axial andradial growth·ofthe
basket. The possibility ofstresses due to restraint on basketperiphery thermal growth is eliminated
by providing adequate basket-to-canister shell gaps to allowfor basket thermal growth during all
operational modes.

The MPCs design maximum decay heat loads for storage ofzircaloy cladfuel are listed in Table
4.0.1. Storage ofstainless steel cladfuel is permittedfor a low decay heat limitsetforth in Chapter
2 (Tables 2.1.17 through 2.1.24). Storage ofzircaloy cladfiLeI with stainless steel cladfilel in an
MPC is permitted. In this scenario, thezircaloy cladfilel must meet the lower decay heat limitsfor
stainless steel cladfilel. The axial heat distribution in eachfilel assembly is conservatively assumed
to be non-un[formly distributed with peaking in the activefilel mid-height region (See axial bUrl7up
Table 2.1.11).

The HI-STORMSystem (i.e., HI-STORM overpack, HI-TRAC transfer cask and MPC) is evaluated
under normal storage (HI-STORM ovelpack), during off-normal and accident events and during
short term operations in a HI-TPu4C. Results ofHI-STOR.Mthermal analysis during normal (long
term) storage are obtained and reported in Section 4.4. Results ofoff-normal and accident events
are reported in Section 4.6. Results ofHI-TRAC short term operations (filelloading, vacuum drying)
are reported in Section 4.5.
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HELIUM FLO\v
HEATS IN THE
STORAGE CELLS

HELIUM FLO\O/
COOLS IN THE
DO\JNCDlvlER
REGION

FIGURE 4.1.1: MPC INTERNAL HELIUM CIRCULATION
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FIGURE 4.1.2: VENTILATION COOLING OF A HI-STORM SYSTEM
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4.2 SUMMARY OF THERMAL PROPERTIES OF MATERIALS

Materials present in the MPCs include stainless steels (Alloy X), neutron absorber (Boral or
lvIETAMlC) andhelium. Materials present in the HI-STORMstorage overpack include carbon steels
and concrete. Materials present in the HI-TRAC transfer cask include carbon steel, lead, Holtite-A
neutron shield, paints (See Appendix I.C) and demineralized water. In Table 4.2.1, a summmy of
references used to obtain cask materialpropertiesfor peliorming all thermal analyses ispresented.

Individual thermal conductivities ofthe alloys that comprise the AlloyX materials and the bounding
Alloy X thermal conductivity are reported in Appendix I.A ofthis report. Tables 4.2.2 and 4.2.3
provide numerical thermal conductivity data ofmaterials at several representative temperatures.
The currently approved neutron absorber materials, (Boral ™ and Metamic TkJ are both made of
aluminumpowder andboron carbidepowder. Although their manufacturingprocesses difJer,from a
thermal standpoint, their ability to conduct heat is virtually identical. Therefore, the values of
conductivity of the original neutron absorber (Boral) continue to be used in the thermal
calculations.

For the HI-STORMoverpack, the thermal conductivity ofconcrete and the emissivity/absorptivity of
painted surfaces are particularly important. Recognizing the considerable variations in reported
values for these properties, the values that are conservative with respect to both authoritative
references and values used in analyses on previously licensed cask dockets have been selected.
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 fi'om Marks' Standard
Handbook for Mechanical Engineers, which is conservative compared to a variety ofrecognized
concrete codes and references. Neville, in his book "Properties ofConcrete " (4th Edition, 1996),
gives concrete conductivity values as high as 2.1 Btu/(hr>iftxop'). For concrete with siliceous
aggregates, the type to be used in HI-STORM overpacks, Neville reports conductivities ofat least
1.2 Btu/(hr>iftxa.F). Dataji-om Loudon and Stacey, extractedji-om Neville, reports conductivitiesof
0.980 to 1.310 Btu/(hr>iftxP)for normal weight concreteprotectedji-om the weather. ACI-207.1R
provides thermal conductivity values for seventeen structures (mostly dams) at temperaturesfi'om
50-150 P. Every thennal conductivity value reported in A CI-207.1R is greater than the value used
in the HI-STORM thermal analyses. Additionally, the NRC has previously approved analyses that
use higher conductivity values than those applied inthe HI-STORMthermal analysis. For example,
thermal calculationsfor the NRC approved Vectra NUHOMS cask system (June 1996, Rev. 4A) used
thermal conductivities as high as 1.17 Btu/(hr>iftxP) at 100 P. Based on these considerations, the
concrete thermal conductivity value chosen for HI-STORM thermal analyses is considered to be
conservative.

Holtite-A is a composite material consisting ofapproximately 37 wt% epoxy polymer, 1 wt% B4C
and 62 wt% aluminum trihydrate. While polymers are generally characterized by a low conductivity
(0.05 to 0.2 Btu/ft-hr- OF), the addition offillers in substantial amounts can raise the mixture
conductivity by up to afactor often. The thermal conductivity ofepoxyfilled resins with alumina is
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reported in the technical literature I as approximately 0.5 Btu/ft-hr-of and higher. A conservatively
postulated conductivity of 0.3 Btu/ft-hr-of is used in the thermal models for the neutron shield
region2 (in the HI-TRA C transfer cask). As the thermal inertia ofthe neutron shield is not credited in
the analyses, the density and heat capacity properties are not reported herein.

Surface emissivity data for key materials ofconstruction are provided in Table 4.2.4. The emissivity
properties ofpainted external sUljaces are generally excellent. Kern [4.2.5J reports an emissivity
range of0.8 to 0.98for a wide variety ofpaints. In the HI-STORMthermal analysis, an emissivity of
0.853 is applied to paintedswjaces. A conservative solar absorptivity coefficient of1.0 is applied to
all exposed ovelpack suifaces.

In Table 4.2.5, the heat capacity and density of the MPC, overpack and CSF materials are
presented. Theseproperties are used in peljorming transient (i.e., hypothetical fire accident
condition) analyses. The temperature-dependent values of the viscosities ofhelium Q1Idair are
provided in Table 4.2.6.

The heat transfer coefficient for exposed sUljaces is calculated by accounting for both natural
convection and thermal radiation heat transfer. The natural convection coefficient depends upon the
product ofGrashof(Gr) andPrandtl (PI') numbers. Following the approach developed by Jakob and
Hawkins [4.2.9J, theproduct GrxPr is expressedas L3L1TZ, where L is height ofthe overpack, L1T is
overpack sUljace temperature differential andZ is aparameter based on airproperties, which are
known fimctions of temperature, evaluated at the average film temperature. The temperature
dependent values ofZ are provided in Table 4.2.7.

I "Principles ofPolymer Systems ", F. Rodriguez, Hemisphere Publishing Company (Chapter 10).
2 The thermal conductivity value used in the thermal models for the neutron shield region is confirmed to

be bounded by the Holtite-A test data [4.2.13] with a margin.
3 This is conservative with respect to prior cask industlY practice, which has historically utilized higher
emissivities [4.2.16].
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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 [4.2.2] Ideal Gas Law Handbook [4.2.2]

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

Zircaloy [4.2.3], [4.2.17}, NUREG Rust [4.2.4] Rust [4.2.4]
[4.2.18}, [4.2.7] [4.2.6]

U02 Note 1 NUREG Rust [4.2.4] Rust [4.2.4]
[4.2.6]

Stainless Steel Kern [4.2.5] ASME [4.2.8] Marks' [4.2. I} Marks'[4.2.1}
(machined
forgingsl

Stainless Steel ORNL ASME [4.2.8] Marks' [4.2. I} Marks' [4.2. I}
Plates5 [4.2.11}, [4.2.12}

Carbon Steel Kern [4.2.5] ASME [4.2.8] Marks' [4.2. I} Marks' [4.2. I}

Boral Note 1 Test Data (Note Test Data (Note Test Data (Note
~ ~ ~

Holtite-A Note 1 [4.2.13) Not Used Not Used

Concrete Note 1 Marks' [4.2. I} Appendix I.D Handbook [4.2.2]

Lead Note 1 Handbook [4.2.2] Handbook [4.2.2] Handbook [4.2.2]

Water Note 1 ASME [4.2.lO} ASME [4.2.10} ASlvIE [4.2.lO}

METAMIC Note 1 Test Data Test Data Test Data
[4.2.14}, [4.2.15} [4.2.14}, [4.2.15} [4.2.14], [4.2.15}

Note 1: Emissivity not reported as radiation heat dissipation ji-om these surfaces is conservatively
neglected.

Note 2: AAR Structures Boralthermophysical test data.

4 Used in the top lid ofthe MPe.
5 Used in the basket panels, neutron absorber sheathing, MPC shell, and MPC baseplate.
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Table 4.2.2

SUMMARY OF HI-STORM SYSTEM MATERIALS
THERl'vIAL CONDUCTIVITY DATA

Material At200°F At 450°F At 700°F At lOOO°F
(Btll/ft-hr- OF) (Btll/ft-hr- OF) (Btll/ft-hr- OF) (Btli/ft-hr-lJF)

Helium 0.0976 0.1289 0.1575 0.1890

Air* 0.0173 0.0225 0.0272 0.0336

Alloy X 8.4 9.8 11.0 12.4

Carbon Steel 24.4 23.9 22.4 20.0

Concrete** 1.05 1.05 1.05 1.05

Lead 19.4 17.9 16.9 N/A

Water 0.392 0.368 N/A N/A

* At lower temperatures, Air conductivity is betvveen 0.0139 Btu/ft-hr-oF at 32°F and
0.0176 Btu/ft-hr-oF at 212°F.

** Conservatively assumed to be constantfor the entire range oftemperatures.

Table 4.2.3

SUMMARY OF FUEL ELEMENT COMPONENTS
THERMAL CONDUCTIVITYDATA

Zircaloy Cladding Fuel (U02J

Temperature (ap) Conductivity Temperature (ap) Conductivity
(Btu/ft-hr- ap) (Btu/ft-hr- OF)

392 8.28* 100 3.48

572 8.76 448 3.48

752 9.60 570 3.24

932 10.44 793 2.28*

* Lmvest values ofconductivity used in the thermal analyses for conservatism.
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Table 4.2.4

SUMMARY OF MATERIALS SURFACE EMISSIVITYDATA *

Material Emissivity

Zircaloy 0.80

Painted swjaces 0.85

Stainless steel (machined 0.36
forgings)

Stainless Steel Plates 0.587**

Carbon Steel 0.66

* See Table 4.2.1 for cited references.

** Lowerbound valuefi-om the cited references in Table 4.2.1.

Table 4.2.5

DENSITYAND HEAT CAPACITYPROPERTIES SUMMARY*

Material Density (lbm/ff) Heat Capacity (Btullbm- "F)

Helium (Ideal Gas Law) 1.24

Zircaloy 409 0.0728

Fuel (U02) 684 0.056

Carbon steel 489 0.1

Stainless steel 501 0.12

Boral 154.7 0.13

Concrete 140** 0.156

Lead 710 0.031

Water 62.4 0.999

METAMIC 163.4** 0.22**

* See Table 4.2.1 for cited references.
** Lowerbound values reportedfor conservatism.
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Table 4.2.6

GASES VISCOSITY* VARIATION WITH TEMPERATURE

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

346.9 261.8 338.4 246.3

463.0 288.7 567.1 293.0

537.8 299.8 701.6 316.7

737.6 338.8 1078.2 377.6

921.2 373.0 - -

1126.4 409.3 - -

* Obtainedji-om Rohsenow and Hartnett [4.2.2].

Table 4.2.7

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

Temperature (OF) Z (ft-3 °Fl) *
40 2.1x106

140 9.0x105

240 4.6x105

340 2.6x105

440 1.5x105

* Obtainedji-om Jakob and Hawkins [4.2.9]
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4.3 SPECIFICATIONS FOR COMPONENTS

HI-STORMSystem materials andcomponents designated as "Important to Safety" (i.e., required to
be maintained within their sqfe operating temperature ranges to ensure their intendedfunction)
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-TRA C transfer cask is ensured by demonstrating
that the material exposure temperatures are maintained below the maximum allowable limit. Long
term integrity ofSNF is ensured by the HI-STORMSystem thermal evaluation which demonstrates
that filel cladding temperatures are maintained below design basis limits. Neutron absorber
materials used in MPC basketsfor criticality control (made fi-om B4C and aluminum) are stable in
excess of1000 'Fl. Accordingly 10000F is conservatively adopted as the short-term temperature
limit for neutron absorber materials, The overpack concrete, the primary fimction of which is
shielding, will maintain its structural, thermal and shielding properties provided that American
Concrete Institute (ACI) guidance on temperature limits (see Appendix I.D) is followed.

Compliance tolOCFR72 requires, in part, identification and evaluation ofshort-term off-normal
and severe hypothetical accident conditions. The inherent mechanical 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 ofHI-STORM System thermal peiformance, material temperature limits for long-term
normal, short-term operations, and off-normal andaccident conditions areprovided in Table 4.3.1.
In Table 4.3.1, ISO-II [4.1.4] temperature limits are adoptedfor Commercial Spent Fuel (CSF).
These limits are applicable to allfilel types, bunnp levels and cladding materials approved by the
NRCfor power generation.

4.3.1 Evaluation ofModerate BUr11up Fuel

It is recognized that hydrides present in irradiated filel rods (predominantly circumferentially
oriented) dissolve at cladding temperatures above 400°C [4.3.1]. Upon cooling below a threshold
temperature (Tp), the hydrides precipitate and reorient to an undesirable (radial) direction if
cladding stresses at the hydride precipitation temperature Tp are excessive. For moderate bur11lp
filel, Tp is conservatively estimated as 3500C [4.3.1]. In a recent study, PNNL has evaluated a
number ofboundingfile I rods for reorientation under hydride precipitation temperatures for MBF
[4.3.1]. The study concludes that hydride reorientation is not credible during short-term operations
involving low to moderate burnup filel (up to 45 OWD/MTU). Accordingly, the higher ISO-II
temperature limit is justifiedfor moderate bur11lp fuel and is adopted in the HI-STORMFSAR for
short-term operationsfor MBFfileled MPCs (see Table 4.3.1).

1 B4C is a refi-actDlY material that is unaffected by high temperature (on the order of1000 P) and
aluminum is solid at temperatures in excess of1000 P.
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Table 4.3.1

HI-STORM SYSTEMlvfATERIAL TEAiIPERATURE LIMITS2

Material Normal Long-Term Short-Term Temperature
Temperature Limits reF] Limits reF]

CSF cladding (zirconium Short-Term Operations
alloys and stainless steel) 752 (HBF)

752 1058 (A1BF)
OffNormal and Accident

1058

Neutron Absorber 800 1000

Holtite-A3 N/A (Not Used) 350 (Short Term Operations)

Concrete4 300 350

Water 3075 (Short Term

N/A
Operations)

N/A (OffNormal and
Accident)

2 This table specifies temperature limits for non-ASJvfE Code materials. Temperature limits ofASJvfE
Code materials (structural steels) are specified in Table 2.2.3.
3 See Chapter 1, Appendix 1.B.
4 These values are applicable for concrete in the ovelpack body, ovelpack lid and ovelpackpedestal. As
stated in Chapter 1 (Appendix 1.D), these limits are compared to the through-thickness section average
temperature.
5 Saturation temperature at HI-TRAC waterjacket design pressure specified in Table 2.2.1.
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4.4 THERMAL EVALUATION FOR NORMAL CONDITIONS OF STORAGE

The HI-STORM System (i.e., HI-STORlvIove/pack, HI-TRAC transfer cask and lvIPC) thermal
evaluation is pe/formed in accordance with the guidelines ofNUREG-1536 [4.4.1J and ISG-11
[4.1.4]. To ensure a high level ofcorifidence in the thermal evaluation, 3-Dimensional models ofthe
MPc, HI-STORM ove/pack and HI-TRAC transfer cask are constructed to evaluatefilel integrity
under normal (long-term storage), off-normal and accident conditions and in the HI-TRAC transfer
cask under short-terrn operation and hypothetical accidents; The thermal models incorporate an
array ofconservatisms to ensure robustly bounding thermal solutions. The principal features of
these models are described in this sectionfor HI-STORM and Section 4.5 for HI-TRAC. Thermal
analysis results for the long-term storage scenarios are obtained and reported in this section.

4.4.1 Overview ofthe Thermal Model

The MPC basket design consists offour distinct geometries to hold 24 or 32 PWR, or 68 BWRfilel
assemblies. The basket is a matrix ofinterconnectedsquare compartments designed to hold thefilel
assemblies in a vertical position under long term storage conditions. The basket is a honeycomb
structure ofstainless steel (Alloy Aj plates with fit/I-length edge-welded intersections to form an
integral basket configuration. All individual cell walls, except outer periphery cell walls in the
MPC-68 andMPC-32, areprovidedwith neutron absorberplates sandwiched between the box wall
and a stainless steel sheathing plate over the fit/I length of the active filel region. The neutron
absorber plates used in all MPCs are made of an aluminum-based, boron carbide-containing
material to provide criticality control, while maximizing heat conduction capabilities.

Thermal analysis ofthe HI-STORMSystem ispe/formedfor an array oflimiting heat loadscenarios
defined in Chapter 2 for uniform and regionalizedfilel loading (wherein each filel assembly in a
region is assumed to be generating heat at the maximum permissible rate). While the assumption of
limiting heat generation in each storage cell imputes a certain symmet1y to the cask thermal
problem, it grossly overstates the total heat duty ofthe system in most casks because it is unlikely
that any basket would be loaded with file! emitting heat at their limiting values (see for example a
filelloadingscenario discussed in Section 2.1). The principal attributes ofthe thermal model are
described in the following:

i. While the rate of heat conduction through metals is a relatively weak fil11ction of
temperature, radiation heat exchange is a highly nonlinearfimction ofsurface temperatures.

ii. Heat generation in the MPC is axially non-uniform due to non-uniformaxial burnupprofiles
in the filel assemblies.

iii. Inasmuch as the transfer ofheat occurs from inside the bas/eet region to the outside, the
temperaturefield in the MPC is spatially distributed with the maximum values reached in the
central core region.
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4.4.1.1 Description ofthe 3-D Thermal Model

i. Introduction

The interior ofthe MPC is a 3-D array ofsquare shaped cells inside an irregularly shaped basket
outline confined inside the cylindrical space of the MPC cavity. To ensure an adequate
representation of these features, a 3-D geometric model of the MPC is constructed using the
FLUENT CFD codepre-processor [4.1.2]. Other than representing the composite cell walls (made
up ofAlloyX panels, neutron absorberpanels andAlloyX sheathing) by a homogeneous panel with
equivalent orthotropic (thru-thickness andparallelplates direction) thermal conductivities, the 3-D
model requires no idealizations ofthefilel basket structure. Further, since it is impractical to model
evelYfilel rod in evelY storedfilel assembly explicitly, the cross section bounded by the inside ofthe
storage cell (inside ofthefile! channel in the case ofBWR MPCs), which surrounds the assemblage
offilel rods and the interstitial helium gas (also called the "rodded region "), is replaced with an
"equivalent" square homogeneous section characterized by an effective thermal conductivity.
Homogenization of the storage cell cross-section is illustrated in Figure 4.4.1. As the effective
conductivityofthe rodded region includes radiation heat transfer the conductivities will be a strong
fil11ction oftemperature because radiation heat transfer (a major component ofthe heat transport
between the filel rods and the surrounding basket cell metal) rises as the fourth power ofabsolute
temperature. Therefore, in effect, the effective conductivity of the equivalent square section
(depending on the coincident temperature) will be different throughout the basket. For thermal
hydraulic simulation, eachfilel assembly in its storage cell is represented by an equivalentporous
medium. For BWRfilel, the presence ofthefilel channel divides the storage cell space into two
distinct axialflow regions, namely, the in-channel (rodded) region andthe squareprismatic annulus
region (in the case ofPWRfilel this modeling complication does not exist).

ii. Details ofthe 3-D Model

The 3-D model implemented to anaZvze the HI-STORM system has the following key attributes:

a. As mentioned above, the composite walls in the filel basket consisting of the Alloy X
structural panels, the aluminum-based neutron absorber, and the Alloy X sheathing, are
represented by an orthotropic homogeneous panel ofequivalent thermal conductivity in the
three principal directions. The in-plane and thru-thickness thermal conductivities of the
composite wall are computed using a standard procedure for such shapes with certain
conservatisms, as described below.

During fabrication, a uniform normal pressure is applied to each "Box Wall -Neutron
Absorber - Sheathing" sandwich in the assembly fixture during welding ofthe sheathing
periphel)l on the box wall. This ensures adequate swface-to-surface contact between the
neutron absorber and the acijacent Alloy X swfaces. The mean coefficient of linear
expansion ofthe neutron absorber is higher than the thermal expansion coefficients ofthe
basket and sheathing materials. Consequently, basket heat-up from the stored SNF will
filrther ensure a tight fit of the neutron absorber plate in the sheathing-to-box pocket.
Nevertheless the possible presence of small microscopic gaps due to less than peifect
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swface-to-surface contact requires consideration of an intelfacial contact resistance
between the neutron absorber and box-sheathing sU1faces. In the thermal anaZvsis a 2 mil
neutron absorber to pocket gap has been used. This is conservative as the sandwich is
engineered to ensure an essentially no-gap fitup and assembly of the neutron-absorber
panels. Furthermore, no credit is taken for radiative heat exchange across the neutron
absorber to sheathing or neutron absorber to box wall gaps.

The heat conduction properties of the composite "Box Wall - Neutron Absorber 
Sheathing" sandwich panels in the two principal basket cross sectional directions (i.e.,
thru-thickness and parallel plates direction) are unequal. In the thru-thickness direction,
heat is transported across layers ofsheathing, helium-gap, neutron absorber and box wall
resistances that are essentially in series. Heat conduction in theparallelplatesdirection, in
contrast, is through an array ofessentiallyparallel resistances comprised ofthese several
layers listed above. In this manner the composite walls ofthe filel basket storage cells are
replaced with a solid wall of equivalent through thickness and parallel plates direction
conductivities. Table 4.4.1 provides the values of the conductivities as a fil11ction of
temperature for the different MPC types.

b. In the case ofa BWR CSF, thefilel bundle and the small surrounding spaces inside thefuel
"channel" are replaced by an equivalent porous media having the flow impedance
properties computed using a conservatively articulated 3-D CFD model [4.4.2]. The space
between the BWRfilel channel and the storage cell is represented as an openjlow annulus.
The filel channel is also explicitly modeled. The porous medium within the channel space is
also referred to as the "rodded region". The filel assembly is assumed to be positioned
coaxially with respect to its storage cell. The 3-D model ofan MPC-68 storage cell occupied
with channeled BWRfitel is shown in Figure 4.4.4.

In the case ofthe PWR CSF, the porous medium extends to the entire cross-section ofthe
storage cell. As described in [4.4.2], theCFD modelfor both the BWR and PWR case is
preparedfor the Design Basisfitelin comprehensive detail, which includes gridstraps, BWR
water rods andPWR guide and instrument tubes (assumed to bepluggedfor consen1atism).

c. Every MPCfilel storage cell is assumed to be occupied by design basis PWR or BWRfilel
assemblies specified in Chapter 2 (Table 2.1.5). The in-plane thermal conductivity ofthe
design basisfilel assemblies are obtained using ANSYS [4.1.1] finite element models ofan
array offilel rods enclosed by a square box. Radiation heat transfer from solid swfaces
(cladding and box walls) are enabled in these models. Using these models the effective
conduction-radiation conductivities are obtained and reported in Table 4.4.2. For heat
transfer in the axial direction an area weighted mean ofcladding and helium conductivities
are computed (see Table 4.4.2). Axial conduction heat transfer in the filel pellets and
radiation heat dissipation in the axial direction are consen1atively ignored. Thus, the
thermal conductivity ofthe roddedregion, like theporous media simulationfor heliumjlow,
is represented by a 3-D continuum having effective planar and axial conductivities.
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d. The internals of the MPC, including the basket cross section, bottom mouse holes, top
plenum, and circumferentially irregular downcomer are modeledexplicitly. For simplicity,
the mouse holes are modeled as rectangular openings with understatedjlow area.

e. The inlet and outlet vents in the HI-STORMovelpack are modeledexplicitly to incorporate
any effects ofnon-axisymmetlY ofinlet air passages on the system's thermal peiformance.

f The airjlow in the HI-STORM/MPC annulus is simulated by a k-{o turbulence model with
the transitional option enabled.

The 3-D model described above is illustrated in the cross sectionfor the MPC-68 in Figure 4.4.3. A
closeup ofthe fuel cell spaces which explicitly include the channel-to-cell gapin the 3-D model is
shown in Figure 4.4.4. The principal 3-D modeling conservatisms are listed below:

1) The storage cell spaces are loaded with design basisfitel having the highestaxialjlow
resistance (See Table 2.1.5).

2) Each storage cell is generating heat at its limiting value under uniform or regionalized
storage scenarios as defined in Chapter 2, Section 2.1.

3) Axial dissipation ofheat by the filel pellets is neglected.
4) Axial dissipation ofheat by radiation in thefitel bundle is neglected.
5) Thefitel assembly channel length for BWRfitel is overstated.
6) The most severe environmental factors for long-term normal storage - ambient

temperature of80P and 10CFR71 insolation levels - were coincidentallyimposed on
the system.

7) The absorbtivity ofthe external surfaces ofthe HI-STORMis conservativelyassumed to
be unity.

8) To understate MPC internal convection heat transfer, the helium pressure is
understated.

9) No credit is taken for contact betvveen fuel assemblies and the A1PC basket wall or
betvveen the MPC basket and the basket supports.

10) Heat dissipation byfitel basketperipheral supports is neglected.
11)Fuel basket and MPC shell emissivities are understated (see Table 4.2.4).
12) The k-OJ model used for simulating the HI-STORM annulusjlow yields uniformly

conservative results [4.1.6].

The effect of crud resistance on filel cladding surfaces has been evahtated and found to be
negligible. The evaluation assumes a thick crud layer (130 Jim) with a bounding low conductivity
(conductivity ofhelium). The crudresistance increases the cladtemperature by a velY small amount
(~O.rF). Accordingly this effect is neglected in the thermal evaluations.

4.4.1.2 Fuel Assemblv 3-Zone Flow Resistance Model
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The HI-STORMSystem is evaluatedfor storage ofboundingPWR (W-17x17) andBWR (GE-1 Ox] 0)
fitel assemblies. Duringfitel storage helium enters the MPCfitel cells ji'0711 the bottom plenum and
flows upwards through the open spaces in thefitel storage cells and exits in the top plenum. Because
ofthe low flow velocities the helium flow in the fitel storage cells and MPC spaces is in the deep
laminar regime (Re < ] 00). The bottom and top plenums are essentially open spaces engineered in
the fitel basket ends to facilitate helium circulation. In the case ofBWR fitel storage, a channel
enveloping the fitel bundle divides the flow in two parallel paths. One flow path is through the in
channel or rodded region ofthe storage cell and the otherflow path is in the square annulus area
outside the channel. In the global thermal modeling of the HI-STORM System the following
approach is adopted:

(i) In BWRfiteled MPCs an explicit channel-to-cell gap is modeled.
(ii) Thefitel assembly enclosed in a square envelope (fitel channelfor BWRfitel orfitel

storage cell for PWR fitel) is replaced by porous media with equivalent flow
resistance.

The above modeling approach is illustrated in Figure 4.4.4.

In the FL UENTprogram, porous media flow resistance is modeled as follows:

!JP =DJiVL (Eq.1)

where !JP is the hydraulic pressure loss, D is theflow resistance coefficient, Ji is thefluid viscosity,
V is the superficial fluid velocity and L is the porous media length. In the HI-STORM thermal
models the fitel storage cell length between the bottom and top plenums l is replaced by porous
media. As discussed below the porous media length is partitioned in three zones with discrete flow
resistances.

To characterize theflow resistance offite! assemblies inside square envelopes (fuel channelfor BWR
fitel or fitel storage cell for PWRfitel) 3D models of W-17x17 and GE-l Ox]0 fitel assemblies are
constructed using the FL UENT CFD program. These models are embedded withseveralpessimistic
assumptions to overstate flow resistance. These are:

(a) Water rods (BWRfitel) andguide tubes (PWRfitel) are assumedto be completely
blocked

(b) Fuel rods assumed to befitlllength
(c) Channel length (BWRfitel) overstated
(d) Bounding grid thickness used
(e) Bottom fittings resistance overstated
(f) Bottom nozzle lateralflow holes (BWRfitel) assumed to be blocked

1 These are the mousehole openings at the ends ofthe fuel basket to facilitate helium circulation. The mouseholes
are explicitly included in the 3D thermal models with an understatedjlow area.
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Using the 3Dfilel assembly modelsflow solutions under an impressedpressure differential between
the two extremities of the filel storage cell are computed at reference conditions (7 atmosphere
absolute pressure and 450°F temperature). The results ofthe 3Dflow solutions arepost-processed
as described next and equivalent porous mediaflow resistances obtained.

Because ofthe narrowflow passages in the bare rods and gridded regions ofthefile I assembly the
flow resistance ofthe.fileled length to axial heliumflow is greater than theflow resistancefrom the
filel assembly ends (bottom nozzle, topfitting, handle etc.). This physicalfact is duly recognized by
defining three distinct axial zones as follows:

Zone 1: Length below the active filel region
Zone 2: Activefilel region
Zone 3: Length above the activefilel region

In the 3-Zone flow resistance modeling, the flow resistance ofeach zone is characterized by post
processing the 3D filel flow model solutions. For this pUlpose two approaches to flow resistance
characterization are adopted. Thefirst approach is the pressure drop method. This method is
suitable when a zone is characterized by irregular geometries and the objective is to obtain a
lumped resistance to duplicate the pressure drop. The second method is the shear stress method,
which is suitablefor.flow zones characterizedby regular geometries. For the 3-Zoneflow resistance
modeling the pressure drop method is adoptedfor the inactive regions (Zone 1 and Zone 3). The
flow resistance coefficients are computed bypost-processing the filel assemblies 3D model flow
solutions as follows:

Step 1: Obtain the helium volumetric flow Q under the impressed pressure
differential.

Step 2: Compute helium superficial velocity, V = Q/A where A is the square
envelope cross-sectional area.

Step 3: Obtain the individual Zone 1 and Zone 3 lengths (L] and L3) andpressure
drops (&1 and &3) from the FLUENT solutions.

Step 4: Compute Zone} and Zone 3 resistance coefficients D] and D3 using Eq. 1,
V, L f , L3, &] and LJP3fi-om above steps.

The shear stress method is suitablefor the activefilel region (Zone 2) as this region is characterized
by an orderedarray ofentities (rods andgrids). This methoduses area averagedwall shear stresses
post-processedfrom the active region (Zone 2) ofthefilel assembly. Using hydraulicflowprinciples
the wall shear stresses are mapped to flow resistance coefficients. To account for geometric
discontinuities the activefilel region is sliced in a suitable number ofconstant geometry (bare rods
and grids) sub-regions. Based on thefilel bundle layout, a total of17 slices are identifiedfor GE
10x10filel and20 slicesfor W-17x17filel. In each sub-region an area averagedshear stress over all
wetted sUlfaces (fuel rods, non-fuel rods, square envelope and grids) is post-processed andflow
resistance coefficients ofeach slice are computed. The flow resistance ofZone 2 is obtained by
computing the length-weighted average ofthe slice resistance coefficients.
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4.4.2 [deletedJ

4.4.3 Test Model

The HI-STORM thermal analysis is pe110rmed on the FLUENT [4.1.2J Computational Eluid
J2ynamics (CFD) program. To ensure a high degree of confidence in the HI-STORM thermal
evaluations, the FL UENT code is benchmarked using data from tests conducted with casks loaded
with irradiated SNF ([4.1.3J,[4.1. 7J). The benchmark work is archived in QA validated Holtec
reports([4.1.5],[4.1.6]). These evaluations show that the FLUENTsolutions are conservative in all
cases. In view ofthese considerations, additional experimental verification ofthe thermal design is
not necessary.

4.4.4 Maximum and NJinimum Temperatures

4.4.4.1 Maximum Temperatures

The 3-D modelfi-om the previous subsection is used to determine temperature distributions under
long-term normal storage conditions for an array ofcases covering PWR and BWRfilel storage in
uniform and regionalized loading configurations. For this purpose one bounding MPC design in
each ofthe twofilel classes -NJPC-68for BWR and NJPC-32for PWR - are analyzed and results
obtained and summarized in this subsection. For a bounding evaluation the MPCs are assumed to
be emplaced in a limiting overpack (HI-STORM 1DOS Version B).

The HI-STORM 100S Version B is the limiting overpack by virtue of the inlet and outlet vents
design. Compared to two other overpack designs (i.e., HI-STOKM 100 and HI-STORlvl 100S), the
HI-STORM 100S Version B has smaller inlet and outlet vents. Thus Version B vent airflow
resistances are bounding. Also, the HI-STORM1ODS Version B is the shortest ofthe ovelpacks. This
reduces the chimneyheight which minimizes the driving headfor airflow. Because the HI-STORM
100S Version B will have the least cooling air flow, it will yield bounding results.

A cross-reference ofHI-STORM thermal analyses is provided in Table 4.4.5. Under regionalized
loading, an array of runs covering a range of regionalized storage configurations specified in
Chapter 2 (X=0.5 toX=3) are analyzed. The results are graphed in Figures 4.4.6 and4.4.7for PWR
and BWR filel storage respectively. Based on this array of rtins the filel storage condition
corresponding to X = 0.5 is determined to be limitingfor both PWR and BWR MPCs. Accordingly
HI-STORMMPC andoverpack temperatures are reportedfor this storage condition in Tables 4.4.6
and 4.4.7.

It should be noted that the 3-D FLUENT cask model incorporates the effective conductivity ofthe
filel assembly submodell. Therefore the FLUENT models report the peak temperature in the filel
storage cells Thus, as the fuel assembly models include the filel pellets, the FLUENT calculated
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peak temperatures are actuallypeakpellet centerline temperatures which bound thepeak cladding
temperatures with a margin.

The following observations can be derived by inspecting the temperature field obtainedfrom the
thermal models:

til The filel cladding temperatures are below the regulatory limit (ISG-11 [4.1.4]) under all
storage scenarios (uniform and regionalized) in all MPCs.

til The maximum temperature ofthe basket structural materials are vvithin their design limits.

II The maximum temperature ofthe neutron absorbers are below their design limits~

" The maximum temperatures oftheMPCpressure boundmy materials are below their design
limits.

til The maximum temperatures ofconcrete is within the guidance ofthe governing ACI Code
(see Table 4.3.1).

The aboveobservations lead us to conclude that the temperaturefield in the HI-STORMSystem with
a loaded MPC containing heat emitting SNF complies with all regulatory temperature limits. In
other words, the thermalenvironment in the HI-STORM System is in compliance with Chapter 2
Design Criteria.

4.4.4.2 Minimum Temperatures

In Table 2.2.2 ofthis report, the minimum ambient temperature conditionfor the HI-STORMstorage
ovelpack and MPC is specified to be -40 P.l!, conservatively, a zero decay heat load with no solar
input is applied to the storedfilel assemblies, then evelY component ofthe system at steady state
wouldbe at a temperature of-40 P. Low service temperature (-40°F) evaluation ofthe Hi-STORJv!
is provided in Chapter 3. AllHI-STORMstorage ovelpack and MPC materials ofconstruction will
satisfactorily perform their intended fimctiol1 in the storage mode at this minimum temperature
condition.

4.4.4.3 Effects ofElevation

The reduced ambientpressure at site elevations significantly above the sea level will act to reduce
the ventilation air mass flow, resulting in a net elevation of the peak cladding temperature.
However, the ambient temperature (i.e., temperature ofthe feed air entering the ovelpack) also
drops with the increase in elevation. Because the peak cladding temperature also depends on the
feed air temperature (the effect is one-for-one within a small range, i.e., 1 P drop in the feed air
temperature results in ~1 P drop in the peak cladding temperature), the adverse ambientpressure
effect ofincreased elevation is partially offset by the ambient air temperature decrease. The table
below illustrates the variation ofairpressure andcorresponding ambient temperature as afimction
ofelevation.
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Elevation (ft) Pressure (psia) Ambient Temperature
Reduction versus Sea Level

Sea Level (0) 14.70 O°F I
2000 13.66 7.rF I
4000 12.69 14.3°F I

A survey ofthe elevation ofnuclear plants in the Us. shows that nuclear plants are situated near
about sea level or elevated slightly (~1000 ft). The effect of the elevation on peak fuel cladding
temperatures is evaluated by performing calculations for a HI-STORM 100 System situated at an
elevation of1500feet. At this elevation the ambient temperature would decrease by approximately
5°F (See Table above). Thepeak cladding temperatures are calculatedfor a bounding cOlifiguration
(non-uniform storage at X = 0.5), and conservatively assllming no reduction in ambient
temperature using the 3D model described in Subsection4.4.1.1 and compared to the sea level
conditions. The results are given in the following table.

lvlPC Desif!n PCT at Sea Level PCT at 1500 feet I
lvlPC-68 B WR 711.4°F 723. 8°F
lvlPC-32 PWR 697.rF 718.2°F

These results show that the PCT, including the effects ofsite elevation, continues to be well below
the regulatOlY cladding temperature limit of 752°F. In light a/the above evaluation, it is not
necessary to place any ISFSI elevation constraints for HI-STORM deployment at elevations up to
1500feet. If, however, an 1SFSI is sited at an elevationgreater than 1500feet, the effect ofaltitude
on the PCTshall be quantified as part ofthe 10 CFR 72.212 evaluation for the site using the site
ambient conditions.

4.4.5 Maximum Internal Pressure

4.4.5.1 lvlPC Helium Badjill Pressure

The quantity ofhelium emplaced in the lvlPC cavity shall be sufficient to produce an operating
pressure of 7 atmospheres (absolute) during normal storage at reference conditions (See Table
4.0.1). Thermal analyses peiformed on the different lvlPC designs indicate that this operating
pressure requires a certain minimum helium backfill pressure (Ph) specified at a reference
temperature (70°F). The minimum backfillpressurefor each lvlPC type is provided in Table 4.4.11.
A theoretical upper limit on the helium bacAjill pressure also exists and is defined by the design
pressure ofthe lvlPC vessel (Table 2.2.1). The upper limit ofPh is also reported in Table 4.4.11. To
bound the minimum and ma.:'Cimum baclifillpressures listed in Table 4.4.11 with a margin, a helium
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baclifill specification is setforth in Table 4.4.12.

Two methods are available for ensuring that the appropriate quantity ofhelium has been placed
in anMPC:

i. By pressure measurement
ii. By measurement ofhelium backfill volume (in standard cubic feet)

The directpressure measurement approach is more convenient ifthe FHD methodofMPC dlJ1ing is
used. In this case, a certain quantity ofhelium is already in the MPc. Because the helium is mixed
inside the MPC during the FHD operation, the temperature ofthe helium gas at the MPC's exit,
along with the pressureprovides a reliable means to compute theinventory ofhelium usingpressure
and temperature gages. A shortfall or excess of helium is adjusted by a calculated raising or
lowering of the MPC pressure such that the referenceMPC baclifill pressure is within the Ph
specifications.

When vacuum dlying is used as the methodfor MPC drying, then it is more convenient to fill the
MPC by introducing a known quantityofhelium (in standard cubicfeet) by measuring the quantity
of helium introduced using a calibrated mass jlow meter or other measuring apparatus. The
required quantity of helium is computed by the product of net free volume and helium specific
volume at the reference temperature (70°F) and a targetpressure that lies in the mid-range ofthe Ph
specifications.

The netfree volume ofthe MPC is obtained by subtracting Bji-om A, where

A = MPC cavity volume in the absence ofcontents (fitel and non-fuel hardware) computed
from nominal design dimensions

B = Total volume ofthe contents (fitel including DFCs, ifused) based on nominal design
dimensions

Using commercially available massjlow totalizers or other appropriate measuring devices, an MPC
cavity is filled with the computed quantity ofhelium.

4.4.5.2 lvIPC Pressure Calculations

The MPC is initiallyfilled with dly helium afterfitelloading anddryingprior to installing the MPC
closure ring. During normal storage, the gas temperature within the MPC rises to its maximum
operating basis temperature. The gas pressure inside the JvJPC will also increase with rising
temperature. The pressure rise is determined using the ideal gas law.

Table 4.4.8 presents a summary ofthe minimum MPCfree volumes determinedfor each MPC type
(MPC-24, MPC-68, MPC-32, and MPC-24E). The MPC maximum gas pressure is computedfor a
postulated release offission product gases from fitel rods into this free space. For these scenarios,
the amounts ofeach ofthe release gas constituents in the MPC cavity are summedand the resulting
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totalpressures determinedfrom the ideal gas law. Basedonfission gases releasefractions (NUREG
1536 criteria [4.4.1]), rods' netfi-ee volume and initialfill gas pressure, maximum gas pressures
with 1% (normal), 10% (off-normal) and 100% (accident condition) rod rupture are given in Table
4.4.9. The maximum computedgas pressures reported in Table 4.4.9 are all below the MPC internal
design pressures for normal, off-normal and accident conditions specified in Table 2.2.1.

Evaluation orNon-Fuel Hardware

The inclusion ofPWR non-fuel hardware (BPRA control elements and thimble plugs) to the PWR
baskets injluences the MPC internalpressure through two distinct effects. The presence ofnon-fuel
hardware increases the effective basket conductivity, thus enhancing heat dissipation and lowering
fuel temperatures as well as the temperature ofthe gas filling the space betweenfitel rods. The gas
volume displaced by the mass ofnon-fitel hardware lowers the cavityfi-ee volume. These two effects,
namely, temperature lowering andfree volume reduction, have opposing influence on the 1YIPC
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-fitel hardwareexcluded) has
been determined to provide a conservatively bounding temperaturefieldfor the PWR baskets (MPC
24, MPC-24E, andMPC-32). The MPC cavityfi-ee space is computed based on volume displacement
by the heaviest fitel (bounding weight) with non-fitel hardware included. This approach ensures
conservative bounding pressures.

During in-core irradiation ofBPRAs, neutron capture by the B-1 0 isotope in the neutron absorbing
material produces helium. Two different forms of the neutron absorbing material are used in

BPRAs: Borosilicate glass and B4C in a reji-actOlY solid matrix (A [203). Borosilicate glass
(primarily a constituent ofWestinghouse BPRAs) is used in the shape ofhollowpyrex glass tubes
sealed within steel rods and supported on the inside by a thin-walled steel liner. To accommodate
helium diffusionji-om the glass rod into the rod internal space, a relatively high voidvolume (~40%)

is engineered in this type ofrod design. The rod internalpressure is thus designed to remain below
reactor operation conditions (2,300 psia and approximately 600 P coolant temperature). The B4C
A120 3 neutron absorber material is principally used in B&Wand CE fitel BPRA designs. The
relatively low temperature ofthe poison material in BPRA rods (relative to fitel pellets) favor the
entrapment ofhelium atoms in the solid matrix.

Several BPRA designs are used in PWRfitel that d!ffer in the number, diameter, and length ofpoison
rods. The older Westinghousefitel (W-14x14 and W-15x15) has used 6,12,16, and 20 rods per
assembly BPRAs and the later (W-17x17) filel uses up to 24 rods per BPRA. The BPRA rods in the
olderfitel are much larger than the laterfitel and, therefore, the B-1 0 isotope inventOly in the 20
rod BPRAs bounds the newer W-17x17 fite!. Based on bounding BPRA rods internal pressure, a
large h)pothetical quantity ofhelium (7.2 g-moles/BPRA) is assumed to be availablefor release into
the MPC cavityji-om each fitel assembly in the PWR baskets. The MPC cavitypressures (including
heliumji-om BPRAs) are summarized in Table 4.4.9.
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4.4.6 Engineered Clearances to Eliminate Thermal Interferences

Thermal stress in a structural component is the resultant sum oftwofactors, namely: (i) restraint of
fi-ee end expansion and (ii) non-uniform temperature distribution. To minimize thermal stresses in
load bearing members, the HI-STORM System is engineered with adequate gaps to permit fi-ee
thermal expansion ofthe filel basket and lvJPC in axial and radial directions. In this subsection,
differential thermal expansion calculations are pelformed to demonstrate that engineered gaps in
the HI-STORM System are adequate to accommodate thermal expansion of the filel basket and
MPc.

The HI-STORM System is engineered with gaps for the filel basket and MPC to expand thermally
without restraint offree end expansion. Differential thermal expansion ofthe following gaps are
evaluated:

a. Fuel Basket-to-MPC Radial Gap
b. Fuel Basket to MPC Axial Gap
c. MPC-to-Overpack Radial Gap
d. MPC-to-Overpack Axial Gap

To demonstrate that thefilel basket and MPC arefi-ee to expand without restraint, it is required to
show that differential thermal expansionfi'omfilel heatup is less than the as-built gaps that exist in
the HI-STORMSystem. For this purpose a suitably bounding temperatureprofile (T(r)) for thefilel
basket is established in Figure 4.4.5 wherein the center temperature (TC) is set at the limit (752 P)
forfilel cladding (conservatively bounding assumption) and the basketperiphelY (TP) conservatively
postulated at an upperbound of610°F (see Table 4.4.6for the maximum filel and basketperiphery
temperatures). To maximize thefilel basket differential thermal expansion, the basketperiphely-to
MPC shell temperature difference is conservatively maximized (iJT = 175P). From the bounding
temperatureprofile T(r) and iJT, the meanfilel basket temperature (Tf) andlvJPC shell temperature
(T2) are computed as follows:

1

JrT(r)dr

TI= 0 =676°F
1

Jrdr
o

The differential radial growth ofthefilel basket (Y1)from an initial reference temperature (To =
70 P) is computed as:

Y1 = R x [AI X (Tl-To)- A2x (T2-To)]

where:
R = Basket radius (conservatively assumed to be the MPC radius)
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AI, A2 = Coefficients of thermal expansion for filel basket and MPC shell at Tl and T2
respectively for Alloy X (Chapter 1 and Table 3.3.1)

For computing the relative axial growth ofthefilel basket in the MPC, bounding temperatures for
the filel basket (TC) and MPC shell temperature T2 utilized above are adopted. The differential
expansion is computed by a formula similar to the one for radial growth after replacing R with
basket height (H), which is conservatively assumed to be that ofthe MPC cavity.

For computing the radial and axial MPC-to-ovelpack differential expansions, the MPC shell is
postulatedat its design temperature (Chapter 2, Table 2.2.3) and thermal expansion ofthe ovelpack
is ignored. Even with the conservative computation ofthe differential expansions in the manner of
the foregoing, it is evidentfrom the data compiled in Table 4.4.10 that the differential expansions
are afraction oftheir respective gaps.

4.4.7 Evaluation ofSvstem Performance for Normal Conditions ofStorage

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

Temperature distribution results obtainedfrom this highly conservative thermal model show that the
maximumfilel cladding temperature limits are met with adequate margins. Expectedmargins during
normal storage will be much greater due to the conservative assumptions incorporated in the
analysis. The long-term impact ofdecay heat induced temperature levels on the HI-STORMSystem
structural andneutron shielding materials is considered to be negligible. The nuz.:'dmum 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 (See Structural Evaluation Chapter 3).
Therefore, it is concluded that the HI-STORM System thermal design is in compliance with
1OCFR 72 requirements.
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Table 4.4.1

EFFECTIVE CONDUCTIVITY OF THE COMPOSITE FUEL BASKET WALLS
(Btu/hr-jt- OF)

MPC-32 MPC-24/MPC-24E* MPC-68 I
Temperature Thru- Parallel Thru- Parallel Thru- Parallel

('F) Thickness Plates Thickness Plates Thickness Plates
Direction Direction Direction Direction Direction Direction

5.676 13.85
200 6.000 14.65 5.544 12.06

4.800** 11.17**

6.864 15.32
450 7.260 16.12 6.708 13.45

5.808** 12.54**

7.884 16.44
700 8.316 17.20 7.680 14.52

6.672** 13.62**

* Lowerbound values reported.
** Effective conductivities ofbasket peripheral panels.

Table 4.4.2

LIMITING EFFECTIVE CONDUCTIVITIES OF THE RODDED REGION
(Btu/hr-jt- OF)

PWRFuel BWRFUEL I
Temperature (F) Planar Axial Planar Axial I

200 0.257 0.753 0.282 0.897 I
450 0.406 0.833 0.425 0.988 I
700 0.604 0.934 0.606 1.104 I
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Table 4.4.3

[deleted]

Table 4.4.4

[deleted]
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Table 4.4.5

MATRIX OF HI-STORM SYSTEM THERMAL EVALUATIONS

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

1 Long Term Ambient SS NT, QD, ST, SC, 10 4.4.4
Normal

2 Off-Normal Ambient SS(B) OT, QD, ST, SC, 10 4.6.1
Environment

3 Extreme Ambient SS(B) E T, QD, ST, SC,Io 4.6.2

IEnvironment

4 Partial Ducts Ambient SS(B) NT, QD, ST, SC, 1112 4.6.1
Blockage

5 All Inlets Ducts Overpack TA NT, QD, ST, SC, Ie 4.6.2
Blocked

6 Fire Accident Overpack TA QD,F 4.6.2 I
7 Burial Under Ovelpack AH QD 4.6.2

Debris

Legend:
NT - Maximum Annual Average (Normal) Temperature (80"F) 10 - All Inlet Ducts Open
Or- Ojj:Normal Temperature (lOO°F) 1112 - HalfofInlet Ducts Open
ET- Extreme Hot Temperature (l25°F)
QD - Design Basis Maximum Heat Load Ie - All Inlet Ducts Closed
SS - Steady State
SS(B) - Bounding Steady State ST - Insolation Heating (Top)
TA - Transient Analysis SC - InsolationHeating (Curved)
AH - Adiabatic Heating F - Fire Heating (1475°F)
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Table 4.4.6

MAXIMUM MPC TEMPERATURES FOR LONG-TERMNORMAL STORAGE CONDITION]

Component Temperature, of I
MPC-32 MPC-68 I

Fuel Cladding 711 697 I
MPCBasket 708 692 I
Basket Periphery 604 566 I
MPC Shell 469 452 I

Table 4.4.7

BOUNDING HI-STORM OVERPACK TEMPERATURES FOR LONG-TERMNORMAL
STORAGE

Component Local Section Temperature5
,oF

Inner shell 322
Outer shell 174

Lid bottom plate 302
Lid top plate 190

Overpack Bodv Concrete 248
Overpack Lid Concrete 246

Area Averaged Air outlel 235

3 The temperatures reported in this tablefor the boundingfuel storage cOl?fzguration (regionalized
storage at X = 0.5) are below the design temperatures specified in Chapter 2, Table 2.2.3. Results
ofthe bounding canister (MPC-32) are highlighted in bold.

4 The temperatures reported in this table (all for MPC-32 at X = 0.5) are below the design
temperatures specified in Chapter 2, Table 2.2.3.

5 Section temperature is defined as the through-thickness average temperature.
6 Reported herein for the option oftemperature measurement surveillance ofoutlet ducts air

temperature as setforth in the Technical Specifications.
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Table 4.4.8

SUMMARY OF MPC FREE VOLUME CALCULATIONS

Item Volume Volume Volume Volume
(MPC-24) (lvJPC-24E) (MPC-32) (MPC-68)

[lt3] [lt3] [fi3] [fi3]

Cavity Volume 367.9 367.9 367.9 367.3 I
Basket Metal 44.3 51.4 24.9 34.8

IVolume

Bounding Fuel 78.8 78.8 105.0 93.0
Assemblies
Volume

Basket Supports 6.1 6.1 9.0 11.3
and Fuel Spacers
Volume

Net Free 238.7 (6,759 231.6 (6,558 229 (6,484 liters) 228.2 (6,462
Volume * liters) liters) liters)

*Net free volumes are obtained by subtracting basket, filel, supports and spacers metal volume
from cavity volume. The fiAee volumes usedfor MPC internal pressure calculations are
conservatively understated.
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Table 4.4.9

SUMMARY OF MPC INTERNAL PRESSURES UNDER LONG-TERM STORAGE*

Condition MPC-24*** MPC-24E*** MPC-32 MPC-68
(psig) (psig) (psig) (psig)

Initial baclifill** 48.5 48.5 48.5 48.5
(at 70 P)

Normal:

intact rods 99.0 99.0 99.0 96.8

1% rods rupture 100.0 99.7 99.7 97.2

Off-Normal 106.0 106.2 108.7 101.2
(10% rods
rupture)

Accident 169.3 171.5 196.4 141.1

(100% rods
rupture)

* Per NUREG-l536, pressure analyses with rupturedfuel rods (including BPRA rods for PWRjilel) is
pelformed with release of100% ofthe rupturedjilel rodfill gas and 30% ofthe significant radioactive gaseous
fission products.

** Conservatively assumed at the Tech. Spec. maximum value (See Table 4.4.12).

*** Pressure calculations use the bounding MPC-32 temperature field.
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Table 4.4.10

SUMMARY OF HI-STORMDIFFERENTIAL THERMAL EXPANSIONS

Gap Description Cold Gap U (in) Differential Is Free Expansion
Expansion V (in) Criterion Satisfied

(i.e., U> V)

Fuel Basket-to-MPC 0.1875 0.095 Yes
Radial Gap

Fuel Basket-to-MPC 1.25 0.487 Yes
Axial Gap

MPC-to-Overpack 0.5 0.139 Yes
Radial Gap

MPC-to-Overpack 1.0 0.771 Yes
Minimum Axial Gap
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Table 4.4.11

THEORETICAL LIM1TS* OF MPC HELIUMBACKFILL PRESSURE**

MPC Minimum Bacliflll Pressure Maximum Backfill Pressure
(psig) (psig)

MPC-32/24/24E 44.1 49.1 I
MPC-68 45.2 50.3 I

* The helium backfill pressures are setforth in the Technical Specifications with a margin (See
Table 4.4.12).

** The pressures tabulated herein are at a reference gas temperature of70°F.

Table 4.4.12

lvIPC HELIUMBACKFILL PRESSURE SPECIFICATIONS

Item Specification I
Minimum Pressure 45.5 psig@ 70°F Reference Temperature I
Maximum Pressure 48.5 psig@ 70°F Reference Temperature I
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FIGURE 4.4.1: HOMOGENIZATION OF THE STORAGE CELL CROSS-SECTION
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T(r) = (TP-TC)~ + TC
TC: Center (752 Deg. F)
TP: Periphery(610 Deg. F)
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FIGURE 4.4.5: BOUNDING BASKET TEMPERATURE PROFILE FOR DIFFERENTIAL EXPANSION
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FIGURE 4.4.6: PEAK CLADDING TEMPERATURE VARIATION IN REGIONALIZED STORAGE (MPC 32)
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FIGURE 4.4.7: PEAK CLADDING TEMPERATURE VARIATION IN REGIONALIZED STORAGE (MPC-68)
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4.5 THERMAL EVALUATION OF SHORT TERM OPERATIONS

Prior to placement in a HI-STORM ove/pack, an MPC must be loaded with fuel, outfitted with
closures, dewatered, dried, backfilledwith helium and transported to the HI-STORlv!module. In the
unlikely event that thefilel needs to be returned to the spentfilel pool, these steps must bepelformed
in reverse. Finally, ifrequired, transfer ofa loadedMPC between HI-STORMove/packs or between
a HI-STAR transport overpack and a HI-STORM storage ove/pack must be carried out in an
assuredly safe manner. All of the above operations, henceforth referred to as "short term
operations ", are short duration events that would likely occur no more than once or twice for an
individual MPc.

The device central toall ofthe above operations isthe HI-TRAC transfer cask that, as stated in
Chapter 1, is available in two anatomically similar weight ratings (100- and 125-ton). The HI-TRAC
transfer cask is a short-term hostfor the MPC; therefore it is necessary to establish that, during all
thermally challenging operation events involving either the 100-ton or 125-ton HI-TRAC, the
permissible temperature limits presented in Section4.3 are not exceeded. The following discrete
thermal scenarios, all ofshort duration, involving the HI-TRA C transfer cask have been identifiedas
warranting thermal analysis.

i. Post-Loading Wet Transfer Operations
ii. MPC Cavity Vacuum Drying
iii. Normal Onsite Transport in a Vertical Orientation
iv. MPC Cooldown and Refloodfor Unloading Operations

Onsite transport ofthe MPC occurs with the HI-TRA C in the vertical orientation, which preserves
the thermosiphonaction within the lvIPC. To avoid excessive temperatures, transportwith the HI
TRAC in the horizontal condition is generally not permitted. However, it is recognized that an
occasional downending ofa HI-TRA C may become necessmy to clear an obstruction such as a low
egress bay door opening. In such a case the operational imperativefor HI-TRA C downending must
be ascertained and the permissible duration ofhorizontal configuration must be established on a
site-specific basis andcompliance with the thermal limits ofISG-11 [4.1.4J must be demonstrated as
a part ofthe site-specific safety evaluation.

The filel handling operations listed above place a certain level ofconstraint on the dissipation of
heatfrom the MPC relative to the normal storage condition. Consequently, for some scenarios, it is
necessary to provide additional cooling when decay heat loads are such that long-term cladding
temperature limits would be exceeded. For such situations, the Supplemental Cooling System (SCS)
is required to provide additional cooling during short term operations. The SCS is required by the
CoCfor any MPC carrying one or more high burnupfilel assemblies or when the MPC heat load is
such that long-term cladding temperature limits would be exceeded. The specific design ofan SCS
must accord with site-specific needs and resources, including the availability ofplant utilities.
However, a set ofspecifications to ensure that thepe/formance objectives ofthe SCS are satisfied by
plant-specific designs are setforth in Appendix 2. C.
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4.5.1 HI-TRAC 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 h"ansported from the contained fuel assemblies to the MPC shell through thefuel basket and
the basket-to-shellgaps via conduction and thermal radiation. From the outer surface ofthe MPC to
the ambient air, heat is transported by a combination of conduction, thermal radiation and natural
convection. 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 transpOli, as discussed in Chapter 1. The two designs are principally
different in terms of lead thickness and the thickness ofradial comlectors 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 thimlerradial connectors' thickness to
the model. In this marmer, the HI-TRAC overpack resistance to heat transfer is overestimated,
resulting in higher predicted MPC internals and fuel cladding temperature levels.

4.5.1.1 Analytical Model

From the outer surface ofthe 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 ofthe
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 thernlal 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 h'ansported through the cylindrical wall
of the HI-TRAC transfer overpack by conduction through successive layers ofsteel, lead and steel.
A water jacket, which provides neuh'on shielding for the HI-TRAC overpack, sunounds the
cylindrical steel wall. The water jacket 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 charmels 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 thernlal radiation.

In the vertical position, the bottom face ofthe HI-TRAC is in contact with a supporting surface. TIns
face is conservatively modeled as an insulated surface. Because the HI-TRAC is not used for long-
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te1111 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 1OCFR71 averaged on a 24-hour basis. Concise descriptions ofthese models are
given below.

4.5.1.1.1 Effective Thermal Conductivity of Water Jacket

The 125-ton HI-TRAC water jacket is composed of an array of radial ribs equispaced along the
circumference ofthe HI-TRAC and welded along their length to the HI-TRAC outer shell. Enclosure
plates are welded to these ribs, creating an array of water compartments. The 1DO-ton HI-TRAC
water jacket also has an array of radial ribs and enclosure plates creating an array of water
compartments. Holes in the radial ribs connect all the individual compartments in the water jacket.
Any combination of rib number and thickness that yields an equal or larger heat transfer area is
bounded by the calculation. Thus, the ammlar 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 ofthis array ofsteel 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 ribs and rib thickness as input values. The
thennal conductivity of the parallel steel ribs and water spaces is given by the following f01111Ula:

where:
K ne = effective radial thermal conductivity of water jacket
ri = ilmer radius of water spaces
ro = outer radius of water spaces
Kr = thennal conductivity of carbon steelribs
Nr = minimum number of radial ribs (equal to number of water spaces)
tr = minimum (nominal) rib thickness (lower of 125-ton and 100-ton designs)
L R = effective radial heat transport length through water spaces
Kw = 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 detennine an effective
conductivity ofthe water jacket. The effective thermal conductivity is computed in the malmer ofthe
foregoing, and is provided in Table 4.5.1.
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4.5.1.1.2 Heat Rejection £i'om Overpack Exterior Surfaces

The following relationship for the surface heat flux from the outer surface ofan isolated cask to the
environment is applied to the thennal model:

= 0.19 (T. - T )4/3 +0.1714£ [(Ts + 460)4 _(TA +460 )4J
qs s A 100 100

where:
Ts = cask surface temperatures (OF)
TA = ambient atmospheric temperature (OF)
qs = surface heat flux (Btu/fexhr)
£ = sUlface emissivity

The second tenn in this equation the Stefan-Boltzmann fonnula for thennal radiation from an
exposed surface to ambient. The first tenn is the natural convection heat transfer cOlTelation
recommended by Jacob and Hawkins [4.2.9]. This cOlTelation 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 cOlTelations are suitable for use when the product ofthe Grashof and
Prandtl (GrxPr) numbers exceeds 109

. This product can be expressed as L3x~TxZ, where L is the
characteristic length, ~T is the surface-to-ambient temperature difference, and Z is a function ofthe
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
2.6x105

• Solving for the value of ~T that satisfies the equivalence L3x~TxZ = 109 yields ~T =

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 ~T = 8.76°F. The natural
convection will be turbulent, therefore, provided the surface to air temperature difference is greater
than or equal to O.78°F for a vertical orientation and 8.76°F for a horizontal orientation.

4.5.1.1.3 Determination of Solar Heat Input

Ihe intensity ofsolar radiation incident on an exposed surface depends on a number oftime varying
temlS. A twelve-hour averaged insolation level is prescribed in 10CFR71 for curved surfaces. The
HI-TRAC cask, however, possesses a considerable thennal inertia. This large themlal inertia
precludes the HI-TRAC from reaching a steady-state thennal condition during a twelve-hour period.
Thus, it is considered appropriate to use the 24-hour averaged insolation level.

4.5.2 Maximum Time Limit During Wet Transfer Operations

In accordance with NUREG-153 6, water inside the MPC cavity during wet transfer operations is not
permittedto boil. Consequently, uncontrolledpressures in the de-watering, purging, andrecharging
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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 forfitel to be submerged
in water after a loaded HI-TRAC cask is removedfrom the pool andprior to the start ofvacuum
dlJ1ing operations.

Fuel loading operations are typically conducted with the HI-TRA C and it's contents (waterfilled
MPC) submerged in pool water. Under these conditions, the HI-TRAC is essentially at the pool
water temperature. When the HI-TRAC transfer cask and the loaded MPC under water-flooded
conditions is removedfi-om the pool, the water,fitel, MPC and HI-TRAC metal absorb the decay
heat emitted by thejitel assemblies. This results in a slow temperature rise ofthe HI-TRAC with
time, startingfi'om an initial (pool water) temperature. The rate oftemperature rise is limited by the
thermal inertia of the HI-TRAC system. To enable a bounding heat-up rate determination, the
following conservative assumptions are utilized:

i. Heat loss by natural convection and radiation from the exposed HI-TRAC
swfaces to ambient air is neglected (i.e., an adiabatic heat-up calculation is
pelformed).

ii. Design maximum decay heat inputfrom the loadedjitel assemblies is assumed.

iii. The smaller ofthe 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 oftemperature rise.

iv. The water mass in the MPC cavity is understated.

Table 4.5.2 summarizes the weights and thermal inertias ofseveral components in the loaded HI
TRA C transfer cask. The rate oftemperature rise ofthe HI-TRA C transfer cask andcontents during
an adiabatic heat-up is governed by the following equation:

dT Q---
dt Ch

where:
Q = conservatively bounding heat load (Btu/hi) [38 kW == 1.3x105 Btu/hI']
Ch = thermal inertia ofa loaded HI-TRAC (Btu/OP)
T = temperature ofthe HI-TRAC cask (OF)
t = time after HI-TRAC transfer cask is removedfi'om the pool (171')

A bounding heat-up rate for the HI-TRAC transfer cask contents is determined to be equal to
4.99°F/hr. From this adiabatic rate of temperature rise estimate, the maximum allowable time
duration (tma...) forfitel to be submerged in water is determined as follows:
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t = T boil - Tinitial

max (dT/dt)

where:
Thai! = boiling temperature of water (equal to 212 P at the water swjace in the lvIPC

cavity)
Tillitial = initial HI-TRAC temperature when the transfer cask is removedfrom the pool

Table 4.5.3 provides a summaJy oftmax at several representative initial temperatures.

As set forth in the HI-STORM operating procedures, in the unlikely event that the maximum
allowable time provided in Table 4.5.3 is found to be insufficient to complete all wet transfer
operations, aforced water circulation shall be initiatedandmaintained to remove the decayheat
from the MPC cavity. In this case, relatively cooler water will enter via the MPC lid drain port
connection andheatedwater will exitfrom the ventport. The minimum waterflow rate required
to maintain the MPC cavity water temperature below boiling with an adequate subcooling
margin is determined as follows:

Mw= Q
Cpw (Tmax - Till)

where:
Mw = minimum waterflow rate (lblhr)
Cpw = water heat capacity (Btullb- P)
Tmax = maximum MPC cavity water mass temperature
Till = temperature ofpool water supply to MPC

With the MPC cavity water temperature limited to 150 P, MPC inlet water ma.:'dmum temperature
equal to 125 P and at the design basis maximum heat load, the waterflow rate is determined to be
5210 lblhr (10.5 gpm).

4.5.3 MPC Temperatures During Moisture Removal Operations

4.5.3.1 Vacuum Drving Operation

The initial loading of SNF in the MPC requires that the water within the MPC be drained and
replaced with helium. For MPCs containing moderate bumup fuel assemblies only, this operation
may be carried out using the conventional vacuum drying approach. In this method, removal ofthe
last traces ofresidual moisture from the MPC cavity is accomplished by evacuating the MPC for a
short time after draining the MPC. Vacuum drying may not be perfonned on MPCs containing high
bumup fuel assemblies or on lvfPCs with a decay heat load above a threshold level (see Subsection
4.5.5.2). High bumup or high decay heat fuel drying is perfonned by a forced flow helium drying
process as described in Section 4.5.3.2 and Appendix 2.B.
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Prior to the start ofthe MPC draining operation, both the HI-TRAC annulus and the MPC are full of
water. The presence ofwater in the MPC 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
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 (Section 4.4) after setting the the1TI1a1 conductivity ofthe gaseous medium to a small fraction
(one pali in one thousand) of helium conductivity. The MPC basket cross sectional effective
conductivity is determined for vacuum conditions using a finite-element procedure. Basket
periphery-to-MPC shell heat transfer occurs through conduction and radiation.

For totaldecay heat loads up to and including 20.88 kW for the MPC-24 and 21.52 kW for the
MPC-68, vacuum drying of the MPC is perfonned with the annular gap between the MPC and the
ill-TRAC filled with water. The presence ofwater in this annular gap will maintain the MPC shell
temperature approximately equal to the saturation temperature of the ammlus water. Thus, the
thennal analysis ofthe MPC during vacuum drying for these conditions is perfo1TIled with cooling of
the MPC shell with water at a bounding maximum temperature of 232°F.

For higher total decay heat loads in the MPC-24 and MPC-68 or for any decay heat load in an MPC
24E or MPC-32, vacuum drying of the MPC is performed with the annular gap between the MPC
and the HI-TRAC continuously flushed with water. The water movement in this annular gap will
maintain the MPC shell temperature at about the temperature of flowing water. Thus, the thermal
analysis of the MPC during vacuum drying for these conditions is perfonned with cooling of the
MPC shell with water at a bounding maximum temperature of 125°F.

In addition, for MPC total decay heat loads greater than 23 kW, the duration ofvacuum dlying is
limited to 40 hours. Imposing this time limit provides additional assurance, to account for
uncertaintyof2-D models, thatfitel cladding and cask component temperatures will remain below
applicable limits,

An axisymmetric FLUENT thermal model ofthe MPC is constructed, employing the MPC in-plane
conductivity as an isotropic fuel basket conductivity (i.e. conductivity in the basket radial and axial
directions is equal), to detennine peak cladding temperature at design basis heat loads. To avoid
excessive conservatism in the computed FLUENT solution, partial recognition for higher axial heat
dissipation is adopted in the peak cladding calculations. The boundary conditions applied to this
evaluation are:

1. A bounding steady-state analysis is perfo1TIled with the MPC decay heat load set
equal to the largest decay heat load for which vacuum dlying is permitted (see
Subsection 4.5.5.2). As discussed above, there are two different ranges for the MPC
24 and MPC-68 designs.
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11. The entire outer surface ofthe MPC shell is postulated to be at a bounding maximum
temperature of 232°F or 125°F, as discussed above.

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

Results of vacuum condition analyses are provided in Subsection 4.5.5.2.

4.5.3.2 Forced Helium Dehvdration

To reduce moisture to trace levels in the MPC using a Forced Helium Dehydration (FHD) system, a
conventional, closed loop dehumidification system consisting of a condenser, a demoisturizer, a
compressor, and a pre-heater is utilized to extract moisture fromthe MPC cavity through repeated
displacement ofits contained helium, accompanied by vigorous flow turbulation. A vapor pressure
of 3 torr or less is assured by verifying that the helium temperature exiting the demoisturizer is
maintained at or below the psychrometric threshold of 21°F for a minimum of 30 minutes. See
Appendix 2.B for detailed discussion of the design criteria and operation of the FHD system.

The FHD system provides conCUlTent fuel cooling during the moisture removal process through
forced convective heat transfer. The attendant forced convection-aided heat transfer occurring
during operation ofthe FHD system ensures that the fuel cladding temperature will remain below the
applicable peak cladding temperature limit for normal conditions ofstorage, which is well below the
high bumup cladding temperature limit 752°F (400°C) for all combinations ofSNF type, bumup,
decay heat, and cooling time. Because the FHD operation induces a state offorced convection heat
transfer in the MPC, (in contrast to the quiescent mode ofnatural convection in long tenn storage), it
is readily concluded that the peak fuel cladding temperature under the latter condition will be greater
than that during the FHD operation phase. In the event thatthe FHD system malfunctions, the forced
convection state will degenerate to natural convection, which corresponds to the conditions of
nonnal onsite transport. As a result, the peak fuel cladding temperatures will approximate the values
reached during normal onsite transport as described elsewhere in this chapter.

4.5.4 Cask Cooldown and Reflood Analvsis During Fuel Unloading Operation

NUREG-1536 requires an evaluation ofcask cooldownand reflooding to sltpportfuel unloading
from a dly condition. Past industry experience generally supports cooldown ofcask internals and
fitelfrom hot storage conditions by direct water quenching. For high heat load MPCs, the extremely
rapid coaldown rates to which the hot MPC internals and thefitel cladding can be subjected during
water injection may, however, result in high thermal stresses. Additionally, water injection may also
result in some steam generation. To limit the fitel claddingfi-om thermal strains fi-om direct water
quenching, the MPCs may be cooled using appropriate means prior to the introduction ofwater in
the MPC cavity space.

Because ofthe continuous gravity driven circulation ofhelium in the MPC which results in heated
helium gas in sweeping contact with the underside ofthe top lid and the inner cylindrical sw1ace of
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the enclosure vessel, utilizing an external cooling means to remove heat from the MPC is quite
effective. The external coolingprocess can be completely non-intrusive such as extracting heatfrom
the outer sw1ace ofthe enclosure vessel using chilled water. Extraction ofheatfi-om the external
surfaces ofan MPC is velY effective largely because ofthe thermosiphon induced internal transport
ofheat to theperipheral regions ofthe MPc. The non-intrusive means ofheat removal is preferable
to an intrusiveprocess wherein helium is extracted and cooled using a closed loop system such as a
Forced Helium Dehydrator (Appendix 2.B), because it eliminates the potentialfor any radioactive
crud to exit the MPC during the cooldown process. Because the optimalmethodfor MPC cooldown
is heavily dependent on the location and availability of utilities at a particular nuclear plant,
mandating a specific cooldown method cannot be prescribed in this FSAR. Simplified calculations
arepresented in thefollowing to illustrate thefeasibility and efficacy ofutilizing an intrusive system
such as a recirculating helium cooldown system.

Under a closed-loop forced helium circulation condition, the helium gas is cooled, via an external
chiller. The chilled helium is then introduced into the MPCcavityfrom connections at the top ofthe
MPC lid. The helium gas enters the MPC basket and moves through thefilel basket cells, removing
heatfrom thefile! assemblies and MPC internals. The heated helium gas exits the MPCfi-om the lid
connection to the helium recirculation and cooling system. Because ofthe turbztlation andmixing of
the helium contents in the MPC cavity by the forced circulation, the MPC exiting temperature is a
reliable measure ofthe thermal condition inside the MPC cavity. The objective ofthe cooldown
system is to lower the bulk helium temperature in the MPC cavity to below the normal boiling
temperature ofwater (212°F). For this pwpose, the rate ofhelium circulation shall be sufficient to
ensure that the helium exit gas temperature is below this threshold limit with a margin.

An example calculationfor the required helium circulation rate is provided below to limit the helium
temperature to 200°F. The calculation assumes no heat loss fi-om the MPC boundaries and a
conservatively bounding heat load (38 kW (l.3xl05 Btulhr)). Underthese assumptions, the MPC
helium is heated adiabatically by the MPe decay heat fi-om a given inlet temperature (T]) to a
temperature (T2). The required circulation rate to limitT2 to 200°F is computed asfollows:

where:
Qd = Design maximum decay heat load (Btulhr)
m = Minimum helium circulation rate (lblhr)
Cp = Heat capacity ofhelium (1.24 Btullb-OF (Table 4.2.5))
T] = Helium supply temperature (assumed 15°F in this example)

Substituting the values for the parameters in the equation above, m is computed as 567 lblhr.
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4.5.5 Mandator)! Limits for Short Term Operations

4.5.5.1 HI-TRAC Transport in a Vertical Orientation

The requirements and limits are listed in the following table:

Condition Fuel in MPC MPC Heat Load SCS Required
(kW)

1* AllMBF 'S.28.74 NO

2 AllMBF > 28.74 YES

3 One or more any YES
HBF

* The highest temperatures are reached under this un-assisted cooling
threshold heat load scenario. Under other conditions the mandat01Y use of
the Supplemental Cooling System, sized to extract 36.9 leWfrom the MPC,
will lower the fuel temperatures significantly assuring ISO 11, Rev. 3
compliance with large margins.

Condition 2 mandates the use ofthe SCS at heat loads greater than 28.74 leWfor MBF. This will
assure that cladding temperature limits are met at these higher heat loads. See Appendix 2. Cfor the
SCS requirements.

It is recognized that, due to increased thermosiphon action, the temperature in the MPC under 7
atmospheres internal pressure (required in this amendment) will be lower than that for the
conservative 5 atmospheres case on which Condition 1 is based. Therefore, there is an additional
implicit margin in the fuel cladding temperatures incorporated in the short term operations by the
use ofthe FSAR heat load limits herein.

An axisymmetric FLUENT thennal model of an MPC inside a HI-TRAC transfer cask was
developed to evaluate temperature distributions for onsite transpOli conditions. A bounding steady
state analysis ofthe HI-TRAC transfer cask has been pelfonned using the hottest MPC, the highest
decay heat loadfor which SCS is not required, and design-basis insolationJevels. While the duration
ofonsite transport maybe short enough to preclude the MPC and HI-TRAC from obtaining a steady
state, a steady-state analysis is conservative.

A converged temperature contour plot is provided in Figure 4.5.2. Maximum fuel clad temperatures
are listed in TableA.5.4, which also summarizes maximum calculated temperatures in different parts
ofthe HI-TRAC transfer cask and MPC. As described in Subsection 4.4.4.1, the FLUENT calculated
peak temperature in Table 4.5.4 is actually the peak pellet centerline temperature, which bounds the
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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 4.5.4 are based on the HI-TRAC cask at the
maximum heat load that can be handled in HI-TRAC without needing the Supplemental Cooling
System (see table above), passively rejecting heat by natural convection and radiation to a hot
ambient enviromnent at 100°F in still air in a vertical orientation. In this orientation, there is apt to
be less 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 ffi-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 thennal modeL The peak cladding temperature computed under these adverse
Ultimate Heat Sink (URS) assumptions is 872°F which is substantially lower than the temperature
limit of 1058°F for moderate bumup fuel (MBF). Consequently, cladding integrity assurance is
provided by large safety margins (in excess of 100°F) during onsite transfer of an MPC containing
MBF 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 ofconvective 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 them1al resistance. The peak cladding temperature computed for
this scenario (1025°F) is below the short-term limit of 1058°F.

For high burnup fuel (HBF), however, the maximum computed fuel cladding temperature reported in
Table 4.5.4 is significantly greater than the temperature limit of752°F for HBF. Consequently, it is
necessary to utilize the SCS described at the beginning ofthis section and in Appendix 2.C during
onsite transfer ofan MPC containing HBF emplaced in a HI-TRAC transfer cask. As stated earlier,
the exact design and operation afthe SCS is necessarily site-specific. The design is required to
satisfy the specifications and operational requirements ofAppendix 2.C to ensure compliance with
ISO-II [4.1.4] temperature limits.

As discussed in Subsection 4.5.4, MPC fuel unloading operations are perfonned with the MPC
inside the HI-TRAC cask. For this operation, a helium cooldown system is engaged to the MPC
via lid access pOliS 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 mamler 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 4.5.4 will remain bounding during fuel unloading
operations.
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4.5.5.2 Moisture Removal Limits and Requirements

Vacuum Dlying (VD) is pennittedfor MBF under certain conditions. If these conditions are not
met, or if the MPC also contains HBF, then the FHD must be usedfor moisture removal. The
requirements and limits are listed in the following table:

Condition Fuel in MPC HI-TRA C Annulus MPC Heat Load Moisture
Cooling (kW) Removal Method

Requirement

1 AllMBF Standing Water
MPC-24: ~ 20.88

VD*
MPC-24E: N/A **
MPC-32: N/A **

MPC-68: < 21.52

2 AllMBF Circulating Water -::;'28.74*** VD*

3 AllMBF None > 28.74 FHD

4 One or more None Any FHD
HBF

*The FHD dlying method is also acceptable under the Condition 1 and Condition 2 heat loads,
in which case HI-TRA C annulus cooling is not required.

** These MPC types cannot be vacuum dried with standing water. Circulating water (Condition
2) is requiredfor these types.

*** Vacuum dryingfor MPC heatloads greater than 23 kWis limited to 40 hours.

Condition 3 mandates the use ofthe FHD at higher heat 10adsforMBF drying. This will assure
that cladding temperature limits are met at these higher heat loads (See Paragraph 4.5.3.2).

As stated in Subsection 4.5.3.1, above, an axisymmetric FLUENT thelma1 model of the MPC is
developed for the vacuum condition. For the MPC-24E and MPC-32 designs, and for the higher
heat load ranges in the MPC-24 and MPC-68 designs, the model also includes an isotropic fuel
basket thermal conductivity. Each MPC is analyzed at the maximum heat loadfor which vacuum
dlying is permitted. The steady-state peak cladding results, with partial recognition for higher
axial heat dissipation where included, are summarized in Table 4.5.5. The peak fuel clad
temperatures for moderate bumup fuel during short-term vacuum drying operations with design
basis maximum heat loads are calculated to be less than 1058°F for ail M-PC baskets by a
significant margin.
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4.5.6 Maximum Internal Pressure

Afterfifelloading and vacuum dlying, but prior to installing the lvIPC closure ring, the MPC is
initiallyfilled with helium. During handling and on-site transfer operations in the HI-TRA C transfer
cask, the gas temperature will correspond to the thermal conditions within the JvJPc. Based on the
calculations described in Subsection 4.5.5.1 thatyield conservative temperatures, the MPC intemal
pressure is detennined for normal onsite transport conditions, as well as off-nonnal conditions of a
postulated accidental release offission product gases caused by fuel rod rupture. Based on NUREG
1536 [4.4.1] recommended fission gases release fraction data, net free volume and initial fill gas
pressure, the bounding maximum gas pressures with 1% and 10% rod rupture are given in Table
4.5.6. The MPC gas pressures listed in Table 4.5.6, basedon a lower than prescribedhelium backfill
level, are all below the MPC design internal pressure listed in Table 2.2.1.

As stated in Section 4.5.5.1, the gas temperature in the JvJPC at any given heat load will be less than
that computed using the consen/ative model described in this section which credits approximately
30% less helium than thatprescribed. In accordance with the ideal gas law, the gas pressure rises in
direct proportion to the increase in the average temperature of the MPC cavity fi-om ambient
temperature up to operating conditions. A lesser rise in temperature (due to increased thermosiphon
action under actual helium baclifill requirements) will result in a corresponding smaller rise in gas
pressure. An approximately 40% increase in the initial gas pressure based on actual backfill
requirements compared to analyzed baclifill quantities, therefore, is mitigated by a smaller rise in
the gas pressure. Noting that the gas pressure in the analyzed condition (see Table 4.5.6 and
discussion in preceding paragraph) had over 100% margin against the analyzed maximum
permissible pressure (200 psigper Table 2.2.1) the maximum pressure in the JvJPC is guaranteed to
remain below 200 psigand thus the physical integrity ofthe confinement boundmy is assured.
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Table 4.5.1

EFFECTIVE RADIAL THERMAL CONDUCTIVITY OF THE WATER JACKET

Temperature (OF) Thermal Conductivity

(Btu/ft-hr-OF)

200 1.376

450 1.408

700 1.411

Table 4.5.2

HI-TRAC TRANSFER CASK LOWERBOUND
WEIGHTS AND THERMAL INERTIAS

Component Weight (Ibs) Heat Capacity Thermal Inertia
(Btullb- OF) (Btu/oF)

Water Jacket 7,000 1.0 7,000

Lead 52,000 0.031 1,612

Carbon Steel 40,000 0.1 4,000

Alloy-XMPC (empty) 39,000 0.12 4,680

Fuel 40,000 0.056 2,240

lvlPC Cavity Water* 6,500 1.0 6,500

26,032 (Total)

* Conservative lower bound water mass.
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Table 4.5.3

MAXIMUM ALLOWABLE TIME FOR WET
TRANSFER OPERATIONS

Initial Temperature (OF) Time Duration (hr)

115 19.4

120 18.4

125 17.4

130 16.4

135 15.4

140 14.4

145 13.4

150 12.4
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Table 4.5.4

HI-TRAC TRANSFER CASK STEADY-STATE
MAXIMUM TEMPERATURES

Component Temperature [OF]

Fuel Cladding 872\

MPC Basket 852

Basket Periphery 600

MPC Outer Shell Surface 455

HI-TRAC Imler Shell Inner Surface 322

Water Jacket Ilmer Surface 314

Enclosure Shell Outer Surface 224

Water Jacket Bulk Water 258

Axial Neutron Shield2 258

Table 4.5.5

PEAK CLADDING TEMPERATURE IN VACUUM3

(MODERATE BURNUP FUEL ONLY)

MPC Lower Decay Heat Load Higher Decay Heat Load
Ran2e Temperatures (OF) Range Temperature (OF)

MPC-24 827 960
MPC-68 822 1014
MPC-32 n/a 1040

MPC-24E n/a 942

This calculated value exceeds the allowable limit for high-burnup fuel. A Supplemental Cooling System that
satisfies the criteria in Appendix 2.C shall be used to comply with applicable temperature limits when an MPC
contains one or more high burnup fuel assemblies or exceeds a threshold heat load (see Section 4.5.5.1).

2 Local neutron shield section temperature.
3 Steady state temperatures at the MPC design maximum heat load reported.
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Table 4.5.6

SUMMARY OF MPC CONFINEMENT BOUNDARY PRESSURESt FOR
NORMAL HANDLING AND ONSITE TRANSPORT

Condition Pressure (psig)

MPC-24:

Assumed initial backfill (at 70°F) 31.3

Nonnal condition 76.0

With 1% rod rupture 76.8

With 10% rod rupture 83.7

MPC-68:

Assumed initial backfill (at 70°F) 31.3

Nonnal condition 76.0

With 1% rods rupture 76.5

With 10% rod rupture 80.6

MPC-32:

Assumed initial backfill (at 70°F) 31.3

NOffi1al condition 76.0

With 1% rods rupture 77.1

With 10% rod rupture 86.7

MPC-24E:

Assumed initial backfill (at 70°F) 31.3

NOffi1al condition 76.0

With 1% rods rupture 76.8

With 10% rod rupture 83.7

Includes gas from BPRA rods for PWR MPCs
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4.6 OFF-NORlYIAL AND ACCIDENT EVENTSl

In accordance with NUREG 1536 the HI-STORM 100 System is evaluatedfor the effects ofoff
normal and accident events. The design basis o.ff-normal andaccident events are defined in Chapter
2. For each event, the cause ofthe event, means ofdetection, consequences, and corrective actions
are discussed and evaluated in Chapter 11. To support the Chapter 11 evaluations, thermal analyses
oflimiting o.ff-normal and accident events are provided in the following.

To ensure a bounding evaluation for the array offuel storage configurations permitted in Section
2.1; a limiting storage condition is evaluated in this section. The limiting storage condition is
previously determined in the Section 4.5 and adopted herein for all o.ff-normal and accident
evaluations.

4.6.1 Off-Normal Events

4.6.1.1 Off-Normal Pressure

This event is defined as a combination of(a) maximum helium backfillpressure (Table 4.4.12), (b)
10% fitel rods rupture, and (c) limiting fitel storage configuration. The principal objective ofthe
analysis is to demonstrate that the MPC o.ff-normal design pressure (Table 2.2.1) is not exceeded.
The MPC off-normalpressures are reported in Table 4.4.9. The resull is confirmed to be below the
o.ff-normal design pressure (Table 2.2.1).

4.6.1.2 Off-Normal Environmental Temperature

This event is defined by a time averaged ambient temperature of100°F for a 3-day period (Table
2.2.2). The results ofthis event (maximum temperatures andpressures) are provided in Table 4.6.1
and 4. 6.2. The results are below the o.ff-normal condition temperature andpressure limits (Tables
2.2.1 and 2.2.3).

4.6.1.3 Partial Blockage orAir Inlets

The HI-STORM 100 System is designed with debris screens installed on the inlet and outlet
openings. These screens ensure the airpassages are protectedfi-om ent1y and blockage byforeign
objects. As required by the design criteria presented in Chapter 2, it is postulated that the HI
STORM air inlet vents are 50% blocked. The resulting decrease inflow area increases theflow
resistance of the inlet ducts. The effect of the increased flow resistance on fitel temperature is
analyzedfor the normal ambient temperature (Table 2.2.2) anda limitingfitel storage configuration.
The computed temperatures are reported in Table 4.6.1 and the corresponding MPC internal

1 A new standalone Section 4.6 is added in CoC Amendment 3 to address thermal analysis ofoff-normal
and accident events. The results are evaluated in Chapter 11.
2 Pressures relative to 1 atm absolute pressure (i.e. gauge pressures) are reported throughout this
section.
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pressure in Table 4.6.2. The results are confirmed to be below the temperature limits (Table 2.2.3)
andpressure limit (Table 2.2.1) for off-normal conditions.

4.6.2 Accident Events

4.6.2.1 Fire Accidents

Although the probability of a fire accident affecting a HI-STORM 100 System during storage
operations is low due to the lack ofcombustible materials at an ISFSL a conservativefire event has
been assumed and analyzed. The only credible concern is a fire fi-om an on-site transport vehicle
filel tank. Under a postulatedfilel tankfire, the outer layers ofHI-TRA C or HI-STORM overpacks
are heatedfor the duration offire by the incident thermal radiation andforced convection heat
fluxes. The amount offilel in the on-site transporter is limited to a volume of50 gallons.

(a) HI-STORMFire

Thefilel tankfire is conservatively assumed to surround the HI-STORMOvelpack. Accordingly, all
exposed overpack swfaces are heated by radiation andconvection heat transferfrom thefire. Based
on NUREG-1536 and 10 CFR 71 guidelines [4. 6. 1}, thefollowingfire parameters are assumed:

1. The average emissivity coefficient must be at least 0.9. During the entire duration ofthefire,
the painted outer swfaces ofthe overpack are assumed to remain intact, with an emissivity
of0.85. It is conservative to assume that the flame emissivity is 1.0, the limiting maximum
value corresponding to a peifect blackbody emitter. With aflame emissivity conservatively
assumedto be 1.0 and apaintedsurface emissivity of0.85, the effective emissivity coefficient
is 0.85. Because the minimum required value of0.9 is greater than the actual value of0.85,
use ofan average emissivity coefficient of0.9 is conservative.

2. The average flame temperature mllst be at least 1475 P (800OC). Open poolfires typically
involve the entrainment of large amounts of air, resulting in lower average flame
temperatures. Additionally, the same temperature is applied to all exposed cask swfaces,
which is velJl conservative considering the size of the HI-STORM cask. It is therefore
conservative to use the1475 P (800°C) temperature.

3. Thefilel source must extendhorizontally at least 1 m (40 in), but may not extendmore than 3
m (1 Oft), beyond the external suiface ofthe cask. Use ofthe minimum ring width of1 meter
yields a deeper pool for a fixed quantity of combustible filel, thereby consenlatively
maximizing the fire duration.

4. The convection coefficient must be that value which may be den70nstrated to exist ifthe cask
were exposed to the fire specified. Based upon results of large pool fire thermal
measurements [4.6.2}, a conservative forced convection heat transfer coefficient of 4.5
Btu/(hr>1lxP) is applied to exposed ovelpack suifaces during the short-duration fire.
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Based on the 50 gallonfuel volume, the overpack outer diameter and the 1 mfilel ring width [4.6.1],
thefilel ring surrounding the overpack covers 147.6ft2 and has a depth of0.54 in. From this depth
and a constant .filel consumption rate of 0.15 in/min, the .fire duration is calculated to be 3.62
minutes. The filel consumption rate of0.15 in/min is a lowerbound value from a Sandia National
Laboratories report [4.6.2]. Use ofa lowerboundfuel consumption rate conservatively maximizes
the duration ofthe fire.

To evaluate the impact offire heating ofthe HI-STORMovelpack, a thermal model ofthe overpack
cylinder was constructed using the ANSYS computer code. The initial temperature ofthe ovelpack
was conservatively assumed to be the maximum temperaturefield during storage (Table 4.4.7).. In
this model the outer swjace and top swjace ofthe overpack were subjectedfor the duration offire
(3.62 minutes) to thefire conditions defined in this subsection. In the post-fire phase, the ambient
conditions preceding the fire were restored. The transient study was conductedfor a period of5
hours, which is sufficient to allow temperatures in the overpack to reach their maximum values and
begin to recede.

Due to the severity ofthefire condition radiative heatflux, heatflux from incident solar radiation is
negligible and is not included. Furthermore, the smokeplumefrom thefire would block most ofthe
solar radiation. It is recognized that the ventilation air in contact with the inner surface ofthe HI
STORMOverpack with design-basis decay heat and normal ambient temperature conditions varies
between 80 DE' at the bottom and 220 DE' at the top ofthe ovelpack. It is filrther recognized that the
inlet and outlet ducts occupya minisculefraction ofarea ofthe cylindrical suiface ofthe massive
HI-STORM Overpack. Due to the short duration ofthe fire event and the relative isolation ofthe
ventilationpassagesfrom the outside environment, the ventilation air is expected to experience little
intrusion ofthe fire combustion products.As a result ofthese considerations, it is conservative to
assume that the air in the HI-STORM Ovelpack ventilation passages is held constant at a
substantially elevated temperature (300 OF) during the entire duration ofthe fire event.

The thermal transient response ofthe storage overpack is determined using the ANSYSfinite element
program. Time-historiesfor points in the storage ovelpack are monitoredfor the duration ofthefire
and the subsequent post-fire equilibrium phase.

Heat input to the HI-STORM Ovelpack while it is subjected to thefire is from a combination ofan
incident radiation and convective heatfluxes to all external surfaces. This can be expressed by the
follmving equation:

where:
7

qF =Surface Heat Input Flux (Btu/fr -hr)
hj'c = Forced Convection Heat Transfer Coefficient (4.5 Btu/fl-hr-OF)
(J" = Stefan-Boltzmann Constant
TA = Fire Temperature (1475°F)
C= Conversion Constant (460 (F to oR))
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Ts = Sw1ace Temperature ('F)
c = Average Emissivity (0.90 per 10 CFR 71.73)

The forced convection heat transfer coefficient is based on the results oflarge pool fire thermal
measurements [4.6.2].

After thefire event, the ambient temperature is restored and the storage overpack cools down (post
fire temperature relaxation). Heat 10ss1rom the outer sUJ1aces ofthe storage overpack is determined
by the following equation:

qs = 11s (Ts -TA) + (}&[(Ts + C)4 -(TA +C/]

In thepost-fire temperature relaxation phase, h,. is obtained using literature correlationsfor natural
convection heat transfer from heated sUl1aces[4.2.9].

During thefire the ovelpack external shell temperatures are substantially elevated (~550°F) andan
outer layer ofconcrete approximately 1 inch thick reaches temperatures in excess ofshort term
temperature limit. This condition is addressedspecifically in NUREG-1536 (4.0, V,5. b), which states
that:

'The NRC accepts that concrete temperatures may exceed the temperature criteria
ofACI 349 for accidents if the temperatures result from afire."

These results demonstrate that thefire accident event analyzed in a most conservative manner is
determined to have a minor affect on the HI-STORM Ovelpack. Localized regions ofconcrete are
exposed to temperatures in excess ofaccident temperature limit. The bulk ofconcrete remains below
the short term temperature limit. The temperatures ofsteel structures are within the allowable
temperature limits.

Having evaluated the effects ofthefire on the ovelpack, }ve now evaluate the effects on the MPC and
containedfilel assemblies. Guidance for the evaluation ofthe MPC and its internals during a fire
event is provided by NUREG-1536 (4.0, V, 5.b), which states:

"For afire ofvery short duration (i.e., less than 10 percent of the thermal time
constant of the cask body), the NRC finds it acceptable to calculate the filel
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temperature increase by assuming that the cask inner wall is adiabatic. The filel
temperature increase should then be determined by dividing the decay energy
released during the fire by the thermal capacity of the basket-filel assembly
combination. "

The time constant ofthe cask body (i.e., the overpack) can be determined using theformula:

c X pxL2

T = ----=-P c

k
where:

cp = Overpack SpecificHeat Capacity (Btu/lb-oF)
p = Ovelpack Density (lb/ft3)
Le = Overpack Characteristic Length (ft)
k = Overpack Thermal Conductivity (Btu/ft-hr-OF)

The concrete contributes the majority ofthe ovelpack mass and volume, so we will use the specific
heat capacity (0.156 Btu/lb-OF), density (142 Ib/ft3) and thermal conductivity (1.05 Btu/ft-hr-OF) of
concretefor the time constant calculation. The characteristic length ofa hollow cylinder is its wall
thickness. The characteristic length for the HI-STORM Overpack is therefore 29.5 in, or
approximately 2.46ft. Substituting into the equation, the ovelpack time constant is determined as:

T= O.156x142x2.46
2

=128hrs
1.05

One-tenthofthis time constant is approximately 12.8hours (768 minutes), substantially longer than
thefire duration of3.62 minutes, so the MPC is evaluated by considering the MPC canister as an
adiabatic boundmy. The fuel temperature rise is computed next.

Table 4.5.2 lists lower-bound thermal inertia valuesfor the lvIPC and the containedfilel assemblies.
Applying a conservative upperbounddecay heat load (38 kW(I.3xI05 Btu/hr)) and adiabatic
heatingfor the 3.62 minutes fire, thefilel temperature rise computes as:

/),T ile/ = Decay heat xTime duration = 1.3 x 10
5

Btu/hr x (3.62/ 60)hr =1. 1OF
j (MPC + Fuel) heat capacities (2240 + 4680) Btu;oF

This is a velY small increase in filel temperature. Consequently, the impact on the MPC internal
helium pressure will be quite small. Based on a conservative analysis ofthe HI-STORM I 00 System
response to a hypotheticalfire event, it is concluded that thefire event does not adversely affect the
temperature of the MPC or contained filel. We conclude that the ability of the HI-STORM 100
System to cool the spent nuclearfilel within design temperature limits during and afterfire is not
compromised.
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(b) HI-TRA C Fire

The acceptability offire-accident HI-TRAC conditionfollowing a 50-gallonfuel spillfire at a co
incident decay heat load of 28.74 kW has been ascertained under the HI-STORM CoC 1014,
Amendment 2, as supported by HI-STORMFSAR Rev. 4. This fire accident evaluation is bounding
up to the HI-TRAC un-assisted cooling threshold heat load, 28.74 kW, defined in Section 4.5.5. At
greater heat loadsforced cooling ofthe MPC using the Supplemental Cooling System (SCS) defined
in Section 2.C is mandatOlY (See Subsection 4.5.5.1, Conditions 2 and 3). The SCS, sizedfor 36.9
kW heat removal capacity, will insure that the cladding temperatures will be well below the
temperatures under the threshold heat load scenario, when the SCS is not used. As such the SCS
cooled HI-TRAC pre-fire thermal condition is bounded by the threshold heat load scenario. The
principal HI-TRAC thermal loading during this accident (50-gallon fire heat input) is bounded by
the CoC 1014-2 evaluation referenced above. Therefore thefire accident consequences are likewise
bounded.

4.6.2.2 Jacket Water Loss

In this subsection, the fitel cladding and MPC boundmy integrity is evaluatedfor a postulated loss
of water from the HI-TRAC water jacket. The HI-TRAC is eqzdpped with an array of water
compartments filled with water. For a bounding analysis, all water compartments are assumed to
lose their water and be replaced with air. As an additional measure ofconservatism, the air in the
water jacket is assumed to be motionless (i.e. natura/convection neglected) and radiation heat
transfer in the waterjacket spaces ignored. The HI-TRA C is assumed to have the maximum thermal
payload (design heat load) and assumed to have reached steady state (maximum) temperatures.
Under these assumed set of adverse conditions, the maximum temperatures are computed and
reported in Table 4.6.3. The results ofjacket water loss evaluation confirm that the cladding, 1I1PC
and HI-TRAC component temperatures are below the limits prescribed in Chapter 2 (Table 2.2.3).
The co-incident MPC pressure is also computed and compared with the MPC accident design
pressure (Table 2.2.1). The result (Table 4.6.2) is confirmed to be below the limit.

4.6.2.3 Extreme Environmental Temperatures

To evaluate the effect ofextreme weatherconditions, an extreme ambient temperature (Table 2.2.2)
is postulated to persist for a 3-day period. For a conservatively bounding evaluation the extreme
temperature is assumed to lastfor a sufficient duration to allow the HI-STORM100 System to reach
steady state conditions. Because of the large mass of the HI-STORM 100 System, with its
corresponding large thermal inertia and the limited duration for the extreme· temperature, this
assumption is conservative. Starting from a baseline condition evaluated in Section 4.4 (normal
ambient temperature and limitingfitel storage configuration) the temperatures ofthe HI-STORM
100 System are conservatively assumed to rise by the difference between the extreme and normal
ambient temperatures (45°F). The HI-STORM extreme ambient temperatures computed in this
manner are reported in Table 4.6.4. The co-incident 1I1PCpressure is also computed (Table 4.6.2)
and compared with the accident design pressure (Table 2.2.1). The result is confirmed to be below
the accident limit.
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4.6.2.4 100% Blockage orAir Inlets

This event is defined as a complete blockage ofallfour bottom inlets. The immediate consequence of
a complete blockage ofthe air inlets is that the normal circulation ofair for cooling the MPC is
stopped. An amount ofheat will continue to be removed by localized air circulation patterns in the
ove1pack annulus and outlet ducts, and the MPC will continue to radiate heat to the relatively
cooler storage ove1pack. As the temperatures of the MPC and its contents rise, the rate ofheat
rejection will increase correspondingly. Under this condition, the temperatures ofthe ovelpack, the
MPC and the storedfilel assemblies will rise as ajll11ction oftime.

As a result of the considerable inertia of the storage ovelpack, a significant temperature rise is
possible if the inlets are substantially blockedfor extended durations. This accident condition is,
however, a short duration event that is identified and corrected through scheduled periodic
surveillance. Nevertheless, this event is conservatively analyzed assuming a substantial duration of
blockage. The event is analyzed using the FL UENT CFD code. The HI-STORMthermal model is the
same 3-Dimensional model constructedfor normal storage conditions (see Section 4.4) exceptfor
the bottom inlet ducts, which are assumed to be impervious to air. Using this model, a transient
thermal solution ofthe HI-STORM100 System startingfrom normal storage conditions is obtained.
The results ofthe blockedducts transient analysis are presented in Table 4.6.5 and confirmed to be
below the accident temperature limits (Table 2.2.3). The co-incident MPCpressure is also computed
and comparedwith the accident design pressure (Table 2.2.1). The result (Table 4.6.2) is confirmed
to be below the limit.

4.6.2.5 Burial Under Debris

Burial ofthe HI-STORM 100 System under debris is not a credible accident. During storage at the
ISFSI there are no structures over the casks. Minimum regulat01Y distances from the ISFSI to the
nearest ISFSIsecurityfence precludes the closeproximity ofsubstantial amount ofvegetation. There
is no credible mechanismfor the HI-STORM100 System to become completely buried under debris.
However, for conservatism, complete burial under debris is considered.

To demonstrate the inherent safety ofthe HI-STORM100 System, a bounding analysis that considers
the debris to act as a perfect insulator is considered. Under this scenario, the contents ofthe HI
STORM 100 System will undergo a transient heat up under adiabatic conditions. The minimum
available time (L1 r) for the filel cladding to reach the accident limit depends on the following: (i)
thermal inertia ofthe cask, (ii) the cask initial conditions, (iii) the spent nuclear filel decay heat
generation and (iv) the margin between the initial cladding temperature and the accident
temperature limit. To obtain a lowerbound on Ltr; the HI-STORM 100 Ovelpack thermal inertia
(item i) is understated, the cask initial temperature (item if) is maximized, decay heat overstated
(item iii) and the cladding temperature margin (item iv) is understated. A set of conservatively
postulated input parameters for items (i) through (iv) are summarized in Table 4.6.6. Using these
parameters L1 r is computed as follows:
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mxc xl'1T
I'1T= p

Q
where:

L1 T = Allowable burial time (hI')
m = Mass ofHI-STORM System (lb)
cp = Specific heat capacity (Btullb-OF)
L1T = Permissible temperature rise (F)
Q = Decay heat load (Btu/hr)

Substituting the parameters in Table 4.6.6, a substantial burial time (34.6 hI's) is obtained. The co
incident MPC pressure is also computed and compared with the accidentdesign pressure (Table
2.2.1). The result (Table 4.6.2) is confirmed to be below the limit.
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Table 4.6.1

OFF-NORMAL CONDITION MAXIMUM

HI-STORM TKMPERATUREsJ

Off-Normal Ambient Partial Inlet Ducts Blockage

Location4 Temperature5 (F)
(F)

Fuel Cladding 731 725 I
MPCBasket 728 721 I
MPC Shell 489 478 I
Ovelpack Inner Shell 342 339 I
Lid Concrete Bottom Plate 322 321 I
Lid Concrete Section 266 260

ITemperature

Table 4.6.2

OFF-NORMAL AND ACCIDENT CONDITION MAXIMUM MPC PRESSURES

Condition Pressure

(psig)

O.ffNormal Conditions I
O.ffNormal Ambient lOlA I

Partial Blockage ofInlet Ducts 100.4 I
Accident Conditions I

Extreme Ambient Temperature 104.4 I
100% Blockage ofAir Inlets 118.1 I

Burial Under Debris 134.8 I
HI-TRAC Jacket Water Loss 112.2 I

3 The temperatures reported in this table are below the off-normal temperature limits specified in Chapter

2, Table 2.2.3.
4 Temperatures oflimiting components reported.
5 Obtained by adding the off-normal-to-normal ambient temperature difference of200F (lJ.re) to
normal

condition HI-STORM temperatures reported in Section 4.4.
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Table 4.6.3

HI-TRAC JA CKET WATER LOSS ACCIDENT MAXIMUlvJ
TElvJPERATURES

Component Temperature (F) I
Fuel Claddin,f!. 824 I
lvfPC Basket 820 I
lvJPC Shell 526 I
HI-TRA C Inner Shell 463 I
HI-TRAC Enclosure Shell 281 I

Table 4.6.4

EXTRElvJE ENVIRONMENTAL CONDITION MAXIMUM

HI-STORlIt TEMPERATURES

Component Temperature6

I(F)
Fuel Claddin~ 756 I
MPC Basket 753 I
MPC Shell 514 I
Overpack Inner Shell 367 I
Lid Concrete Bottom Plate 347 I
Lid Concrete Section Temperature 291 I

6 Obtained by adding the extreme ambient to normal temperature difference (45°P) to normal condition
temperatures reported in Section 4.4.
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Table 4.6.5

32-HOURS BLOCKED INLET
DUCTS lvIAXIMUMHI-STORM TElvIPERATURES

Com onenl
Fuel Cladding
lvIPC Basket
MPCShell
Over ack Inner Shell
Lid Concrete Bottom Plate
Lid Concrete Section
Tem erature

Tem
890
884
583
480
433
328

2 hI's fF)

Table 4.6.6

SUlvJMARY OF INPUTS FOR BURIAL UNDER DEBRIS ANALYSIS

Thermal Inertia Inputs:

M (Lowerbound HI-STORM 100 Weight) 150000lb

Cp (Carbon steel heat capacity/ 0.1 Btullb-OF

Cask initial temperature8 728P I
Q(Decay heat) 1.3x105 Btulhr I
LIT (clad temperature marginf 300°F I

7 Carbon steel has the lowest heat capacity among the principal materials employed in MPC and
ove/pack

construction (carbon steel, stainless steel and concrete).
8 Conservatively overstated.

9 The clad temperature margin is conservatively understated in this table.
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Table 4.6.7

[Intentionally Deleted]
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4.7 REGULATORY COlvfPLIANCE

4.7.1 Normal Conditions ofStorage

NUREG-1536 [4.4.1J and ISG-11 [4.1.4J define several thermal acceptance criteria that must be
applied to evaluations ofnormal conditions ofstorage. These items are addressed in Sections 4.1
through 4.4. Each ofthe pertinent criteria and the conclusion ofthe evaluations are summarized
here.

As required by ISG-11 [4.1.4J, thefilel cladding temperature at the beginning ofdry cask storage is
maintained below the anticipated damage-threshold temperatures for normal conditions for the
licensed life of the HI-STORM System. Maximum clad temperatures for long-term storage
conditions are reported in Section 4.4.

As required by NUREG-1536 (4.0,IV,3), the maximum internalpressure ofthe cask remains within
its design pressurefor normal, off-normal. and accident conditions, assuming rupture of1percent,
10 percent, and 100 percent ofthe filel rods, respectively. Assumptions for pressure calculations
include release of100 percent ofthe fill gas and 30 percent ofthe significant radioactive gases in
the filel rods. Maximum internal pressures are reported in Sections 4.4, 4.5 and 4.6 for normal,
short term operations, and off-normal & accident conditions. Design pressures are summarized in
Table 2.2.1.

As required by NUREG-1536 (4.0,IV,4), all cask andfilel materials are maintained within their
minimum and maximum temperature for normal and off-normal conditions in order to enable
components to pelform their intended safetyfil11ctions. lvlaximwn and minimum temperatures for
long-term storage conditions are reported in Section 4.4. 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 ofcladding
breach during long-term storage. For long-term normal conditions,the maximum CSF cladding
temperature is below the ISG-11 [4.1.4J limit of400 CC (752 'F).

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 requiredby NUREG-1536 (4. O,IV, 8), the thermalpelformance ofthe cask is within the allowable
design criteria specified in FSAR Chapters 2 and 3 for normal conditions. All thermal results
reported in Section 4.4 are within the design criteria allowable rangesfor all normal conditions of
storage.
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4.7.2 Short Term Operations

Evaluation ofshort term operations is presented in Section 4.5. This section establishes complete
compliance with the provisions ofISG-11 [4.1.4]. In particular, the ISG-11 requirement to ensure
that maximum cladding temperatures under all filel loading and short term operations be below
400°C (752 OF) for high burnup filel and below 570 OC (1058 P) for moderate burnup filel is
demonstrated as stated below.

Specifically as required by ISG-11, thefilel cladding temperature is maintainedbelow the applicable
limits for HBF and MBF (Table 4.3.1) during short term operations.

As required by NUREG-1536 (4.0,IV,3), the maximum internalpressure ofthe cask remains within
its design pressure for normal and off-normal conditions, assuming rupture of1 percent and 10
percent ofthefitel rods, respectively. Assumptionsfor pressure calculations include release of100
percent ofthe fill gas and 30 percent ofthe significant radioactive gases in the fuel rods.

As required by NUREG-1536 (4.0,IV, 4), all cask andfilel materials are maintained within their
minimum and maximum temperaturefor all short term operations in order to enable components to
peljorm their intended safety fimctions.

As required byNUREG-1536 (4.0,IV,8), the thermalpelformance ofthe cask is within the allowable
design criteria specified in FSAR Chapters 2 and 3 for all short term operations.
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