CHAPTER 4 THERMAL EVALUATION

40 INTRODUCTION

The HI-STAR 100 System is designed for the long-term storage of spent nuclear fuel (SNF) in a
vertical position. An array of HI-STAR 100 Systems regularly spaced on a square pitch will be
stored on a concrete ISFSI pad in an open environment. In this section, compliance of the HI-
STAR 100 thermal performance to 10CFR72 requirements for storage under normal conditions
. 1s established. The analysis considers passive rejection of decay heat from the stored SNF
assemblies to the environment under the most severe design basis ambient conditions. Effects
due to incident solar radiation as well as partial radiation blockage due to the presence ol '
neighboring casks at an ISFSI site are mcluded in the analyses. :

The guidelines presented in NUREG-1536 [4.1. 3] include eight specific acc'epta'me'critel ia that
should be fulfilled by the cask thermal design. These eight criteria are summanzed here as.
follows: '

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

2. The fuel cladding temperature should generally be maintained below 570°C
(1058"F) for short-ter m accident, short-term off-normal, and fuel transfer
conditions.

© 3. 'The maximum internal pressure of the cask should remain wrthm its desrun
pressures for normal (1% rod rupture); off—normal ( 10% rod rupture) and
accident ( 100% rod rupuue) condmons -
4 The cask and fuel materials should be maintained within their minimum and
. maximum temperature criteria for normal off- nomml and accrdem condmons

5. “For luel qssembhes proposed for storage, the cask system should ensure a very
low probabrlrty of chddmn breach durmu long-term storage: :

6. Fuel claddm" dam'we resultmﬂ from creep cavitation should be lmmed to h% of =
the Ol‘l"ll'ldl ledduw cross sectional area. : SR

7. The cask system should be passively cooled.

8. The thermal performance of the cask should be within the allowable design
criteria specified in FSAR Chapters 2 and 3 for normal, off-normal, and accident
conditions.
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As demonstrated in this chapter (see Section 4.5), the HI-STAR 100 System is designed to
comply with all eight criteria listed above. All thermal analyses to evaluate the normal condition
performance of a HI-STAR 100 System are described in Section 4.4. All analyses for off-normal
conditions are described in Section I1.1. All analyses for accident conditions are described in
Section 11.2. Section 4.2 lists the material properties data required to perform the thermal
analyses and Section 4.3 provides the applicable temperature limits criteria required to
demonstrate the adequacy of the HI-STAR 100 System design under all conditions. This FSAR
chapter 1s in full compliance with NUREG-1536 requirements, subject to the exceptions and -
clarifications discussed in Chapter 1, Table 1.0.3.-
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4.1 DISCUSSION

A sectional view of the HI-STAR 100 dry storage system has been presented earlier (see Figure
1.2.1). The system consists of an MPC loaded into an overpack with a bolted closure plate. The
fuel assemblies reside inside the MPC which is sealed with a welded lid to form the confinement
boundary. The MPC contains a stainless steel honeycomb basket structure which provides
square-shaped fuel compartments (called boxes) of appropriate dimensions to facilitate insertion
of fuel assemblies prior to welding of the lid. Each box panel (except the periphery panels of the
MP(C-68) is provided with Boral thermal neutron absorber sandwiched between a sheathing plate

and the box panel along the entire length of the active fuel region. Prior to sealing the lid, the.
~ MPC is backfilled with helium up to the design basis initial loading (Table 1.2.2). This provides
a stable and inert environment for long-term storage of the SNF. Additionally, the annular gap
formed between the MPC and the overpack is backfilled with helium of the same quality before
the overpack vent and drain port plugs are installed. Heat is transferred from the SNF in a HI-
“STAR 100 System to the environment by passive heat transport mechanisms only.

~ The helium backfill gas is an integral part of the MPC and overpack thermal designs. The helium
fills all the spaces between solid components and provides an improved conduction medium
(compared to air) for dissipating decay heat in the MPC. Additionally, helium in the spaces
between the fuel basket and the MPC shell is heated differentially and, therefore, subject to the
"Rayleigh" effect which is discussed in detail later. To ensure that the helium gas is retained and
is not diluted by lower conductivity air, the MPC confinement boundary is designed to comply
with the provisions of the ASME B&PV Code Section 11, Subsection NB, as an all-seal-welded
pressure vessel with redundant closures. Similarly, the overpack helium retention boundary is
designed as an ASME B&PV Code Section ITI, Subsection NB pressure vessel. Both the MPC
confinement boundary “and "the overpack helium retention boundary are required to meet’
- maximum leakage rate Technical Specifications. included in Chapter 12 of this FSAR. These
leakage rate criteria are selected to ensure the presence of helium during the entire storage life. It
is additionally demonstrated in Section 11.1.3 that the failure of one confinement boundary seal,

a severe off-normal event, will not result in a breach of the confinement boundary. The. hehum L

- gasis therefore retamed and undlluted and may be Lredlted in the thermal analyses

-An important fthermal “design criterion imposed On-the HI-STAR' 100 System isvto limit the
maximum fuel cladding temperature to within design basis limits (Table 2.2.3) for long-term
storage of design basis fuel assemblies. An equally important design criterion is to reduce
. temperature gradients. within the MPC to minimize thermal stresses. In order to meet these
design objectives, the HI-STAR 100 MPC basket is’ designed to possess certain distinctive

‘characteristics, which are summarized in the following.

The MPC design minimizes resistance to heat transfer within the basket and basket periphery
regions. This is ensured by an uninterrupted panel-to-panel connectivity realized in the all-
welded honeycomb basket structure. Furthermore, the MPC design incorporates top and bottom
plena with interconnected downcomer paths. The top plenum is formed by the gap between the
bottom of the MPC lid and the top of the honeycomb fuel basket, and by elongated semicircular
holes in each basket cell wall. The bottom plenum is formed by large elongated semicircular
holes at the base of all cell walls. The MPC basket is designed to eliminate structural
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discontinuities (i.e., gaps) which introduce large thermal resistances to heat flow. Consequently,
temperature gradients are minimized in the design, which results in lower thermal stresses within
the basket. Low thermal stresses are also ensured by an MPC design which permits unrestrained
axial and radial growth of the basket to eliminate the possibility of thermally induced stresses
due to restraint of free-end expansion.

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

- The helium columns traverse the vertical storage cavity spaces; redistributing heat within the
MPC. Elongated holes in the bottom of the cell walls, liberal flow space and elongated holes at
the. top, and wide open downcomers along the outer periphery of the basket ensure a smooth

_helium flow regime. The most conspicuo(xsbeneﬁcial effect of the helium thermosiphon
circulation, as discussed above, is the mitigation of internal thermal ‘stresses in the MPC.
Another beneficial effect is reduction of the peak fuel cladding temperatures of the fuel

assemblies located in the interior of the basket. However, in the interest of conservatism, /10

. credit for the thermosiphon action is taken in the thermal analysis reported in this chapter. To

~ partially compensate for the reduction in the computed heat rejection - capability due to the
‘complete neglect of the global thermosiphon action within the MPC, flexible heat conductlon

_ elements made of aluminum are interposed in the large peripheral spaces between the MPC shell

" and the fuel basket. These heat.conduction elements, shown in the MPC Drawings in Section 1.5,
are engineered to possess lateral flexibility such that they can be mstalled in the perlpheral

spaces to create a nonstructural thermal connection between the basket and the MPC shell. In

- their installed condition, the heat conduction elements will conform to and contact the MPC shell
‘and the basket walls. MPC manufacturing procedures have been established to ensure that the

thermal design objectives for lhe conduction elements set forth i in this document are 1eahzed n

- the actual hardware ' '

Two dlstmct MPC basket geometries are included in the HI- STAR 100 System for storage of
PWR and BWR SNF assemblies. For intact PWR fuel storage, a 24-assembly design is deplcted
in Figure 1.2.4. A 68-assembly design for storage of intact or damaged BWR fuel is shown in
Figure 1.2.2. Damaged BWR fuel and fuel debris must comply with design basis characteristics
listed in Table 2.1.7 to allow storage in the MPC-68 and MPC-68F, respectively. Each basket
design must comply with the applicable temperature limits for normal, off-normal and accident
conditions under the imposed heat generation loads from stored fuel assemblies.

The design basis intact PWR and BWR decay heat per assembly and the MPC total decay heat
load for the two basket configurations (i.e., MPC-24, and MPC-68) are stated in Tables 2.1.6 and
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1.2.2, respectively. Table 2.1.7 lists the design basis thermal requirements for damaged fuel
assemblies. Table 2.1.11 lists the design basis thermal requirements for stainless steel clad fuel
assemblies for storage in the MPC-24 or MPC-68. The HI-STAR 100 System consisting of the
overpack and MPCs under normal storage conditions at an ISFSI pad is conservatively analyzed
for the limiting design basis heat loads.

Thermal analysis of the HI-STAR 100 System is based on including all three fundamental modes
of heat transfer: conduction, natural convection and radiation. Different combinations of these
modes are active in different regions of the system. These modes are properly identified and
conservatively analyzed within each region of the MPC and overpack to enable bounduw
calculatlons of the temperature dlS'[I'lbuthl‘l within the HI-STAR 100 System

On the outside surface of the overpack, heat is dlSSlpaIed to the environment by buoyancy.
“induced convective air flow (natural convection) and thermal radiation. In the overpack internal .-
metal structure, only conductive heat transport is possible. Between metal surfaces (e.g., between
neighboring fuel rod surfaces) heat transport is due to a combination of conduction through a
" gaseous medium (helium) and thermal radiation. The heat transfer between the fuel basket
external surface and the MPC shell's inner surface is further influenced by the so-called
"Rayleigh" effect. However, in the interest of conservatism, the most potent heat transport
mechanism, the buoyancy induced thermosiphon which occurs within theé MPC basket (aided by
the MPC design which provides low pressure drop helium flow recirculation loops fonned by the
fuel cells, top plenum, downcomers and bottom plenum) is neLlected

' The total heat generation in each assembly is non-uniformly distributed over the active fuel
‘length to account for the design basis fuel bumup distribution listed in Chapter 2 (Table 2.1.8).

- As discussed later in this chapter (Subsection 4.4.6), an array of conservative assumptions bias
the results of the thermal analysis towards .much reduced computed margins. than would be
obtamed by a rigorous analysis of the problem

The complete thermal analySIS is performed using the mdustry standard AI\SYS finite eiemem
modeling package [4.1.1] and the finite volume Computational Fluid Dynamics (C FD) code
FLUENT [4.1.2]. ANSYS has been prevnousl) used and accepted by the NRC on numierous =
dockets [4:1.3,4.V.5.a]. The FLUENT CFD program is mdependently benchmarked and
validated with a wide class of theoretical and experimental studies reported in the technical
.;Oumals Additionally, Holtec has confirmed the code's capability to reliably predict temperature .
~ fields in dry storage applications using mdependent full-scale test data from a loaded cask
- [4.1.4]. This study concluded that FLUENT can be used to model all modes of heat transfer,
‘namely, conduction, convection, and radiation in dry cask systems. '
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4.2 SUMMARY OF THERMAL PROPERTIES OF MATERIALS

Materials used in the HI-STAR 100 System include stainless steels (Alloy X), carbon steels,
Holtite-A neutron shield, Boral neutron absorber, aluminum alloy 1100 heat conduction
elements, and helium. In Table 4.2.1, a summary of references used to obtain cask matenal
properties for performing all thermal dndlySLb is presented.

Thermal conductivities of the constituent Alloy X steels and the boundim. Alloy X thermal
conductivity are reported in Appendix 1.A of this report. Tables 4.2.2, 4.2.3 and 4.2.9 provide
numerical thermal conductivity data of materials at several representative temperatures. Table
'4.2.8 lists the thermal properties of Boral components (i.e., B4C core and aluminum cladding
- materials). Surface emissivity data for key materials of construction is provided in Table 4.2.4.

‘The emissivity properties of painted external cask surfaces are generally excellent. Kern [4.2.5]
-reports an emissivity range of 0.8 to 0.98 for a wide variety of paints. In the HI-STAR 100
thermal analysis, an’ emlsswnty of 0.85" is applied to external painted surfaces. A conservative .
solar absorptivity coefticient of 1.0 is applied to all exposed cask surfaces.

‘In Table 4.2.5, the heat capacity and density of different cask materials are presented. These
properties are used in performing transient (i.e., hypolhemal fire acc1dent condition) analyses.
" Table 4.2.6 provides vnscosnty data on the helium gas.

The overpack outside surface heat transfer coefficient is calculated by accounting for both
natural convection heat transfer and radiation. The natural convection coefficient depends upon
‘the product of Grashof (Gr) and Prandt! (Pr) numbers. Following the approach developed by
Jakob and Hawkins [4 2.9], the product GrxPr is e\pressed as L ATZ where L is the height of .
the cask, AT is the overpack surface-to-ambient temperature dlf’rerennal and Z is a parameter
" which depends upon air properties (which are ‘known functions of temperature) evaluated at the
average film tempexature The temperature dependence of Z fox alr IS p1 ovided in Table 427,

¥

This is conservative with respect to prior cask industry practice, which has historically

accepted higher emissivitics. For example, a higher emissivity for painted surfaces (¢ =
0.95) is uscd in the TN-32 cask TSAR (Docket 72-1021).

HI-STAR FSAR : Rev. |
REPORT HI-2012610

42-1  HI-STAR FSAR - REV. 3, May 1, 2007



SUMMARY OF HI-STAR 100 SYSTEM MATERIALS

Table 4.2.1

THERMAL PROPERTY REFERENCES

Material Emissivity Conductivity Density Heat Capacity
Helium N/A Handbook Ideal Gas Law Handbook
[4.2.2] (4.2.2
Alr N/A Handbook Ideal Gzi's Law Handbook
[4.2.2] - [4.2.2]
- Zircaloy ~ EPRI NUREG Rust[424] | Rust[4.2.4]
IR [4.2.3] [4.2.6], [4.2.7] N
U0 ~ Not Used ~ NUREG - Rust [4.2.4] Rust [4.2.4]
- [4.2.6],{4.2.7) o S
Stainless steel Kern [4:2.5] - ASME [4.2.8] Marks [4.2.1] Marks [4.2.1]

~ Carbon steel

 Kern[4.2.5]

ASME [4.2.8]

Marks [4.2.1]

Marks [4.2.1]

-+ Values

~ Aluminum Handbook ASME ASME ASME
Alloy 1100. . [4.22] [4.2.8] [4.2.8] [4.2.8]
1 (Heat Conduction ' : .
Elements) S v
. Boral' ‘Not Used Test Data - Test Data . Test Data.
H'Qltite-Aﬁ Not Used - Conservative ~ See Footnote - | See Footnote
T T o Bounding ‘ '

v

AAR Structures Boral thermophysical test data.

The Holtitc-A thcrmophysical propertics (density, p, and hcat capacity, ¢,) were sclected to
conscrvatively understate the ncutron shicld thermal inertia (product of p and ¢;) in the fire

accident evaluation (sce Table 4.2.3).
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Table 4.2.2

SUMMARY OF HI-STAR 100 SYSTEM MATERIALS THERMAL
CONDUCTIVITY DATA-

. @ 200° > 450° > 700°
Material (Btﬁ')fzt?l?rﬁ'l:) (B:(i};-gri-:"F) (Bt(f/fz?l?rl-:"l?)
Helium 0.0976 0.1289 0.1575
Air 0.0173 - 0.0225 0.0272
~ Alloy X 8.4 98 11.0
‘Carbon Steel Radial - 292 27.1 24.6
- Connectors B . o
Carbon Steel Gamma: 244 v 239 224
‘Shield Layers - -
' ,‘Ho_ltitéeA'? See Fo‘oui_ote See Footnote -See Footnote
- Cryogenic Steel 238 237 223

No credit taken for conduction through Holtite-A for the steady-statc analysis. Before and

after firc conditions for firc accident analysis (i.c., the conductivity is conscrvatively sct
cqual to zcro). A conductivity of 1.0 Bw/ft-hr-°F is conscrvatively applied during fire

condition.
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Table 4.2.3

SUMMARY OF FUEL ELEMENT COMPONENTS THERMAL
CONDUCTIVITY DATA ' '

Zircaloy Cladding , Fuel (UO,)

: 0 Conductivity o Conductivity
Temperature ('F) (Btw/ft-hr-"F) Temperature ('F) (Btu/ft-hr-"F)
392 8.28" 1 100 - 3.48
5712 876 o448 348
752 | 960 . | . 570 | 3.24
932 - 1044 | 793 | 228"
! Lowest value of conductivity is used in the thermal analysis for conscrvatism.
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Table 4.2 .4

SUMMARY OF MATERIALS SURFACE EMISSIVITY DATA

Material ' Emissivity
Zircaloy cladding 0.80
Painted surfaces 0.85
Rolled carbon steel - 0.66
Stainless steel 036
- Sandblasted aluminum o 040
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Table 4.2.5

MATERIALS DENSITY AND HEAT CAPACITY PROPERTIES SUMMARY

Material Density (Ibm/ft") ':;;:l/?b'l"’]'c;f)‘
Helium : (Ideal Gas Law) 1.24
Zircaloy cladding 409 , 0.0728
Fuel (UQ)) =~ 684 : ©0.056
~ Carbon steel B S 489 | : 0.
Stainless steel . ', ‘ 501 . 1 012
Boral | o usa7 | 013
Aluminum Alloy 1100 o 169.9 ol 023
Holtite-A S 1050 N 0.39
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Table4.2.6

HELIUM GAS VISCOSITY® VARIATION WITH TEMPERATURE

Temperature (F) \% iscosity (Micropoise)
1674 * 2205
200.3 ' 2282
297.4 : 250.6
346.9 S 1261.8
463.0 R - 288.7
537.8 S 12998
7376 | . 3388

Obtained from Rohsenow and Hartnett [4.2.2].
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Table 4.2.7

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

Temperature, ("F) Z (ft>°F )
40 2.1x10°
140 - 9.0x10°
240 . 46x10°
340 o - 26x10°
440 1o 1sx10t

ot Obtained from Jakob and Hawkins [4.2.9]
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Table 4.2.8

BORAL COMPONENT MATERIALS'
THERMAL CONDUCTIVITY DATA

o B4C Core Conductivity Aluminum C-l:}ddmg
Temperature ("F) (Btu/ft-hr-"F) Conductivity
‘ (Btu/ft-hr-"F)
212 48.09 - 100.00
392 ’ ' ‘ 4303 ' . 104,51
572 - \ 4728 | 108.04
752. 4635 1 10943

Both B,C and aluminum cladding thcrmal conductivity valucs arc obtained from AAR
Structures Boral thermophysical test data.
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Table 4.2.9

HEAT CONDUCTION ELEMENTS (ALUMINUM ALLOY 1100)
THERMAL CONDUCTIVITY DATA

Temperature (°F) 5;::2;'_:;‘_"‘:)
100 | 131.8
200 | 128.5
300 ©1262
400 | 124.5
HI-STAR FSAR —
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43 SPECIFICATIONS FOR COMPONENTS

HI-STAR 100 System materials and components designated as "Important to Safety" (i.e.,
required to be maintained within their safe operating temperature ranges to ensure their intended
function) which warrant special attention are summarized in Table 4.3.1. Long-term stability
and continued neutron shielding ability of Holtite-A neutron shield material under normal
storage conditions are ensured when material exposure temperatures are maintained below the
maximum allowable limit. The integrity of the overpack helium retention boundary is assured by
maintaining the temperature of the mechanical seals within the manufacturer's recommended
operating temperature limits. Long-term integrity of SNF is ensured by the HI-STAR 100
System thermal performance, which demonstrates that fuel cladding temperatures are maintained -

below design basis limits. Boral used in MPC baskets for criticality control (a composite

material composed of B,C and aluminum) is stable up to 1000°F for short-term and 850°F for
long-term dry storage’. However, for conservatism, a significantly lower maximum temperature

limit is imposed. ‘ ' ' ‘ ‘

“Compliance to 10CFR72 requires, in part, identification and evaluation of short-term off-normal
~ and severe hypothetical accident conditions. The inherent mechanical stability characteristics of

‘cask materials and components ensure that no significant functional degradation is possible due
to exposure to short-term temperature excursions outside the normal long-term temperature -
limits. For evaluation of HI-STAR 100 System thermal performance under off-normal or
hypothetical accident conditions, mateml temperature limits for short- duranon events are '
provided in Table 4.3. L.

Demonstration of fuel cladding integrity against the potential for degradation and gross rupture
" throughout the entire dry cask storage period is mandated by the Code of Federal Regulations

(Part. 72, Section 72.72(h)). The specific criteria required to demonstrale ﬁxel claddlns. mtes.nty R
is set forth in the NUREG- 1536 document as llsted below. . : . :

A: - The dry cask stmaue System shall ensure . a- less . than 0 _ percent.
.~ probability of claddmn fallure durmﬂ lonO—term stora"e ' ' -

B. Fuel claddm(y damave shall be hmlted to 15% of the ouumal ciaddmL
‘Cross sectlon :

Several potennal dama‘ge mechamsms for ercaloy clad fuel have been dlscussed by Schwartz
and Witte [4.3.6] and Levy et al. [4.3. 1]. These mechanisms are listed below:

1. stress corrosion cracking
1. hydriding
1il. creep induced stress rupture

v. Diffusion Controlled Cavity Growth (DCCG)

Out of the four potential damage mechanisms listed above, two mechanisms, namely creep-

i AAR Structures Boral thermophysical test data.
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induced stress rupture [4.3.1] and DCCG [4.3.6], are the controlling mechanisms established for
Zircaloy cladding life prediction during dry storage of spent nuclear fuel. Pacific Northwest
Laboratory (PNL) has established a Commercial Spent Fuel Management (CSFM) model based
on creep rupture data for Zircaloy [4.3.1]. The CSFM model enables a cask designer to
determine fuel-specific maximum initial peak cladding temperature limits. The Zircaloy cladding
temperature limit established using the generic CSFM Inerted Dry Storage (IDS) temperature
limit curves [4.3.1] meets the NUREG-1536 Criterion (A) discussed earlier in this section. This
requires a less than 0.5% probability of rods rupture during the entire storage life (assumed to
equal 40 years) against creep rupture mode of local cladding damage, which may result in
pinhole or through- claddmg cracks during dry storage.

" The DCCG mode of cladding damage is concluded in the above-mentioned Schwarz et al., report
to be the only mechanism which may result in gross cladding damage [4.3.6]. This mode of
cladding damage manifests itself as a sudden non-ductile type of fracture. NUREG-1536
(Criterion (B), discussed earlier in this section), requires that the total damage from the DCCG
mode of degradation be limited to 5% of the original cladding cross sectional area during the
-entire dry storage period. :

“In accordance with the NUREG-1536 criteria, the HI-STAR 100 storage system is designed to
preclude both local and gross fuel cladding failures during the entire duration of storage. Initial
maximum peak cladding temperature limits are determined -using the CSFM IDS ‘temperature
.limit curves to preclude local cladding failure [4.3.1] and the LLNL methodology to preclude
gross cladding failure [4.3.6]." A discussion on the application of the PNL and LLNL
methodologies in establishing the HI-STAR system specific fuel types (.Iaddmg temperature
limits cntena is prowded in the balance of this section. : :

. The 5enenc CSFM. IDS tempelature limit curves [4 3 1] deﬁne the. maxnnum allowable initial
- storage temperature at initial cladding stresses as a function of fuel age. Therefore, for SNF of a
 given age (decay time), the permissible peak cladding temperature is a direct function of the
* cladding hoop stress, which in turn depends on the radius-to-thickness ratio of the fuel rod.and

~its internal pressure: The rod internal pressure P; is calculated based upon the maximum initial
fill pressures (Tables 4.3.2 and 4.3.5) with fission gas release at a conservatively bounding -
maximum bumup under HI-STAR 100 System storage conditions (40,000 MWD/MTU for BWR'
‘fuel and 42,500 MWD/MTU for PWR fuel). The free rod volumes in the third column of Tables
4.3.2 and-4.3.5 are defined as free rod volumes, in each fuel rod, available for pressurization with
fill gas. The free rod volume is the cumulative sum of the open top plenum space, the pellet-to-
cladding annular space and the inter-pellet Jjunction space. As a lower bound value of the free rod
volume will lead to a conservative estimate of the cladding stress at operating temperatures, the
nominal gas plenum space is included in the free rod volume. The plenum length for
miscellaneous BWR fuel assemblies is set to 12 inches. The fission gas release fraction data is
based on Regulatory Guide 1.25 (Table 4.3.4). The radius-to-thickness ratio r' is determined
based on rod nominal dimension values (Tables 4.3.3 and 4.3.6) including the maximum
cladding thickness loss due to in-reactor oxidation, as reported in the PNL study [4.3.4].
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By utilizing P; and r", the cladding stress for various PWR fuel types is calculated from Lame's
formula and summarized in Table 4.3.3. It can be seen from Figure 4.4.21 that the average
temperature of the gas in the fuel rods, a great bulk of which is located in the top region of the
SNF, is well below 300°C for the PWR fuel array types. Therefore, to compute the cladding
hoop stress in a conservative manner, the ideal gas law is used to obtain the value of the in-rod
~gas pressure at 300°C. An inspection of cladding stress data summarized in Table 4.3.3 indicates
96.7 MPa is the bounding value of cladding stress (Gu.x) for the PWR SNF. Corresponding fill
gas data and calculations of cladding stress for the various BWR SNF types are summarized in
Tables 4.3.5 and 4.3.6, respectively. It can be seen from Figure 4.4.22 that the average
temperature of gas in the fuel rods, a great bulk of which is located in the top region of the SNF,

is well below 300°C for all BWR fuel array types considered in this topical report. Therefore, to
. compute the cladding hoop stress in a conservative manner, the ideal gas law is used to obtain
the value of the in-rod gas pressure at 300°C. An inspection of the cladding stress data in Table
4.3.6 indicates that the bounding value of the cladding hoop stress for all SNF types is 53.3 MPa
(except for 8x8 GE Dresden-1 and 6x6 GE Humboldt Bay fuel types). A conservative cladding
~ stress of 54.7 MPa is used in determining BWR fuel peak cladding temperature limits.

The bounding Valués of Gy for the array of PWR and BWR SNF types are thus 96.7 MPa and
54.7 MPa, respectively (except for 8x8 GE Dresden-1 and 6x6 GE Humboldt Bay fuel assembly
types for whrch the boundmﬂ value of G is 59.1 MPa).

Several implicit assumptions in the calculation of Guuy , such as neglect of the rod cavity growth

“due to thermal expansion, internal fill pressure, and in-core irradiation, ensure that the hoop
stress value (which is the sole .determinant in the establishment of pemnssrble cladding
tempemture for a given cooluw nme) is indeed a boundm" number

The generic CSFM IDS temperature limit curves de-ve'l'oped in the PNL study [4.3.1] are used o
determine Zircaloy cladding temperature limits at the. conservative 300°C average rod -

- temperatute. The fuel cladding temperature limits obtained from these PNL curves ensure a low '

' f farlure probabrlrty for rods (less than 0: 5% over the 40- year dry storage hfe)

The value of c,m\ is also requrre'd to estabhsh the peak claddm'u temperature limit using the -
DCCG method, which we discuss in the following. The DCCG model-based Zircaloy cladding
temperature limit computation, in accordance with the LLNL plocedure [4.3.6], requires a
solution to the following equation expressed in terms of the area fraction of de-cohesion (A):

A i et '
LAl dA &y &
- = G(t) dt
[ = o
where:
A= initial area fraction of de-cohesion
A= end of storage life area fraction of de-cohesion (limited to 0.15)
HI-STAR FSAR Rev. |
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L= age of fuel prior to dry cask storage

t, = dry cask storage period (40 years)
f(A)= area fraction of de-cohesion function

-Ai 1424 ,
[l-(A) 1(1-A)

el , 13 A
oln—-S+A(1-—)]
ATt AL

[ 7'5)
N

B2 (a) Q8 6.(t) Da [T()]
37% Fo(a) KA T(1):

G =
Fo(w)=rm Sin:2 (a)

: . 2r S
F. (u)=T'(2-3 cos a + cos - a)

T=" ;ixyle—flepenldent peak cladding temperature
- K= Boltzmann constant (l‘.38053-><10‘23 J/K)
A dlscussmn on the balance of parameters in the G(t) dama"e function is pronded below

Claddmg Hoop Stress (O'n (t))

The claddms. hoop stress is prmcxpally dependent upon the specific fuel rod dtmensnons initial
fill rod pressure; time- dependent storage’ temperature and fuel burnup- dependent fission gas
“release from the fuel pellets into the rod plenum space. The peak fuel rod pressure for vanous'
- PWR and BWR fuel types at the start of the dry storage period are summarized in. Tables 4.3.3
and 4.3.6. The highest peak rod stress among the various PWR fuel types and a bounding peak -
rod stress for BWR fuel are applied as constant (tlme independent) claddmv hoop stresses in the

DC CG model- based damage function. :

) Gtain’ Boundary Cavity DihedraI'Axmle (o)

The LLNL report [4.3.6] has determined the dihedral angle (a) for pure metals to be 75°. To

account for possible non-ideal conditions, a conservatively lower o equal to 60° is applied to the
DCCG model.
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Zirconium Atomic Volume (Q))

The zirconium atomic volume estimated from several literature sources as documented in the
LLNL report [4.3.6] is in the range of 2.31x10™ m’ to 3.37x10™*” m’. In the interest of
conservatism, the maximum estimated atomic volume equal to 3.37x10%” m® is used for the
analysis.

Grain Boundaryv Thickness ()

The LLNL report-[4.3.6] has recommended a grain boundary thmkness of three Burgers vectors
to be adequate for the analy51s Thus, 6 =3(3. 'bxlO "= 9 69%10™"" m is used i in the analysis.

Average Cavity Snacmu ( /.),

Cavity spacing is controlled by the type of nucleation mechanism and the density of nucleation
sites. The LLNL report [4.3.6] references an expenmemal study which found that the cavity
spacing is in the range of lelO(’ to "OxlO" m. In the interest of conservatism, the minimum
reported cavity spacing equal to 10x IO m is used in the analysns

- Grain Boundary Diffusion Rate (D@)

- Two grain boundary diffusion rate correlations for zirconiuin are reported in the LLNL report
[4.3.6]. The two correlations provide diffusion rate estimates which are approximately two
orders of magnitude apart from each Other Consequently, the more conservative correlation (i.e.,

Dgh = 9xl0’° exp [-131,000/RT] m */s) whxeh provndes a higher estimate of the grain boundarv
'dlffusmn rate is used in the analySIs -

: 'Tlme Dependent Pe’tk C laddms, Temperature (T)

iThe steady state peak Llﬂddm" temperamre durmu long- term storag,e is prmcxpally dependent'

~ upon the thermal heat load from.the stored fuel assemblies which is imposed on the cask. It is_
T owell established that the rate of radioactive decay in a fuel assembly exponentially attenuates

. w1th the age of fuel. Consequently, the’ peak cladding temperature during long-térm storage will
also attenuate rapidly as a direct consequence of the heat load reduction with time. In recognition ~
of this anticipated -decaying cask temperature response, the PNL report [4.3.1] recommends a
- ‘uni-modal power law type decaying temperature model of the form T = T, t' In the DCC G_
-analysis, an improved multi-modal exponentially attenuating decay heat model based on the
Branch Technical Position Paper ASB 9-2 is used. Thus, the form of the decaying temperature
model is expressed as:

1o

> Ag exp (-a, t)

T = kn.)“ [(Tn'T:\)] + T:t
> A exp(-ac t) .
K=0
where:
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Ap= 05980 A a, = 1.772

A= 1.65 ai= 5.774x10"
A= 3.1 = 6.743x107
A= 387 ai=  6.214x10
Ay= 233 ‘ as=  4.739x10™
As= 129 as= 4.810x107
As= 0462 as= 5.344x10°
A,= 0328 ar= 5.716x107
Ag= 0.7 ax=" 1.036x107
Ay=0.0865 . ag= 2959x10™
A= 01140 A= 7.585x10™"
t= time after reactor discharge (s) :
‘t,= - initial age of fuel at start of stofage (s)
T.= _ initial péak ciadding temperature limit (°K)
ST, = ambient tempefature (°K) ‘

- It should be noted that the area tractlon of de-cohesion hmctlon flA) approaches zero in the

dA
limit as A — A;. C onsequentlv the mathematical sms_ulamy in the mteuml I m is

'numencallyvaccommoda:ed-by using an altemate form glven below: -
AdA T A A‘-"’[l l".nf—!—'-—+A(1-,_é)] dA .
———leltg—>0 A 4 '

w &) n-(Go1° (1 A)

The allo“able area fractlon of de- cohesmn usmu A = 005, ¢ =0, OOOI and A; = 0. 15 is-
determined to be equal to 0.15211. This is consistent w:th an altermte form of the DCCG model
1eported in the PNL study [4.3.1, Appendix D] as reproduced below: -

jG(t)dt<015

All parameters in the G(t) function (except for the initial peak cladding temperature limit T,),
have been defined as discussed previously in this section. The cumulative cladding damage
experienced during the proposed 40-year dry cask storage period is determined by integrating the
G(t) function. The initial peak cladding temperature limit parameter T, is iteratively adjusted to
limit the cumulative damage to 15% as required by the NUREG-1536 Criterion (B) discussed
earlier in this section. The initial peak cladding temperature limit for 5-year old fuel is
determined to be 388.5°C (731°F) and 405.4°C (762°F) for the bounding PWR and BWR fuel
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assemblies (except for 8x8 GE Dresden-1, 6x6 Dresden 1, 6x6 Humboldt Bay, and Quad fuel
types), respectively. The temperature limits are slightly higher than the respective temperature
limits determined from the generic CSFM IDS temperature limit curves [4.3.1]. Consequently,
the more conservative peak cladding temperature limits obtained from the generic CSFM 1DS
temperature limit curves are applied to the HI-STAR 100 System thermal analysis for long-term -
storage.

"4.3.1 Evaluation of Stainless Steel Clad Fuel

Approximately 2 200 PWR and . BWR. fuel assemblies stored in the United States employ
stainless steel cladding. All stainless steel cladding matena]s are of the austenitic genre with the
ASTM. alloy compositions being . principally type 304 and 348H. The long-term storage
“ condition peak allowable temperature applicable to stainless steel fuel is significantly higher
than that applicable to Zircaloy clad fuel. A recent EPRI/PNL study [4.3.5] recommends a 430°C
(806°F) peak stainless steel cladding temperature limit versus a typical 380°C (716°F) [4.3.1]
- peak Zircaloy cladding temperature limit. Since the peak cladding temperature limits applied to
the :therm_al analysis herein for both Zircaloy clad and stainless steel clad fuel are based on the
- Zircaloy clad limit, it is readily apparent that the PNL criteria [4.3.1] is overly restrictive for
* stainless steel clad fuel. The peak cladding temperature limits apphed to both Zircaloy and
. stainless steel clad fuel assembhes are provnded in Table 4. 3 1. :

JURE recognized that the peak cladding temperature of stainless fuel will differ from Zircaloy clad
fuel prmmpally due to the fol]ownw differences:

Lo leferences in decay heat levels
il . Differences in cladding emissivity
- iii.  Differences in cladding conductivity. .
v, .lefcrcnccs in fucl rod a qrray dxmcnsxons

-V‘The net planar thennal resnstance of the equwalent homouemzed ax15ymmetr1c MPC - basket
vrcontammg, stainless steel clad fuel is greater than that with Zircaloy .clad fuel. The higher
resistance “arises principally from the significantly lower emissivity of the stainless. steel .
cladding. This factor is, however, offset by significantly lower design basis heat loads prescribed
- for a HI-STAR 100 System containing stainless steel clad fuel. A 20% reduction in the design
~ basis- heat duty for stainless steel fuel (20% lower than Zircaloy clad fuel) bounds the nominal
_-'percenta;_,e decrease in MPC basket effective thermal conductivity' (stainless steel fueled baskets
. are between 9% (MPC-68) to 13% (MPC-24) less conducting, as shown in Table 4.4.7). As can
be seen by comparing the design basis maximum allowable decay heat loads for Zircaloy clad
(Tables 4.4.18 and 4.4.19) and stainless steel clad (Table 2.1.11) fuel assemblies, the allowable
assembly decay heat load for stainless steel clad fuel is approximately 73% of the PWR Zircaloy
clad fuel heat load and 35% of the BWR Zircaloy clad fuel heat load. Therefore, it is concluded
that the peak cladding temperature for stainless steel clad fuel will be bounded by Zircaloy clad
fuel results. Consequently, in view of significantly higher peak stainless steel cladding

! The term "cffective conductivity” of the fucl basket is defined in Scction 4.4.1.
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temperature limits recommended by the EPRI study [4.3.5] and the conservative heat loads
prescribed for stainless steel clad fuel, a separate thermal analysis to demonstrate the adequacy
of stainless steel clad integrity for storage in the HI-STAR 100 System is not necessary.

432 Short-Term Cladding Temperature Limit

For short-term durations, relatively high fuel cladding temperature limits have been historically
accepted by the USNRC. For example, the Safety Analysis Report of the STC transport cask
(Docket No. 71-9235), recently certified by the USNRC, permits 1200°F (approximately 649°C)
as the maximum value of the peak cladding temperature (T,.y) for transport of SNF with up to
45,000 \leD/MTU burnup. NUREG-1536 and PNL test data [4.3.4], limiting themselves to
medlum bumup levels (28,800 MWD/MTU), endorse a somewhat lower Ty value (Toax =
570°C or 1058°F). Based on the published industry test data, guidance in the literature, and
analytical reasoning, we herein prescribe 570°C as the admxssnble value of T for the SNF for
the relatively lower bux nup levels in the HI- STAR 100 System fbl storaue

A Brookha\ en report written for EPR[ [4.3.7] asserts that - fuel cladding rupture becomes
"virtually - absent at stresses below about 200 MPa". It can be readily deduced that the peak
cladding stress for the limiting condition of 570°C cladding temperature will be below 200 MPa
. for the SNF burnup levels considered in this FSAR. Recalling o, at 96.7 MPa (Table 4.3.3) at
300°C gas temperature, the cladding cncumferemlal stress (0‘pL ok) at 570°C is obtained by direct
proportlonahty in absolute gas tempexature ‘ -

Ok = G (570 +273)/(300 + 273) =:142'.3 MPa (approximately 20,600 psi)

_ Therefore ‘short-term tempe1atule values (T,lm ) of 570"(‘ are eonsndered safe to preclude fuel
, chddme failure. - : : : :

The EPRI report cntes expenments on fourteen madlated Turkey Point Unit 3 rods carrled out by :

- V‘Emzwer et alf m 1987 which showed no breach in cladding even after as much. as 7% stram was

accumylated in elevated temperatures lasting for 740- 1,000 hours. Einziger's test data
' corroborates our selecuon of Tmax = 570°C as the short duration hmmng, temperature

i 40,000 MWD/MTU for BWR fucl and 42,5()(). MWD/MTU for PWR fucl bounds permissible
maximum burnups.

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

HI-STAR 100 SYSTEM MATERIAL TEMPERATURE [°F] LIMITS

. Normal Long-Term Short-Term Temperature
Material - N~
Temperature Limits _ Limits

Fue__] cladding (Zircaloy and See Table 4.3.7 1058
stainless steel)
Boral! 800 | - 950
Overpack closure plate ‘ 3 . L
mechanical seal, ventand | .~ SeeTable223 -  See Table 2.2.3
drain port plug seals - o ‘ : 3 :
Holtite-A"" | 300 1300

Buased on AAR Structures Boral thermophysical test data.

i Sce Appendix 1.B.
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Table 4.3.2

SUMMARY OF PWR ASSEMBLY RODS INITIAL GAS FILL DATA

Fill Gas Volume at STP*

Assembly Rods Per Fxl'ee Rod Fill Pf'e5511re (Liters) : (Liters)
Type Assembly Volume (psig) at Per Rod Per

yp } (int) 70°F Assembly
W-l4x14 179 2 0460 | 0845 1512

Std. S
W-13x15 204 | 125 - - 0-475 0633 | 12901
g{;”“” 264 105125 | 275500 | 0666 | 1758
B&W-15x15 R o , , — .

2 e - 5
Mark B 208 | 1308 I E R 0?"82, 121.1_
B&W-17x17 ) o | |
Mark C 264 | 0819 “.435 ,0‘38'!‘ 1006
CE-l4x14 164 | 1693 | 300-450 0814 | 1335
Std. , ‘ - - , ,

_ gi-mxm 220 0 | 1410 300450 | 0678 1492
B&W-15x15 | o L o |
Mark BT - 208 1260 | 41S - 0.560 | ,luo.s
' CE-14x14 R O I T 146.2
. B I 2 . g 4 ) .

(MP2) 17() S 1.7 ._8  300 »4;0 1 .‘Q.$.3l .
STP stands for standard tecmperature (°C) and pressure (1 atmosphere).
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Table 4.3.3
BOUNDING VALUES OF FUEL CLADDING STRESS FOR PWR SNF

; A B&W- B&W- | CE-
waaxts | Y warar | BEW- L g | CE CE- 15x15 | 14x14
Std 15x15 std 15x18 Mark 14x14 16x16 - (MP2)
¢ std « MarkB | AT std Svs 80 Mark M2
c : B-11 _

Fresh Fuel .

- Rods O.D. 0.4220 0.422 0.374 0.430 - 0379 0.440 (1382 0.414 0.440
(inch) : : .
End of Life ‘ .
Oxidation 0.0027 00027 | 00027 | o027 | 06027 | 00027 | 00027 0.0027. | 00027
Fhickness : } At P e ).002 . 27 . 002
(inch)’ : )
Iind of Life _ _ - A g - 1.
Rods .. 0.4166 0.4166 - 0.3686 04246 | 03736 0.4346 0.3766 0.4086 0.4346
(inch) S B .
Rods LD. 13734 0.37% 0320 | 0377 | 033 | o3se 0332 1 030 | o3ss
(mch) ! . X o S Maae ) A v . L
Average tube : o , ' :
Diameter 0.3950 0.3948 0.3488 04008 0.3523 0.4093 0.3493 0.3893 04113
(inch) . o : . . . )
(‘;:&’Jhwkmss 00216 0.0218 00198 | o028 | 00213 | 00255 | o022z | ooroz | 00233
Hot Volume : R E ' - v
Pressure at w77 10.67 1008 9062 10.87 10.01 - 961 976 967
300°C (MPay! N o " L T
(“‘V’i‘l‘,“l')'“L Stress 89.3 96.7 se8 | &0 | o900 g0 | 732 984 853 |

N

PNL-4835 [4.3.4] reported maximum cladding thickncess loss duc to in-rcactor oxidation. -

& This average rod gas temperature conservatively bounds the plenum gas temperature, which, as
can be scen from Figure 4.4.21, is approximately 225°C. The cladding stresses reported in the
bottom row of this table will be accordingly reduced by the factor (225+273)/(300+273) = 0.87.
However, 96.7 MPa cladding stress for PWR SNF is uscd as the upper bound valuc in this FSAR.
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Table4.3.4

SUMMARY OF FISSION CASES RELEASE PER ASSEMBLY'

Release'" Release Amount Release Amount
Component Fr1c‘ti611 (g-moles/ (g-moles/
‘ PWR assembly) BWR assembly)
Tritium 03 0.004 0.003
“Kr 0.3 0.805 0.297
P 012 | 0137 | 0050
EIEVR A -
Xe v :
2 ‘ :
0.10 _‘ 2.664 0.985

Bounding for 42,500 MWD/MTU burnup PWR assemblies and 40,000 MWD/MTU
burnup BWR asscmblics.

¥

From Regulatory Guide 1.25.
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Table 4.3.5

SUMMARY OF BWR ASSEMBLY RODS INITIAL GAS FILL DATA

Rods/ Free Rod Fill Pressure .
Assembly Type Assembly Volume (in’) | (psig) at 70°F Fill Gas Volume at STP
(litcrs) (litcrs)
Per Pcr
. Rod Asscmbly

GE-7x7 (1966) 49 2.073 0-44.17 C0.126 C6.17
GE-7x7 (1968) 49 2.073 0-44.1 . 0.126 6.17
GE-7x7R 49 1.991 . 0-44.1". S 0.121 5.93
GE-8x8 60 1.504 0-44.1 - C0.0915 549
GE-8x8R 62 1.433 0-147" 0,240 1488
EXXON-9x9 79 1.323° CS8.8-88277 | 0141 | 11
6x6 GE Dresden-1 36 2.304 - 58.8-88.2 0.245 - 8.82
6x6 Dresden-1 MOX 36 2.286 58.8-88.2 - 0.243 8.75
6x6 GE Humboldt Bay - 36 2.346 58.8-882 0.250 C9.0
7x7 GE Humboldt Bay 49 1.666 58.8-88.2 0.177 8.67

| 8x8 GE Dresden-1 64 1235 58.8-88.2° 0.131 838
8x8 SPC 63 1.615 58.8-88.2 0.172 10.8
9x9 SPC-2 wtr. Rods 79 . 1.248 58.8-88.2 0.133 105
9x9 SPC-1 wir. Rod R0 1.248 - 58.8-882 | - 0.133 10.6
9x9 GEI1/GEI3 74 1.389 58.8-88.2 0.150 1.1
9x9 Atrium 9B SPC 72 1.366 . 58.8-882 | 0045 | 104
10x10-'SVEA-96- 96 1.022 58.8-882 | . 0109 10.5
10x10 GE12 92 1.167 58.8-8%.2 0.124 - 1.4
6x6 Dresden Thin Clad 36 2.455 © 58.8-882 . 0261 © 94 .

. | 7x7 Oyster Creek - 49 2.346 588-882 |- 0250 | 122 |

8x8 Oyster Creck - 64 1.739 58.8-882 0,185 . g
Bx Quad 64 1.201 ses-882° | o128 | . 82
Westinghouse , . : ’ o

| 8x8 TVA Browns Ferry 61 1686 58.8-882 0179 | 109
9x9 SPC-5 - 76 C1.249 58.8-88.2 0.133 | 101

Conscrvatively bounding for GE-7x7 (1966), GE-7x7 (1968), GE-7x7R and GE-8x8
{ORNL/TM-95391/VI-R1).

Conscrvatively bounding initial fill pressurc. ORNL/TM-9591/V1-R1 reports GE-8x8R
prepressurized to 3 atm.

BWR fucl rods internal pressurization between 4 to 6 arm (PNL-48335).

Hi-STAR FSAR
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Table4.3.6

BOUNDING VALUES OF FUEL CLADDING STRESS FOR BWR SNF

Fresh End of End of Averase Hot
Fuel Life Life Rods L.D ’ Tul): Wall Volume Cladding
Fuel Type Rod Oxidation Raods (."‘ ‘h.') ) Diameter Thickness | Pressure Stress
O.D. | Thickness | O.D. e p _;) (inch) | at300°C | (MPa)
(inch) (inch) | (inch) e, (MPa)
OET | 0563 | 0.0047 | 05536 | 0499 | 05263 | 00273 | 46l 44.4
OoenT | 0570 | 0.0047 | 0.5606 | 0499 | 05298 | 0.0308 | 461 | 396
GE7xTR | 0.563 | 0.0047 | 0.5536 | 0489 | 05213 | 00323 | 476 | 384
GE-Rx8 | 0493 | 0.0047 | 04836 | 0425 | 04543 | 00293 | 508 | 394
GE-8xfR | 0.483 | 0.0047 | 04736 | 0419 | 0.4463 | 00273 | 652 53.3
EXXON- 1 042 | 00047 | 04106 | 036 | 0.3853 | 00253 | 508 | 387
GROGE 1 05645 | 0.0047 | 05551 | 04945 | 0.5248 | 00303 | 61 | 528
-| Dresden-1 . e
6x6 - o '
Dresden-1 | 0.5625 | 0.0047. | 0.5531 | 04925 | 05228 | 00303 | 6.1 52.8
MOX . . .
6x6 GE | ' _ ]
Humboldt | 0.563 | 0.0047 | 0.5536 | 0.499 | 05263 | 00273 |- 598 | 576
Bay ‘ ' - : e ‘ '
7x7 GE : g : -
“Humboldt | 0486 | 0.0047 | 0.4766 | 04204 | 04485 | 00281 | 613 | 489
Bay - v ‘ ) - L
8x8 GE 417 | , e | Y - ' t
Dresaenl | 0412 | 00047 | 04026 | 0362 | 03813 | 00203 | 629 .| 591
S8SPC | 0484 | 0.0047 | 04746 | 0414 | 04443 | 0.0303 | 5.19 38.0
[ 9SPC2 L gana | 0.0047 | 04146 | 0364 | 03893 | 00253 | 532 |- 409
©[wir Rods . ) : < . : . - A
1 29SPCL 0423 | 0.0047 | 04136 | 0364 | 03888 | 00248 | 525 | 41
wir. Rod : ST - .
9x9 B ' ‘ ' .
GEII/GE | 044 | 00047 | 04306 | 0384 | 04073 | 00233 | 5.17 45.2
13 , _ : :
OxY . o » ‘ o . .
Arium9B | 0433 | 0.0047 | 04236 | 03808 | 04022 -| 00214 | 532 50.0
sec - | - g A >

These two fucel types are separately analyzed for peak fucl cladding temperature limits.
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Table 4.3.6 (continued)

BOUNDING VALUES OF FUEL CLADDING STRESS FOR BWR SNF

REPORT HI-201261

4.

3-15

Fresh End of End of Average Hot
Fuel Life Life Rods Tube Wall Yolume Cladding
Fuel Type Raod Oxidation | Raods L.D. Diamete | Thickness | Pressure at Stress
0.D. Thickness 0.D. (inch) r (inch) 300°C {(MPa)
{inch) (inch) (inch) (inch) (MPa) -
IORIOSVEA9C 1 0379 | 0.0047 | 03696 | 0.3294 | 03495 | 0.0201 438 381
10x10 GE12 0404 | -0.0047 ] 03946 | 0.352 | 03733 0.0213 4.99 43.7
6x6 Dresden - ' << ) - L - ”
. o) / 2 .
“Thin Clad (0.5625 0.0047 0.53531 ().5]()3 (),53[{8 .()‘()-l3‘ 577 | _ 72’.51
Z:“;Zcfys‘” 0.5700 | 0.0047 | 0.5606 | 0.499 | 0.5298 | 0.030% 474 - | 407
Xy Oyster 0.5015 | 0.0047 | 04921 | 0.4295 | 04608 | 00313 | 487 359
| Bx8 Quad+ 04576 | 0.0047 | 0.4482 | 0.3996 | 04239 | 0.0243 6.42 56.0%
Westinghousc _
| BX8TVA 0483 | 0.0047 | 04736 | 0423 | 04483 | 00253 514 45.5
Browns Ferry : .
"Ox9 SPC-5 0417 0.0047 | 04076 | 0364 | 03858 0.0218 5.46 48.3
' Thesc fuel types are separately analyzed for peak fucl cladding temperature limits.
yp
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Table 4.3.7

INITIAL PEAK ZIRCALOY' CLADDING TEMPERATURE LIMITS FOR STORAGE

Fuel Age (ye'ars)

Temperature Limits
for PWR SNF

COF

Temperature Limits

for Design Basis
BWR SNF (except
8x8 GE Dresden-1,
6x6 Dresden 1, 6x6
GE Humboldt Bay,
and Quad+)

(O I°F|

Temperature Limits
for 8x8 GE Dresden-
1, 6x6 Dresden-l,

- 6x6 GE Humboldt
Bay, and 8x8 Quad®

SNFT

O IF

391.2[736]

5 382:3 [720] 398.2 [749]

6 370.2 [698] 382.3[720] 376.2 [709]
7 347.0 [657] 357.9 [676] 352.2 [666]
10 341.6 [647] 351.4 [665] 346.6 [656]
15 ©334.1 [633] ©344.9 [653] 339.5[643]

have substantially higher limits.

The listed limits are conservatively applied to stainless steel clad fuel assemblies, which actually

The 8x8 GE Dresden- 1, 6x6 Dresden-1, Quad™ and 6x6 Humboldt Bay fucl types arc low heat

cmitting asscmblics. The Technical Specifications limit the heat load for these asscmblics to 115
watts per assembly (approximately 58% lower than the design basis maximum heat load for BWR
fucl (Table 4.4.19) (183.5 wattsfassembly for Quad+). Conscquently, these assembly types are
not deemed to be limiting.
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44  THERMAL EVALUATION FOR NORMAL CONDITIONS OF STORAGE

4.4.1 Thermal Model

The HI-STAR 100 MPC basket designs consist of two distinct geometries to hold 24 PWR or 68
BWR fuel assemblies. The basket is a matrix of square compartments (called boxes) to hold the
fuel assemblies in a vertical position. The basket is a honeycomb structure of Alloy X plates
with full-length edge-welded intersections to form an integral basket configuration. Individual
cell walls (except outer periphery MPC-68 cell walls) are provided with Boral neutron absorber
sandwiched between the box wall and a sheathing plate over the full length of the active fuel
region. : :

The design basis decay heat generation (per PWR or. BWR assembly) for long-term normal
storage is. specified in Table 2.1.6. The decay heat is conservatively considered to be non-
uniformly distributed over the active fuel length based on the design basns axial” burnup
dlsmbutlon provided in Chapter 2 (Table 2.1 8).

Transport of heat from the interior of the MPC basket to its outer periphery is accomplished by a
" combination of conduction through the MPC basket metal grid structure, conduction and
radiation heat transfer in the relatively small helium gaps between the fuel assemblies and basket
cell walls, and radiation and conduction from the fuel basket periphery to the MPC shell. Heat
dissipation across the gap between the MPC basket periphery and the MPC shell is by a
combination of helium conduction, natural convection (by means of the “Rayleigh” effect),

- radiation across the gap, and conduction in the aluminum alloy 1100 heat conduction elements.

‘Between the MPC exterior and the overpack interior is a small clearance region which ‘is
evacuated and backfilled with helium. Helium, besides being inert, is a better heat conduction -
 medium than air. Thus, heat conduction through the MP(/overpack helium gap wnll minimize
temperature differentials across tlus region.

_The “overpack, under normal ‘storaue conditions,. passiv ely rejects heat to- the outside
environment. Cooling of the outside overpack vertical and horizontal (top) surfaces is by natural
convection and thermal radiation. The bottom surface conducts heat through the ISFSI concrete
‘pad to the ground. Analytical. modelmﬂ details of the various thermal transport mechamsms are
provided in the followmu o : :

4‘.4.1'.1 A'nalvtical Mod'el - General Remarks ‘

‘Transport of heat from the heat generation region (fuel assemblies) to the outside environment

(ambient air or ground) is analyzed broadly in terms of three interdependent thermal models.
‘The first model considers transport of heat from the fuel assembly to the basket cell walls. This
model recognizes the combined effects of conduction (through helium) and radiation, and is
essentially a finite element technology based update of the classical Wooton & Epstein [4.4.1]
(which considered radiative heat exchange between fuel rod surfaces) formulation. The second
model considers heat transport within an MPC cross section by conduction and radiation. The
effective cross sectional thermal conductivity of the basket and basket periphery regions,
obtained from a combined fuel assembly/basket heat conduction-radiation mode! developed on

HI-STAR FSAR : ' - Rev. |
REPORT HI-2012610

44-1  HI-STAR FSAR - REV. 3, May 1, 2007



ANSYS, are applied to an axisymmetric thermal model of the HI-STAR 100 System on the
FLUENT [4.1.2] code. The third model deals with the transmission of heat from the MPC
exterior surface to the external environment (heat sink). From the MPC shell to the overpack
exterior surface, heat is conducted through an array of concentric shells representing the MPC-
to-overpack helium gap, overpack inner shell, intermediate shells, Holtite-A and overpack outer
shell. Heat rejection from the outside cask surfaces to ambient air is considered by accounting
for natural convection and thermal radiation heat transfer mechanisms from the vertical
(cylindrical shell) and top cover (flat) surfaces. The bottom overpack face, in contact with the
ISFSI pad, rejects a small quantity of heat by conduction through the pad to the ground. The
reduction in radiative heat exchange between cask outside vertical surfaces and ambient air
because of blockage from the neighboring casks arranged for normal storage in a regular square
array on the ISFSI pad is recognized in the analysis. The ov erpack closure plate is modeled as a
“heated surface in convective and radiative heat exchange with air and as a recipient of heat input
through lIlbOlathll Insolation on the cask surfaces is based on 12-hour levels prescribed in
IOC FR71, averaged over.a 24- hour period, after accounting for partial blockage condntxons

~ Subsections 4.4. 111 throunh 44.1.1.11 contain a systematic description of the mathematical
models devised to articulate the temperature field in the HI-STAR 100 System. Table 4.4.2 _
shows the relationship between the mathematical models and the corresponding regions (i.e.,
fuel, MPC, overpack, etc.) of the HI-STAR 100 System. The description begins with the method
to characterize the heat transfer behavior of the prismatic (square) opening referred to as the

"fuel space” with a heat emitting fuel assembly situated in it. The methodology utilizes a finite
~element procedure to-replace the heterogeneous SNF/fuel space region with an equivalent solid
body having a well-detined temperature-dependent conductivity. In the following subsection, the
- method to replace the "composite”" walls of the fuel basket cells with an equivalent "solid" wall
_is presented. Having created the mathematical equivalents for the SNF/fuel spaces and the fuel
‘basket walls, the method to represent the MPC C)linder containing the fuel basket by an.
equivalent cylinder whose thermal conductivity is a. ﬁmctlon of the spatial location and
coincident temperature is ptesented S

Followmu the approach of presentm" descnptlons startmo from the inside and moving to the.._
‘outer region of a cask, the next subsections’ present. the ‘mathematical model to simulate the
* overpack. Subsection . 4.4.1.1.11 concludes the presentation with a descnptxon of how the
different models for the specific regions within the HI-STAR 100 System are assembled into the
final FLUENT model.. Finally, a subsection to describe the solution for the specxal case of
. vacuum in the MPC space {no helium) is presented

'.,‘4‘.4.1.].]_ : 'Overview of the Thermal Model

Thermal analysis of the HI-STAR 100 System is performed by assuming that the system is
subject to its maximum heat duty with each storage location occupied and with the heat
generation rate in each stored fuel assembly equal to design basis maximum value. While the
assumption of equal heat generation imputes a certain symmetry to the cask thermal problem, the

thermal model must incorporate three attributes of the physical problem to perform a rigorous
analysis of a fully loaded cask:
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i While the rate of heat conduction through metals is a relatively weak function of
temperature, radiation heat exchange is a nonlinear function of surface
temperatures. -

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

iii. Inasmuch as the transfer of heat occurs from inside the basket region to the
outside, the temperature field in the MPC is spatially distributed w1th the
maximum values reached in the central core region. '

It is clearly impra‘ctical to model every fuel rod in every stored fuel assembly explicitly. Instead,
the cross section bounded by the inside of the storage cell, which surrounds the assemblage of
fuel Tods and the interstitial helium gas, is replaced with an "equivalent" square (solid) section
chafacterized by an effective thermal conducrivity. Figure 4.4.1 pictorially illustrates the
homouemzanon concept. Further . details of tlns pxocedure for determining the effective
onductmty are presented in Subsection 4.4.1.1.2; it suffices to state here that the effective
. conductivity of the cell space will be a ﬂmctlon of temperature because the radiation heat

transfer (a major component of the heat transport between the fuel rods and. the surrounding
~ basket cell metal) is a strong function of the temperatures of the participating bodies. Therefore
in effect, every storage cell location will have a different value of effective conductivity
(dependmﬂ on the -coincident temperature) in the homogenized model. The temperature-
dependent fuel assembly region effective conductmty is determined by a ﬁmte volume
procedure, as described.in Subsectlon 4.4.1.1.2.

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

In ordel to replace thlS thermally heterogeneous MPC section with an equivalent conductlon-
only region, resort to the finite element procedure is necessary. Because the rate of transport of
heat within the MPC is influenced by radiation, which is a temperature-dependent effect, the
equivalent conductivity of the MPC region must also be computed as a function of temperature.
Finally, it 1s recognized that the MPC section consists of two discrete regions, namely, the basket
region and the peripheral region. The peripheral region is the space between the peripheral
storage cells and the MPC shell. This space is essentially full of helium surrounded by Alloy X
plates and alloy 1100 aluminum heat conduction elements. Accordingly, as illustrated in Figure
4.4.2 for MPC-68, the MPC cross section is replaced with two homogenized regions with
temperature-dependent conductivities. In particular, the effective conductivity of the fuel cells is
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subsumed into the equivalent conductivity of the basket cross section. The finite element
procedure used to accomplish this is described in Subsection 4.4.1.1.4. The ANSYS finite
element code is the vehicle for all modeling efforts described in the foregoing.

In summary, appropriate finite element models are used to replace the MPC cross section with an
equivalent two region homogeneous conduction lamina whose local conductivity is a known
function of coincident absolute temperature. Thus, the MPC cylinder containing discrete fuel
assemblies, helium, Boral and Alloy X, is replaced with a right circular cylinder whose material
conductivity will vary with the radial and axial position as a functlon of the coincident
temperature.

The \1PC-to overpack gap is simply an annular space which is readily modeled with an.
‘equivalent conductivity which reflects. conduction and radiation modes of heat transfer. The
- overpack is a radially symmetric structure except for the neutron absorber region which is built
‘from radial connectors and Holtite-A (see Figure 4.4.7). Using the classical equivalence
procedure described in Subsection 4.4.1.1.9, this region is replaced with an equivalent radially
_ symme’tric annular cy_linder. ' ' ' '

The ‘thermal analysis procedure descrlbed above makes ftequent use- of equivalent thermal
-properties to ease the geometric modeling of the cask components. These equivalent properties
are rigorously calculated values based on detailed evaluations of actual cask system geometries.
All these calculations are performed conservatively to ensure a bounding represéntatio’n of the
cask system. This process, commonly referred to as submodeling, yields accurate (not
approximate) results. Given' the detailed nature of the submodeling ptocess expenmental
' mlldatton of the individual submodels is not necessary.

In.this manner, a HI-ST‘_A_R"IOO »Syst'em overpack containing a loaded MPC standing upright on
the ISFSI pad is replaced with a right circular cylinder with spatially varying temperature-
- dependent conductivity. Heat is generated within the basket space in this cylinder in the manner

~ of the prescribed axial burnup distribution. In addition, heat is deposited from insolation on the

' "extemal surface of the overpack. Under steady state conditions the total heat due to internal -
generation and insolation is dissipated from the outer cask surfaces by natural convection and
thermal radrmon to the ambient environment. Details. of the elemems of mathematical modeling
are plowded in the following.

“4.4'.1.1._2 ' Fuel Re‘.uion Effective Thermal Conductivity Calculation

Thermal properties: of a large number of PWR and BWR fuel assembly ‘configurations -
manufactured by the major fuel suppliers (i.e., Westinghouse, CE, B&W, and GE) have been
evaluated for inclusion in the HI-STAR 100 System thermal analysis. It is noted that PWR fuel
assemblies are equipped. with removable non-fuel hardware, in particular, control rods which are
inserted in guide tube locations for in-core usage. In dry cask storage, PWR fuel is optionally
stored with the control rods. The control rods, when inserted in the fuel assemblies, displace gas
in the guide tubes replacing it with solid materials (neutron absorbers and metals) which conduct
heat much more readily. As a result, dissipation of heat in the fuel assemblies is enhanced by the
presence of these control rods. For conservatism, credit for presence of control rods in fuel
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assemblies i1s neglected. Bounding PWR and BWR fuel assembly configurations are determined
using the simplified procedure described below. This is followed by the determination of
temperature-dependent properties of the bounding PWR and BWR fuel assembly configurations
to be used for cask thermal analysis using a finite volume (FLUENT) approach.

To determine which of the numerous PWR assembly types listed in Table 4.4.5 should be used
in the thermal model for the MPC-24 fuel basket, we must establish which assembly has the
maximum thermal resistance. The same determination must be made for the MPC-68, out of the
menu of SNF types listed in Table 4.4.6. For this purpose, we utilize a snnphﬁed procedure
which we describe below.

Each fuel assembly consists of a large array of fuel rods typically arranged on a square layout.
Every fuel rod-in this ar ray is generating heat due to radioactive decay in the enclosed fuel
pellets: There is a finite temperature difference 1eqmred to transport heat from the innermost fuel

. rods to the storage cell walls. Heat transport within the fuel assembly is based on principles of

conduction heat transfer combined with the highly conservative analytical model proposed by
Wooton and Epstem [4.4.1]. The Wooton- Epstein model. considers radiative heat exchange
between individual fuel rod surfaces as a means to bound the hottest fuel rod cladding
temperature. ' - R

- Transport of heat energy within any cross section of a fuel assembly is due to a combination of

radiative energy exchange and conduction through the helium gas which fills the interstices
between the fuel rods in the array. With the assumption of uniform heat generation within any
given horxzontal cross section of a fuel assembly, the combined radlzmon and conductive heat
transport effects result in the following heat flow equation: :

Q- o C(, F. A{T( ] 13.5740 LK‘,[ ¢ Tyl
where: - | | o '
- F.= Emissivity Factor
R T
€ &n )
._'SL‘,'81‘; = emissivities of fuel "ciaddir)g, fuel basket (see Table 4.2.4)
Co= Assembly Geometry Factor '

=M (when Nis odd)
N+1y

4 -
= (when N iseven)
N+2

£
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N = Number of rows or columns of rods arranged in a square array

A = fuel assembly "box" heat transfer area
= 4 x width x length

L = fuel assémbly length
Kes = fuel assembly constituent materials \:'oluine fraction weighted mixture
conductivity
Tc = _ hot;est fuel cladding temperature (""R)
Tn = _box._temperatui‘c (°R)
Q = n‘et r'zlic.lial heat t{'alispoft'fx'éljl.tlje‘assémbly iﬁtérior.
s = : S_teféxfBOltzmann’ Cénstant(AO..l_A7bl.4x.10's. Btu,.-"ft:’.-hr-,“R4)' _

In the above heat flow equation, thé first term is the Wooten-Epstein radiative heat flow -
~contribution while the second term is the conduction heat transport contribution based on the
classical solution to the temperature -distribution problem inside a square shaped block with
uniform heat generation [4.4.5]. The 13.574 factor in the conduction term of the equation is the
shape factor for two-dimensional heat transfer in a square section. Planar fuel assembly heat
transport by conduction occurs through a series of resistances formed by the interstitial helium
fill gas, fuel cladding and enclosed fuel. An effective planar mixture conductivity is determined
by a volume fraction weighted sum of the individual constituent material resistances. For BWR
assemblies, this formulation is applied to the region inside the fuel channel. A second conduction
~ and radiation model is applied between the channel and the. fuel basket gap. These two models*
are ‘combined, m series, to yleld a total effecme conducnvny

 The effectlve conducm ity of the fuel for several represent'mve PWR and commonly used BWR_
~ assemblies is pxesented in Tables 4.4.5 and 4.4.6. At higher temperaturés (approximately 450°F ~

“and above), the zircaloy clad fuel assembhes wuh the lowest effective thermal conductmnes are
the W-17x17 OFA (PWR) and the GEI1-9x9 (BWR). A discussion of fuel assembly
conductivities for some of the newer 10x10 array. and plant specific BWR fuel desngns 1S
presented near the end of this subsection. As noted in Table 4.4.6, the Dresden 1 (intact and
damaged) fuel assemblies are excluded from consideration. The design basis decay heat load for
Dresden-1 intact and damaged fuel (Table 2.1.7) is approximately 58% lower than the MPC-68
design basis maximum heat load (Table 4.4.19). Examining Table 4.4.6, the effective
conductivity of the damaged Dresden-1 fuel assembly in a damaged tfuel container is
approximately 40% lower than the bounding (GE-11 9x9) fuel assembly. Consequently, the fuel
cladding temperatures in the HI-STAR 100 System with Dresden-1 intact of damaged fuel
assemblies will be bounded by design basis fuel cladding temperatures. This is demonstrated in
Subsection 4.4.1.1.16. Based on this simplified analysis, the W-17x17 OFA PWR and GE11-9x9
BWR fuel assemblies are determined to be the bounding configurations for analysis of zircaloy
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clad fuel at design basis maximum heat loads. As discussed in Section 4.3.1, stainless clad fuel
assemblies with significantly lower decay heat emission characteristics are not deemed to be
bounding.

Having established the governing (most resistive) PWR and BWR SNF types, we use a finite
volume code to determine the effective conductivities in a conservative manner. Detailed
conduction-radiation finite volume models of the bounding PWR and BWR fuel assemblies are
developed in the FLUENT code as shown in Figures 4.4.8 and 4.4.9, respectively. The PWR
model was originally developed on the ANSYS code which enables individual rod-to-rod and
rod-to-basket wall view factor calculations to be performed by the AUX12 procedure for the
special case of black body radiation (surfaces emissivity = 1). Limitations of radiation modeling
techniques implemented in ANSYS do not permit taking advantage of quarter symmetry of the
fuel assembly geometry. Unacceptably long CPU time and large workspace- teqmrements
necessary for performing gray body radiation' calculations- for a complete . fuel assembly
geometry .on ANSYS. prompted the development of an alternate simplified model on the
FLUENT code. The FLUENT model is benchmarked with the ANSYS model .results for a
Westinghouse 17x17 fuel assembly geometry for the case of black body radiation (emissivities =
1). The FLUENT model is found to yield conservative results in companson to the ANSYS
model for the "black" surface case. The FLUENT model benehmarked in this manner is used to
solve the gray body radiation problem to prowde the necessary results for determining the
effective thermal conductivity of the governing PWR fuel assembly. The same modeling
approach using FLUENT is then applied 10 the gov ermm. BWR fuel assembly and the effective
conductivity of GE11-9x9 fuel- determmed '

The combined fuel rods- helium matrix is replaced by an equivalent homogeneous material which
fills the basket opening. by the following two-step procedure. In the first. step, the FLUENT-
based fuel assembly model is solved by applying equal heat generation per unit length to the
individual fuel rods and a uniform boundary temperature along the basket cell .opening inside
periphery. The temperature difference between the peak cladding and boundary temperatures is’ .
used to determine an effective conductmty as described in the next step. For this purpose, we '
.-consider. a two- dimensional cross. section of a square shaped block of size equal to 2L and a
- uniform volumemc “heat source (qy) cooled at the -per iphery ‘with a uniform boundary
temperature. Under-.the assumption of constant’ miaterial thermal conductivity (K), -the
temperature dlfference (AT) from the center of the cross section to the penphery 1S analytleally
given by [4.4.5]: :

o » ‘; L2 .
AT=0.29468q’.—

This analytical formula is applied to determine the effective material conductivity from a known
quantity of heat generation applied in the FLUENT model (smeared as a uniform heat source, q,)
basket opening size and AT calculated in the first step. :

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

In Table 4.4.23, 10x10 array type BWR fuel assembly conductivity results from a simplified

analysis are presented to determine the most resistive fuel assembly in this class. From the data

in Table 4.4.23, the Atrium-10 fuel type is determined to be the most resistive in this class of
fuel assemblies. A detailed finite element model of this assembly type was developed to

rigorously quantify the heat dissipation characteristics. The results of this study are presented in

Table 4.4.24 and compared to the BWR bounding fuel assembly conductivity depicted in Figure

4.4.14. The results of this study demonstrate that the bounding fuel assembly conductivity is
conservative with respect to the 10x10 class of BWR fuel assemblies.

Table 4.4.25 summarizes plant specific fuel types effective conductivities. From these analytical

results, the SPC-5 is determined to be the most resistive fuel assembly in this group of fuel types.

A rigorous-finite element model of SPC-5 fuel assemibly was developed to confirm that its in-

plane heat dissipation characteristics are bounded from below by the Deswn Basis BWR fuel
conducnvmes used in the HI- STAR thermal analysis.

Temperature-dependent effective conducti'\{ities of PWR and BWR design basis fuel assemblies
(most resistive SNF types) are shown in Figure 4.4.14. The finite volume computational results
are also compared to results reported from independent technical sources. From this comparison,
it is readily apparent that FLUENT-based. fuel assembly conductivities are conservative. The -
FLUENT computed values (not the published llterature data) are used - in the \IPC thermal
analysis presemed in this document. -

4.4. 1.1.3  Effective Ther}ma_l Conductivit\) of‘ Boral/Sheathing/Box Wall SzindWi_ch

* Each MPC basket cell wall (except the MPC-68 outer periphery cell walls) is manufactured with
a Boral neutron absorbing plate for criticality- control. Each Boral plate is sandwiched in a
sheathing-to-basket wall pocket. A.schematic of the "Box Wall-Boral-Sheathing" “sandwich
geometry of an MPC basket is illustrated in Figure 4.4.3. During fabrication, a uniformly normal
pressure is applied to each “Box Wall- Boral- Sheathmﬂ sandwich in the assembly fixture during -

* stitch-welding of the sheathing periphery ‘on the box wall. This ensures adequate surface-to-.

surface contact for elimination of any macroscopic air uaps ‘The mean coefficient of linear
expansion of the Boral is higher than the thermal expansion coefficients of the basket and.
sheathing materials. Consequently, basket heat-up from the stored SNF will further ensure a tight -
fit-of the Boral plate in the sheathing-to-box pocket. The presence of small microscopic gaps
due to less than perfect surface finish characteristics requires consideration of an interfacial
contact resistance between the Boral and box-sheathing surfaces. A conservative contact
resistance resulting from a 2 mil Boral to pocket gap is applied in the analysis. In other words, no
credit is taken for the interfacial pressure between Boral and stainless plate/sheet stock produced
by the fixturing and welding process.

Heat conduction properties of a composite “Box Wall-Boral-Sheathing” sandwich in the two
principal basket cross sectional directions as illustrated in Figure 4.4.3 (i.e., lateral "out-of-
plane" and longitudinal "in-plane") are unequal. In the lateral direction, heat is transported across
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layers of sheathing, air-gap, Boral (B;C and cladding layers) and box wall resistances which are
essentially in series (except for the small helium filled end regions shown in Figure 4.4.4). Heat
conduction in the longitudinal direction, in contrast, is through an array of essentially parallel
resistances comprised of these several layers listed above. For the ANSYS based MPC basket
thermal model, corresponding non-isotropic effective thermal conductivities in the two
orthogonal sandwich directions are determined and applied in the analysis.

These non-isotropic conductivities are determined by constructing two-dimensional finite-
element models of the composite “Box Wall-Boral-Sheathing” sandwich in ANSYS. A fixed
temperature is applied to one edge of the model and a fixed heat flux is applied to the other edge,
and the model is solved to obtain the average temperature of the fixed-flux edge. The equivalent

_thermal conductivity is obtained using the computed temperature difference across the sandwich
as input to a one-dimensional Fourier equation for conduction heat transfer as follows:

~ where: -
' Keff = effective thermal conductivity
q = heat flux applied in the ANSYS model
- L= ANSYS model heat transfer path length
Th = ANSYS calculated average edge temperatune ’
T. = specified edge temperature :

The heat transfer path len"th is the width or thickness ot the sandwich, respecmely, dependmu
on the direction of transfer (i. e, m-plane or out—of-plane)

' 4.4.1,1;4 o " Finite Element Modelinu of Basket In-Plahe' Coriductivé Heat Tfénsport-

The heat rejection capability of each MPC basket desmn (i.e., MPC- 24, and MPC 68) is
- evaluated by developing a thermal model of the’ combmed fuel assemblies and composite basl\et;

‘walls geometry on the ANSYS finite element code. The ANSYS model includes a geometric
layout of the basket structure in which the basket “Box” Wall-Boral- Sheatth sandwich is

* replaced by a "homogeneous wall" with an equivalent thermal conductivity. Since the thermal

- conductivity of the Alloy X material is a weakly varying function of temperature, the equivalent
"homogeneous wall" must have a temperature-dependent effective conductivity. Similarly, as

illustrated in Figure 4.4.4, the conductivities in the "in-plane” and "out-of-plane” directions of .

the “equivalent. "homogeneous wall" are different. ‘Finally, as discussed earlier, ‘the fuel
assemblies and the surrounding basket cell openings- are modeled as homogeneous heat
generating regions with effective temperature dependent in-plane conductivity. The methodology
used to reduce the

heterogeneous MPC basket - fuel assemblage to an equivalent homogeneous region with
effective thermal properties is discussed in the following. ,

Consider a cylinder of height, L, and radius, r,, with a uniform volumetric heat source term, q,,
-insulated top and bottom faces, and its cylindrical boundary maintained at a uniform
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temperature, T The maximum centerline temperature (Ty,) to boundary temperature difference
is readily obtained from classical one-dimensional conduction relationships (for the case of a

conducting region with uniform heat generation and a constant thermal conductivity K,):
. )
(Ty-TH= Qg To /(4 Ky)

. . . . 2 .
Noting that the total heat generated in the cylinder (Q,) is 7 r,” L qq, the above temperature rise
formula can be reduced to the following simplified form in terms of total heat generation per unit
length (Q/L):

: (T - To) =(Q/ LY (4 TKy)

This simple analytical approach is employed to determine an effective basket cross-sectional
conductivity by applying an equivalence between the ANSYS finite element model of the basket
and the analytical case. The equivalence principle employed in the HI-STAR 100 System
thermal analysis is depicted in Figure 4.4.2. The 2-dimensional ANSYS finite element model of
each MPC basket is solved by applying a uniform heat generation per unit length in each basket
cell region and a constant basket periphery boundary temperature, T.’. Noting that the basket
region with uniformly distributed heat sources and a constant boundary temperature is equivalent
to the analytical case of a cylinder with uniform volumetric heat source discussed earlier, an
effective MPC basket conductivity (Kgyy) is readily derived from the analytual formula and
ANSYS solution leading to the following relationship:

| Ker=N(Q//L)/ (4 [Ty -T])
where:

. N= 'h;lmber of fuel a_ssembvlie's
- (Qf/L) = per fuel _éssembl}z_h,eat ge'x1eratioh per unit lengtlj a_pplied_in_-ANSYS 'model_
Th’ = ﬁeak Baéket crdés-seéﬁoﬁ-telhperatllré fronﬁ 'ANS-'Y._S‘u.lodél:‘ o

Cross sectional views of MPC basket ANSYS models are depicted in Figures 4.4.11 and 4.4.12.
Notice that many of the basket supports and all shims have been conservativ rely neglected in the
models. This conservative geometry snmphﬁcatlon coupled with the conservative neglect. of -
thermal expansion which would minimize the gaps, yields consewame gap thermal resnstances
Temperature-dependent equivalent thermal conductivities of fuel region and composne basket
walls, as determined from analysis procedures described earlier, are applied to the ANSYS
model. The planar ANSYS conduction model is solved by applying a constant basket periphery
temperature with uniform heat generation in the fuel region. Table 4.4.7 summarizes effective
thermal conductivityvalues used in subsequent cask thermal modeling. It should be noted that the
planar conductivities calculated as described above are actually higher than those reported in
Table 4.4.7, imparting additional conservatism to the subsequent calculations. The effective
calculated basket cross sectional conductivity and the effective axial direction effective
conductivity is conservatively assumed to be equal in the comprehensive HI-STAR 100 System
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thermal model (see Section 4.4.1.1.11). It is recalled that the equivalent thermal conductivity
values presented in Table 4.4.7 are lower bound values because, among other elements of
conservatism, the effective conductivity of most resistive SNF types (Tables 4.4.5 and 4.4.6) are
used in the MPC finite element simulations.

44.1.15 Heat Transfer in MPC Basket Peripheral Region

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

_Cpp gBATL
R -
nkK
where:- '
C, = fluid heat capacity
P = fluid density
g = acceleration due to ﬂra"\{it,v
B = _coeff' icient of ther mal expansion (equal to 1ecnp10ca| of absolute
' temperature for nases) - : :
AT = temperamre difference between the hot and cold SL;ffaces Lo
L = spacing between the hot and cold surfaces
v = fluid viscosity
K = fluid conductivity

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

5 - H_,-
Nu, = 042 Ra’ Pr”'"‘ (-E) 0.;
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where Pr is the Prandtl number of the cavity fill gas,

A Nusselt number of unity implies heat transfer by fluid conduction only, while a higher than
unity Nusselt number is due to the so-called "Rayleigh" effect which monotonically increases
with increasing Rayleigh number. Nusselt numbers applicable to helium-filled PWR and BWR
fueled HI-STAR 100 MPCs in the peripheral voids are provided in Table 4.4.1.

4.41.1.6 Effective Conductivity of Multilavered Intermediate Shell Region

Fabrication of the multi-layered overpack shell is discussed in Section 1.2 which explains how
an interfacial contact between successive layers from the fabrication process is ensured. In the
thermal analysis, each intermediate shell metal-to-metal interface presents an additional
resistance to heat transport. The contact resistance arises’ from microscopic pockets of air .
_entrapped between surface irregularities of the contacting surfaces. Since air is a relatively poor.
“conductor of heat, this results in a reduction in the ability to transport heat across the interface
compared to that of the base metal. Interfacial contact conductance depends upon three principal -
factorS, namely: (i) base material conductivity, (ii) interfacial contact pressure, and (iii). surface
finish. Rohsenow and Hartnett [4.2.2] have reported results from experimental studies of contact -
, conductance across air entrapped stainless steel surfaces with a typical 100 p-inch surface finish.
-~ A minimum contact conductance of 350 Btu/ft*-hr-°F 1s determined from extrapolanon ot
Rohsenow etal. chta to zero contact pressure. » '

Thermal cdnducti\-’ity of carbon steel. is about three times that of stainless steel. Thus, the choice
of carbon steel as base material in a multi-layered construction signiticantly improves heat
transport .across interfaces. The fabrication process, as discussed in Section 1.2, guarantees '

significant interfacial contact. Contact conductance values extrapolated to zero contact pressure -

are therefore conservative. The surface finish of the hot—rolled carbon steel plate stock is
generally in the range of 250-1000 p-inch [4.2.1]. The process of forming hot-rolled flat platé -
stock to cylindrical shapes to form the intermediate shells will result in additional smoothening

" of the surfaces (from the large smtace pressures exerted bv the haldened roller f'lces wh]ch'__

ﬂatten out any surface 1rre"ulant1es) ‘ :

In the HI STAR 100 therimal analysxs a consenanvely boundmu mterhcnal cont'lct conductance '
value i1s determined using the following assumpnons :

. No credit is taken for higher base meml conductmty (carbon versus. stamless
steel) : - :

(™)

No credit is taken for interfacial contact pressure.

3. No credit is taken for a smooth surface finish resulting from rolling of hot-rolled
plate stock to cylindrical shapes.

4. Contact conductance is based on a uniform 2000 p-inch (1000 p-inch for each
surface condition) interfacial air gap at all interfaces.
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5. No credit for radiation heat exchange across this hypothetical inter-surface air
gap. :
6. Bounding low thermal conductivity at 200°F.

These assumptions guarantee a conservative assessment of heat dissipation characteristics of the
multi-layered intermediate shell region. The resistance of the five carbon steel layers along with
the associated interfacial resistances are combined as resistances in series to determine an
effective Lonductmty of this region Ieddm" to tbe following relationship:

| o mk
I's To ) Fo 31
K*r.\’"( ][Z————'—]
=] Kur i chl

To

where (in conventional U.S. units):

Ki = effective intermediate shell region thermal conductivity
r = inside radius of inner intermediate shell
= outer radius of i™ intermediate shell -
i) = interfacial air gap (2000 p-inch)
Ky = - air thérmal_ conductivity
Kia = carbon steel thermal conductivity -
44.1.17 Heat Reiection from Overpack Exterior Surfacés

~Jacob and Hawkms [4 2.9] recommend the. following correlations for natural convection heat
transfer to alr from heated vertical or horizontal surﬁces '

v Turbulen_t range: , , _ o
' | B 049 (AT )P (Vertical, GrPr> [0°)
h=0.22 (A1 )" (Horizontal, GrPr> 10 )

(in conventional U.S. units)
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Laminar Range:
h=10. 79( ) *(Vertical GrPr < ()

h=0.27( S‘IL ) (Horizontal GrPr<2x 1)

(in conventional U.S.units) .

where AT is the temperature differential between the overpack surface and ambient air. The
length scale L is the overpack height for vertical smfaces or the overpack diameter for the top
horizontal surface Noting that GrPr is expressed as L’ATZ, where Z (from Table 4.2.7) is at -
least 2.6x10° at a conservatively high upper bound overpack exterior air film temperature of
~ 340°F, it is apparent that the turbulent condition is always satisfied for AT in excess of a small

fraction of 1"F. Under turbulent condmons the more conservative heat transfer correlation for -

vertical surfaces (i. e, h'=0.19 AT"?) is applied for thermal analysis to all exposed overpack
surf'\ces ‘ ' ' ' ' ' - '

Including both natmal convection and thermal radiation heat loss from the o\erpack outer
surfaces, the following relationship for surface heat fluxis developed:

q. = 019(T-T) +asF.\[(T+460) - (T, + 460)"]

where:
ToTa = étlfface, ambient temperatures (°F)
q;. = surface Iieat ﬂhx ('Bttli’ftz;hr') .'
£ = - | surfacé e_missi.vity o
- Fua '_ = \fiev_v_' _faqtof between surface and-aif
c = . Ste‘f.'ah Boltéman éonstant‘(O. I 714x 10°* Bt'w’f't‘z;h»r‘-“‘Ré)‘.

In order to determine the view factor for vertical overpack outside surfaces, an ANSYS [4.1.1]
finite-element based radiation heat transfer model is developed. The model geometry is based on
a HI-STAR 100 System array layout depicted schematically in Figure 1.4.1. The design basis HI-
STAR 100 System ISFSI storage square layout pitch is provided in Section 1.4. The ANSYS
model developed is shown in Figure 4.4.5. In this figure, a center HI-STAR 100 System cask is
shown surrounded by two rows of casks on all sides. The ANSYS solution determines view
" factors between this most adversely located system in the middle with all other neighboring
casks. A sum of all these individual blockages gives the total blockage factor. Thus, the view
factor F, . between this most adversely affected HI-STAR 100 System and outside air is
determined by the following relationship:
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\:l'ZFI.K
K

where F,  is the view factor between HI-STAR 100 System 1 and a neighboring system K. This
factor is determined by a series of ANSYS solutions as a function of ISFSI cask array pitch, and”
the results are shown in Figure 4.4.6.

44.1.1.8 Determination of Solar Heat Input

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

Consistent with the guidelines in NUREG-1536 [4.1.3], solar input to the exposed surfaces of the
-overpack is determined based on 12-lour insolation levels recommended in 10CFR71 (averaged
over a 24-hour period) and applied to the most adversely located cask after accounting for partial
- blockage of incident solar radiation on the lateral surfaces of the cask by surrounding casks. The
blocking factor is identical to the radiative blocking considered for cooling of outside surfaces to
the ambient environment. This is conservative compared to the case of an isolated cask with
-significantly improved radiative cooling and higher insolation levels because the cask is emitting
~much more heat than the insolation heat input. The imposed steady insolation level for the
exposed top lid is based on a view factor equal to unity. The solar absorptivity of all exposed
~ cask surfaces is assumed to be a conservativ ely bounding value of unity.

.. .74.4. 1.1.9  Effective Thermal Conductivity of Holtite Neutron Shielding Region

- In order to minimize heat transfer. resistance limitations due to the poor thermal conductivity of
~ the Holtite-A neutron shield material, a 1ar"e number of thick radial channels of high strength
and-conductivity carbon steel material are’ embedded in the neutron shield region. The legs of the
radial channels form highly conducting heat transfer paths for efficient heat removal. Each
channel leg is welded to the outside surface of the outermost intermediate shell. Enclosure shell
panels are welded to the radial channels to form the external wall of the ov erpack, and thus
, provnde a continuous path for heat temoval to the amblem environment.

The effective ’thermal conductivit‘y of the composite neutron shield and the network of radial
channel legs is determined by combining the heat transfer resistance of individual components in "
a parallel network. In determining the heat transfer capability of this region to the outside

ambient environment for normal long-term storage conditions, no credit is taken for conduction

through the neutron_shielding material. Thus, heat transport from the outer intermediate shell

surface to the overpack outer shell is conservatively based on heat transfer through the carbon’
steel radial connectors alone. Thermal conductivity of the parallel neutron shield and radial

channel leg region is given by the following formula:
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K. N, t,/n(“’) Koo N, to. é"n[ﬂ)
ra/ . Ala

K I\ = - -
' 27 iy 27 iy

where (in consistent U.S. units):

Kpe = effective thermal conductivity of Holtite region
Ta = inner ra.dius of neutron shielding
| - = outer radius of neutron shielding
K, - = el‘[‘ecti_ve‘ lhérmal condﬁctivily o'f‘ carbon stéei radial channel leg
N, = total numbef of radial channel les_s (also equal to number of neutron shield
' ' sectlons) : : :
‘t, : = minimum (nominal) tilickhess of each radial channel le.g '
Cr = effecti've radiél heat transport leﬁgth through radial channel leg
iK“‘ ' g.' = ‘neutron shield thermal :COIldVI..lCtiVinA |
s = | neutron shfeld thivckness'(between. two radial channei legs)

‘The radial channel-to-outer intermediate shell surface weld thickness is equal to. half the plate
“thickness. The additional weld resistance is accounted for by.reducing the plate thickness in the
weld region for a short radial span equal to the weld size. As a result, the conductivity of the
- radial carbon steel connectors based on full thickness for the entire radial span is reduced.
Figure 4:4.7 depicts a resistance network developed to'combine the neutron shield and radial
connectors resistances to determine an effective conductivity of the neutron shield region. Note
that in the resistance network analogy, only the annulis region between overpack outer enclosure
_ inner surface and intermediate shells outér surface is consndered in this analysis. The effective
'thermal conductmty of the neutron shleld/radlal channel leg region is provxded in Table 4.4. 8

J¢4[ 110 Effective Thermal Conductivity of Flex:ble M PC Basket to- She]l A!mmmlm Heat
: Conduction Elements .

As shown in HI-STAR 100 System MPC drawings in Section 1.5, flexible full-length heat
conduction elements fabricated from thin aluminum alloy 1100 sheet metal are inserted in the
large MPC basket-to-shell gaps to provide uninterrupted metal pathways to transport heat from
the basket to the MPC shell. Due to the high thermal conductivity of aluminum alloy 1100 (about
15 times that of Alloy X), a significant rate of heat transfer is possible along thin flexible plates.
Flexibility of the heat conduction elements is an important asset to enable a snug fit in the
confined spaces and for ease of installation. Figure 4.4.13 shows the mathematical idealization of
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a typical conduction element inserted in a basket periphery panel-to-MPC shell space. The
aluminum heat conduction element is shown to cover the MPC basket Alloy X peripheral panel
and MPC shells (Regions I and 11 depicted in Figure 4.4.13) surfaces along the full-length of the
basket except for isolated locations where fitup or interference with other parts precludes
complete basket coverage. Heat transport to and from the aluminum heat conduction element is
conservatively postulated to occur across a thin helium gap as shown in the figure (i.e., no credit
is taken for aluminum heat conduction element to Alloy X metal-to-metal contact). Aluminum
surfaces inside the hollow region are sandblasted prior to fabrication to result in a rough surface
finish which has a significantly higher emissivity compared to smooth surfaces of rolled
aluminum. The untreated aluminum surfaces dnectly tacing Alloy X p'mels have a smooth finish
to minimize contact resistance. :

Net heat transfer resistance from the hot basket periphery panel to the relatively cooler MPC
shell along the aluminum heat conduction element pathway is a sum of thrée individual
resistances in regions labeled I, I, and Il as shown in Figure 4.4.13. In Region I, heat is
transported from the basket to the aluminum heat conductlon element surface directly facing the
~basket panel across a thin helium resistance gap. Longitudinal transport of heat (in the z
direction) in the aluminum plate (in Region 1) will result in an axially non-uniform temperature
dis’tribution.' Longitudinal one-dimensional heat transfer in the Region I aluminum plate was
analytically formulated to result in the following ordinary differential equation for the non-
uniform temperature distribution:

FT Kie .
tKae — = - _—[_ (Ty-T) . : -
S dz h : (Equation a)
Boundary Conditions ' ’ :
T : — ,} T
— = 0atz =0
(/Z .
co o S T=T’atz=" "(Equation b)
where (see Figure 4.4.13): -
“T(z) #-_uohﬂniform aluminum 111étal temperature distribution
. _'.Vt = heat cdndudion element thickness :
Kar=heat conduction element condbctivity
K = helium conductivity -
h= helium gap thickness
T, =" hot basket temperature
Ty = heat conduction element Region I boundary temperature at z =P
P= heat conduction element Region I length
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W= conduction element Region II length

Solution of this ordinary differential equation subject to the imposed boundary condition is:

s e?% + eV;Z
(i - T) =(Tw - W) |

Tt eTn i
C\tl € Va (Equatlon C)

where o is a dimensional parameter equal to (hxtxKa/Kpe). The net heat transfer (Qy) across the
- Region I helium gap can be determined by the following mte"rated heat flux to a heat
ks conductxon element of lenuth L as: 2

= _[ —=(T,-T) (L) dz . ~ (Equation d)

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

Ku L Va [ L -
”l - (1,- - p]m-n’)

evu + eV

Q =
: (Equatnon e)
- Based on thls result, an expressxon for Region [ resistance is obtained as shown below:

Th "_ T]" -‘ . h

!
.

R, = = - —_——

___l B Q‘_- o Klk L \/— [ evm + 'e vla]

(Equation f)

Thc chlon 11 resistance’ cxpression can be dcwclopcd from thc tollou ing. nct heat transfc:
. equanon in the vemca! leg of the conduction element as 5hown below: : ‘

o KulLt . _ v
) .Qu = (Th T ) U o
L W : - (Equationg)
R _ T, - T;-, _ W .
o Q,  Kult

' (Eqvuation h)

- Similarly, a Region Il resistance expression can be analytically determined as shown below: =

Ry = (T - T) _ h ( ] J'l - (Equation i)
" . QIH K“L L ‘/_ 4 q

e’;+ e Vu

This completes the analysis for the total thermal resistance attributable to the heat conduction
elements, equal to the sum of the three individual resistances. The total heat conduction element
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resistance is smeared across the basket-to-MPC shell region as an effective uniform annular gap
conductivity (see Figure 4.4.2). We note that heat transport along the conduction elemeunts is an
independent conduction path in parallel with conduction and radiation mechanisms in the large
helium gaps. Helium conduction and radiation in the MPC basket-to-MPC shell peripheral gaps
is accounted for separately in the ANSYS models for the MPCs, described earlier. Therefore, the
total MPC basket-to-MPC shell peripheral gaps conductivity will be the sum of the heat
conduction elements effective conductivity and the helium gap conduction-radiation effective
conductivity.

44.1.1.11 - FLUENT Model for HI-STAR 100 Temperature Field Computation

In the preceding subsection, a series of analytical and numerical models to define the thermal -
characterlstlcs of the various elements of the HI-STAR 100 System are presented. The thermal
modelmﬂ begins with the replacement of the SNF cross section and surrounding fuel cell space
with a solid region with an equivalent. conductivity. Since radiation is an important constituent of
the heat tr’msfel process’in the SNF/storage cell space, and the rate of radiation heat transfer is a
strong funcnon of the surface temperatures, it is necessary to treat the equwalent region

- conductivity. as a function of temperature. Because of the relatively large range of temperatures
in'a loaded HI-STAR 100 System‘under the design basis heat loads, the effects of variation in the
thermal conductivity of materials with temperature throughout the system model are included.
The presence of significant radiation effects in the storage cell spaces adds to the imperative to
treat the equivalent stona"e cell lamma conducnvxty as temperature-dependent.

'FLUENT finite volume simulations ha\e been perfonned to 'establish the equivalent thermal
conductivity as a function of temperature for the limiting (thermally most resistive) BWR and
PWR spent fuel types. Utilizing the limiting SNF (estabhshed through a simplified analytical
process. for comparing conductivities) ensures. that the numerical idealization fox the fuel space
: effectwe conductlvtty is consery ative for all non- llmmn(r fuei types.

, Hawm_ replaced the fuel spaces by sohd squale blocks with temperature-dependent condmtmty s
- essentially renders the basket into a non- -homogeneous three-dimensional solid where the non- -
homogeneity is introduced by the honeycomb basket structure. The basket panels themselves ale
‘a composite of Alloy X ‘cell wall, Boral neutron absorber, and Alloy X sheathing metal.
conservative -approach to replace this composite section with an equwalent ‘solid wall" was
descnbed earller :

In the next.step, a planar section of the MPC is consndered The MPC contains a non- symmetnc.
basket lamina - wherein the equivalent fuel spaces are separated by the "equivalent” solid metal -
walls. The space between the basket and the MPC, called the peripheral gap, is filled with
helium gas and aluminum heat conduction elements (shown in the MPC drawings in Section
1.5). The equivalent thermal conductivity of the MPC section is computed using a finite element
procedure on ANSYS. To the "helium conduction-radiation” based peripheral gap conductivity,
the effective conductivity of the aluminum conduction elements is added to obtain a combined
peripheral gap effective conductivity. At this stage in the thermal analysis, the SNF/basket/MPC
assemblage has been replaced with a two-zone (Figure 4.4.2) cylindrical solid whose thermal
conductivity is a strong function of temperature.
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The idealization for the overpack is considerably more straightforward. The overpack is radially
symmetric except for the neutron absorber (Holtite-A) region (Figure 4.4.7). The procedure to
replace the multiple shell layers, Holtite-A and radial connectors with an equivalent solid utilizes
classical heat conduction analogies, as discussed in Sections 4.4.1.1.6 and 4.4.1.1.9.

In the final step of the analysis, the equivalent two-zone MPC cylinder, equivalent overpack
shell, top and bottom plates, and ISFSI pad are assembled into a comprehensive finite volume
model. A cross section of this axisymmetric model implemented on FLUENT is shown in Figure
4415, A summary of the essential features of this model is plesented in the following:

¢ Theoverpack ‘shell is represeme(l by 840 axisymmetric elements.

. The ov erpack bottom plate and. bolted closme plate are modeled by 3l7 axnsynmlemc'
' elements - :

e The two-zorie MPC "solid" (including the baseplate, lid and shell) is represented by" 1188

axisymmetric elements.,

. " The ISFSI pad is conservatively modeled as a thermal resistance from a 36" thick
concrete cylinder whose bottom surface is at 60°F. The portion of the concrete outside
the footprint of the cask is conservatively omitted from the model.

. Tlie space between the MPC and the overpack intérior inner surface contains helium. ‘

. Heat input due to insolation is applxed to the top surface and the cvlmdncal surface of the
ov erpack .

e ' The heat weneranon in the M PC is assumed o be umfonm in each horlzontal plane but to’
_vary ‘in"the axial dlrectlon 0 correspond to the axxal power dxstnbunon llsted n Tdble _
218, . U o S ‘ :

°* The most dlsadvantaneously placed cask ina Hl STAR cask anay (i.e., the one subjected '

to maximum radlame block'we (see Subsecnon 4 4. 1 1. 7) is modeled

~ The emissivity applie'd to the external 'surfaces of the HI- STAR model accounts for radiation-
blockage of the outer enclosure surface and no blockage lor the overpack closure plate top
surface. : :

The finite element model constructed in this manner will produce an axisymmetric temperature
distribution. The peak temperature will occur at the centerline and is expected to occur at the
axial location of peak heat generation. As we will see later, the results from the finite volume
solution bear out these observations.

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

Prior to the start of the MPC draining operation, both the overpack annulus and the MPC are full
of water. The presence of water 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.

- Thermal analysis of the MPC basket for bounding design basis decay heat loads is performed on
the ANSYS finite element code. The ANSYS model is constructed to evaluate the heat rejection
ability of the basket under evacuated conditions. The vacuum condition effective fuel assembly
conductivity is determined by procedures discussed earlier (Subsectlon 4.4.1.1.2) after setting
the thermal conductivity of the gaseous medium to a small fraction (one part in one thousand) of
helium conductivity in the fuel assembly finite element model. Basket periphery-to-MPC shell -

“heat transfer occurs through conduction and radiation. During draining and vacuum drying

operations, the overpack annulus is required to be kept filled with water. Thus, the MPC thermal
analysis problem is formulated with cooling of the MPC shell with water, which under worst
case conditions would be sllg_htly higher than-its normal boiling température at the bottom of the
overpack annulus. Results of Vacuum condition analvses are provided in Subsection 4.4.2.2

4.4.1.1. 13 Etfect of Fuel CladdmL Clud Resrstance

In this subsection, a conservanvely boundmﬂ esnmate of temperature drop across a crud ﬁlm
adhering to a fuel rod during dry storage conditions is determined. The evaluation is performed

- for a BWR fuel assembly based on an upper bound crud thickness obtained from the PNL-4835 =

report ([4.3 4], Table 3). The ¢rud- _present on the fuel assemblies is predominately iron oxrde
mixed with small quantities of other metals such as cobalt, mckel chromium, etc. C onsequently, '
the effective .conductivity of the crud nuxture is expected to be in the range of typical metal.
alloys. However, in the interest of extreme conser\ atism, the crud layer thickness is replaced by
a film of helium. The calculation is performed in two steps.. In the first step, a crud film’
resistance is determined based on bounding maximum film on the fuel rod surfaces. This is
followed by a peak local cladding heat flux calculation for the GE 7x7 array fuel assembly
postulated to emit a.conservatively bounding decay heat equal to 0.5kW. The temperature drop
across the crud film obtained as a product of the heat flux and crud resistance terms is
determined to be less than 0.1"F. The calculations are presented below.
Bounding Crud Thickness(s) 130pm (4.26x10™ fi)
(PNL-4835)
Crud Conductivity (K)
(Conservative Assumption)

0.1 Btu/ft-hr-"F
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GE 7x7 Fuel Assembly:

Rod O.D. = 0.563"
Active Fuel Length = 150"
Heat Transfer Area = (7x7) (mx0.563) x 150/144
= 903 f
Axial Peaking Factor = 1.195 (Burnup distribution Table 2.1.8)
Decay Heat = S00W -

(Conservative Assumption)

5 426x10" L ft'-hr-°F

Crud Resns@nce = X = _—; o1 =. 4.26x IO',“———Btu
Peak Heat Fl - (500x 3:417) Btu/ hr - L 195 9 6 -Btu
eak Heat Flux = - — x =

o B f* hr

Temperature drop (AT,) across crud film

fi'-hr-°F . __ Btu .
— o 226 —— = 0.096°F
B ~ fr-hr N .

(i.e.‘ Jless than 0.1°F)

= 426x107

Therefore, it is concluded that deposmon ot c1ud does not materially chanue the SNF cladding
temperature. : :

441, I 14 Maximum Time Limit Du'rinL'.'IW'et Traﬁéfer -

‘In accordance wnth NUREG lﬂ() water ms!de the MPC cawty durmu wet tlanster opelanons is -
not permmed to boil in the HI-STAR 100 System Consequently, uncontrolled pressures in the
de-watering, purging, and lechawmu system which may result from two-phase condition, are
- completely avoided. This requirement is accomphshed by imposing a limit on the maximum
‘allowable time duration for fuel to be submerged in water after a loaded HI-STAR cask is
removed from the pool and prior to the start of vacuum drying operatlons

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

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

il. Design Basis maximum decay heat input from the loaded fuel assemblies
is imposed on the HI-STAR system.

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

v. Fifty percent of the water mass in the \flPC cavity is credited towalds
water thermal inertia evaluatton

Table 4.4.20 summatiZes' the wei;_.hts' and thermal inertias of several éomponents in the loadéd :
HI-STAR system. The rate of temperature rise of the HI-STAR and its contents durmn an
' adnbanc heat-up is governed by the tollowmu equauon ' '

T Q-
where: | ’
Q= decay heat load (Btu ‘hr)

[equal to Design Basis maximum (amo% the two MPC types) 19.0 kW (1 e,
64,847 Btu/hr)]

v (lh = combined thermal mertia of the loaded Hl STAR system (Btu/ F)
T= temperatlwe of' the contents (’ F)
t= ' time after Hl-STAR syst.em is renno&iéll:'l“rolll tlle 'bool '(hr\) § |
A bounding heat -up rate for- the Hl STAR system conterlts is . determmed tlo l)e equal to

2.08°F/hr. From this adiabatic rate of temperature rise estimate, the maximum allowable time
duration (t,,, «) for fuel to be submerged in'water is determmed as follows

t - Thnil ' “'T,imtml .
max , (dTl’dt)
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where:

Thoir = boiling tempexatule of water
(equal to 212°F at the water surface in the MPC cavity)

* Tinisia =initial temperature of the HI-STAR contents when removed from the pool
Table 4.4.21 provides a summary of ty,y at several initial HI-STAR contents temperatures.

As set forth in the HI-STAR 100 operating procedures, in the unlikely event where the maximum
- allowable time provided in Table 4.4.21 is found to be insufficient to complete all wet transfer
- operations, a forced water circulation shall be initiated and maintained to remove the decay heat
from the MPC cavity. In this case, relatively cooler water will enter'via the MPC lid drain port
connection and heated water will exit from the vent port. The minimum water flow rate required
~to maintain the MPC cavity water temperature below bo:hnﬂ with an adequate subcoolmu
margin is determmed as tollows

Q
Cpn' (Tnxl:ux - T )

m

My

where:

|

My = minixﬁum water flow rate (Ib/hr)
C,,Q= water heat capacity (’Bﬁl/lb-"F) :
,T"““" = n_méximum MPC cavity y\'ager 111#55 tempefattire
| Tw=" temﬁe'rature of water supply to MPC
-Wlth the MPC cavity water tempelatme lumted ‘to hO"F MPC mlet ‘water maximumn
temperature equal to 125°F and at the design basis maximum heat load the water ﬂow rate is -

determmed to be 2,394 Ib/hr (5.3 me)

‘4.4.1._1 A5 C ask C ooldown and Reﬂood Analysis During Fuel Unloadmg Ogeratlol

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

In the unlikely event that a HI-STAR system is required to be unloaded, it will be transported
back to the fuel handling building. Prior to reflooding the MPC cavity with water, a forced flow
helium recirculation system with adequate flow capacity shall be operated to remove the decay
heat and initiate a slow cask cooldown lasting for several days. The operating procedures in
Chapter 8 (Section 8.3) provide a detailed description of the steps involved in the cask
unloading. In this section, an analytical evaluation is presented to provide the basis for helium
flow rates and time of forced cooling to meet the ob|ecttve of ehmmatnw thermal shock when
the MPC cavity is eventually ﬂooded with w ater. o

Under a closed‘ loop forced helium circulation condition, the helium gas is cooled via an external
chiller, down to - 100°F, and then introduced inside the MPC ‘cavity from the drain line near the
- bottom baseplate. The helium gas enters the MPC basket from the bottom oversized flow holes
and moves upwards through the hot fuel assemblies, removing heat and cooling the MPC
internals. The heated helium gas exits from the basket top and collects in the top plenum, from
where it is expelled through the MPC lid vent connection to the helium recirculation and cooling
system. The MPC contents bulk average temperature reduction as a function of time is
-principally dependent upon the rate of helium circulation. The tempemture transient is governed
by the tollowms. heat balance equation

Ch %1; = Ql, - mC,(T-T) - QC
nitial Condition: ~ T=T, art=0 |
where: |
O T= " | MP( .bull\ zt\erdue temperature( F)

To= initial M PC bulk av era"e temperature in the HI STAR system
- -(equal to 439°F)

t=  time after start of forced cxrculanon (hrs)

- Qp= decay heat load (Btu/hr) v :
' (equal to Design Basis maximum 119.0 kW (1 e., 64,847 Btu’hr))

m = helium circulation rate (Ib/hr)
Cp = heliumheat capacity (Btu/lb-"F)

(equal to 1.24 Btu/1b-°F)

Q.= heat rejection from cask exposed surfaces to ambient (Btu/hr) (conservatively
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neglected)
Cy= thermal capacity of the loaded MPC (Btu/F)

(For a bounding upper bound 100,000 1b loaded MPC weight, and heat capacity
of Alloy X equal to 0.12 Btu/lb-°F, the heat capacity is equal to 12,000 Btu/'F.)

Ti=  MPC helium inlet temperature ("F)

The differential equation is ana]vtncally solved, yielding the following e\presswn for time-
dependent MPC bulk- tempexatuxe
u)( m

O T() =(TR+Q_[:)“’ e u )+ T, e7G !
0 mC,

This equation is used 1o determine the minimum helium mass flow rate which would cool the .

MPC cavity down from initially hot conditions to less than 200°F in 72 hours The reqmred .

. hellum mass flow rate is 546 lb/hr (1 e.. 817 SCFM).

Once the helium gas circulation has cooled the MPC internals to less than 200°F, water- can be
injected to the MPC without risk of boiling and the associated thermal stress concerns. Because
of the relatively long cooldown period, the thermal stress contribution to the total cladding stress .
would be negligible, and the total stress would therefore be bounded by the normal (dry) -
condition. The elimination of boiling eliminates any concern of over-pressurization due to steam
productxon :

. 441, 1 16 . ‘HI-STAR Tempexamre Field With Low Emlttmo Fuel

" The HI- STAR 100 thermal evaluations for BWR fuel are dmded in two s_roups of fuel

3 assemblies proposed for storage in MPC-68. These groups are classified as Low Heat Emitting

( LHE) fuel assemblies and Design Basis (DB) fuel assemblies. The LHE unoup of fuel .
~~ assemblies are characterized by low burnup, long cooling time, and short active fuel lengths. .
- C onsequently their heat loads are dwarfed by the DB group of fuel assemblies. The Dresden-1
(6x6 and 8x8), Quad+, and Humboldt Bay (7x7 and 6x6) fuel characteristics warrant their
classification as LHE fuel. These characteristics, including burnup and cooling time limits
imposed on this class of fuel, are presented in Table 2.1.6: This fuel (except Quad’) is permltted '
‘to be loaded when encased in Damaged. Fuel Containers (DFCs). As a result of interruption of
radiation heat exchange between the fuel assembly and the fuel basket by the DFC boundary,
this loading configuration is bounding for thermal evaluation. In Subsection 4.4.1.1.2, two
canister designs for encasing LHE fuel are evaluated — a previously approved Holtec Design
(Holtec Drawing-1783) and an existing canister in which some of the Dresden-1 fuel is currently
stored (Transnuclear D-1 canister). The most resistive fuel assembly determined by analytical
evaluation is considered for thermal evaluation (see Table 4.4.6). The MPC-68 basket effective
conductivity, loaded with the most resistive fuel assembly from the LHE group of fuel (encased
in a canister) is provided in Table 4.4.7. To this basket, LHE decay heat load is applied and a HI-
STAR 100 System temperature field obtained. The low heat load burden limits the initial peak
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cladding temperature to 595°F which is substantially below the temperature limit for long-cooled
fuel (~643°F).

A thoria rod canister designed to hold a maximum of 20 fuel rods arrayed in a 5x4 configuration
is currently stored at the Dresden-1 spent fuel pool. The fuel rods contain a mixture of enriched
UQO- and Thorium Oxide: in the fuel pellets. The fuel rods were originally constituted as part of
an 8x8 fuel assembly and used in the second and third cycle of Dresden-1 operation. The
maximum fuel burnup of these rods is quite low (~14,400 MWD/MTU). The thoria rod canister
internal design is a honeycomb structure formed from 12 gage stainless steel plates. The rods are
loaded in individual square cells and are isolated from each other by the cell walls. The few
number of rods (18 per assembly) and very low burnup of fuel stored in these Dresden-1
canisters render them as miniscule sources of decay heat. The canister all-metal internal
‘honeycomb construction serves as an additional means of heat dissipation in the fuel cell space.
In accordance with preferential fuel loading requirements imposed in the Technical
Specifications, low burnup fuel shall be loaded toward the basket periphery (i.e., away from the
~ hot central core of the fuel basket). All these considerations provide ample assurance that these -

fuel rods will be stored in a benign thermal environment and theretore remain protected durmv '
long-term storage. :

4412 Test Model

A detailed analytical model for thermal design of the HI-STAR 100 System was developed using
the FLUENT CFD code and the industry standard ANSYS modelm package, as discussed in*
“Subsection 4.4.1.1. As discussed throughout this chapter and specifically in Section 4.4.6, the
analysis incorporates significant -conservatisms so as to predict the fuel cladding temperature .
"with considerable ‘margins. Furthermore, compliance with specmed limits of operation is -

demonstrated with adequate margins. In view of these considerations, the HI-STAR 100 System .

thermal design complies with the thermal criteria set forth in the design basis (Sections 2.1 -and .

2) for long-term storage under normal conditions. Addmonal expenmental \enﬂcatlon of the"

thermal desmn 1s. theretore not required. -

_4.4.2 R Maximum Temperaturés. '
4 4 2. 1 . Mawnum Tempex atures Under Normal Storage C ondmon

The two MPC b1sket designs dev eloped tor the HI-STAR 100 System have been analyzed to
determine the temperature distribution under long-telm normal storage conditions. The MPC
baskets are considered to be loaded at design basis maximum heat loads with PWR or BWR fuel
assemblies, as appropriate. The systems are considered to be arranged in an ISFSI array and
subjected to design basis normal ambient conditions with insolation.

Applying the radiative blocking factor applicable for the worst case cask location, converged
temperature contours are shown in Figures 4.4.17 and 4.4.18 for the MPC-24, and MPC-68
basket designs. The temperatures in these two figures are in degrees Kelvin. The calculated
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temperatures presented in this chapter are based on an array of analyses that incorporate many

conservatisms. As such, the calculated temperatures are upper bound values which would exceed
actual temperatures.

The maximum fuel clad temperatures for zircaloy clad fuel assemblies are listed in Tables 4.4.10

~and 4.4.11, which also summarize maximum calculated temperatures in different parts of the HI-
STAR 100 System. Figures 4.4.21 and 4.4.22 show the axial temperature variation of the hottest
fuel rod in the MPC-24 and MPC-68 basket designs, respectively. Figures 4.4.24 and 4.4.25
show the radial temperature profile in the MPC-24 and MPC-68 basket designs, respectively, in
the horizontal plane where maximum fuel cladding temperature is indicated.

- As discussed in Subsection 4.4.1.1.1, the thermal analysis is performed using a submodeling
process where the results of an analysis on an individual component are incorporated into the
analysis of a larger set of components. Specifically, the submodeling process yields directly
computed fuel temperatures from which fuel basket temperatures are indirectly calculated. This
modeling process differs from previous analytical approaches wherein the basket temperatures-
" were evaluated first and then a basket-to-cladding temperature difference calculation by Wooten-
Epstein or other means prov ided a basis for cladding temperatures. Subsection 4.4.1.1.2
describes the calculation of an effective fuel assembly thermal conductivity for an equivalent
homogenous region. It is important to note that the result of this analysis is a function for thermal
conductivity versus temperature. This function for fuel thermal conductivity is then input to the
fuel basket effective thermal conductivity calculation described in Subsection 4.4.1.1.4. This
calculation uses a finite-element methodology, wherein each fuel cell region containing multiple
_finite-elements: has temperature. varying thermal conductivity properties. The resultant
temperature varying fuel basket thermal conductivity computed by this basket-fuel composne
model is then input to the fuel basket reulon of the FLU ENT- cask model. '

'Because the FLU ENT cask model incorporates the results of the fuel basket submodel, which in.

- turn mcorpomtes the fiiel assemblv submodel, the peak temperature reported from the FLUENT

model is the' peak temperature in any component. In a dry storage cask, the hottest components '
are the fuel assemblies. It should be noted that, because the fuel assembly- models described in -
Subsection 4.4.1.1.2 include the fuel pellets, the FLUENT calculated peak temperatures reported
in Tables 4.4:10 and 44.11 are actually peak pellet-centerline temperatures which bound the
“peak cladding temperatures. We conservatn ely assume that the peak clad temperature is equal to
the peak pellet centerline temperature ,

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

. The maximum fuel cladding temperature is well within the PNL [4.3.1] and the LLNL
[4.3.6] recommended temperature limits. :

. The maximum temperature of the basket structural material is within the stipulated
Design Temperature.
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. The maximum temperature of the Boral neutron absorber is below the material supplier's
recommended limit.

. The maximum temperatures of the MPC pressure boundary materials are well below their
respective ASME Code limits.

. The maximum temperatures of the overpack pressure boundary matenal are well below
their respective ASME Code limits.

. The neutron shleldmu matenal (Holtite-A) wnll not expenence temperatures in excess of
its quahﬁed limit.

.  The local temperatures of the mechanical seals are well below their respective lono-term
limits (Table 4.3.1).

Noting that the allowable maximum initial peak cladding temperature is significantly lower for
older fuel, parametric peak fuel cladding temperature versus total decay heat load tables for each
of the two basket designs were developed. This lower than design basis heat load performance
data is presented in Tables 4.4.18 and 4.4.19. The decay heat limit curve in Figure 2.1.8 is
- developed based on these tables and the allowable fuel cladding temperature limits listed in
" Table 2.2.3.

~ The above observations lead us to conclude that the temperature field in the HI-STAR 100
‘System with a fully loaded MPC containing design-basis heat emitting SNF complies with all
regulatory and industry temperature limits. In other words, the thermal environment in the HI--
STAR 100 System will be conducive to long-term safe storage of spent nuclear fuel. '

‘4.472.‘2 . " Maximum MPC _BaSket Tenip'eral'ure Under Vacuum Conditions

A plot of typical steady-state temperature contours under vacuum conditions is shown in Figure
4.4.19. The peak fuel clad temperature during short-term vacuum drying operations is limited to -
less than 950°F for both baskets at design basis maximum heat loads by a significant margin.
This limit is lower than the’ recommended fuel claddmu temperature (see Table 4 3.1) limits for ’
shon term conditions by a large margin.

443 Minimun_] Temperatures

In Table 2.2.2 of this report, the minimum ambient temperature condition required to be
considered for HI-STAR 100 System design is specified to be -40°F. If, conservatively, a zero
decay heat load (with no solar input) is applied to the stored fuel assemblies then every
component of the system at steady state would be at this minimum ambient temperature. All HI-
STAR 100 System materials of construction would satisfactorily perform their intended function
in the storage mode at this minimum postulated temperature condition. Strucrural evaluations in
Chapter 3 show the acceptable performance of the overpack and MPC steel material at low

HI-STAR FSAR Rev. |
REPORT HI-2012610

44-29  HI-STAR FSAR - REV. 3, May 1, 2007



temperature. Cniticality and shielding functions of the

HI- STAR 100 System materials (Chapters 5 and 6) are unaffected by exposure to this minimum
temperature.

444 Maximum Internal Pressure

The MPC is initially filled with helium after fuel loading and drying prior to installing the MPC
closure ring. During normal storage, the gas temperature within the MPC rises to its maximum
operating basis temperature as determined based on the thermal analysis methodology described
earlier. The gas pressure inside the MPC will also increase with rising temperature. The pressure
rise is determined using the ideal gas law which states that-the absolute pressure of a fixed
~ volume of confined gas is proportional to its 1bsolute temperature. In Tables 4.4.13 and 4.4.14, a
summary ot calculations for determlmnu the net free. volume in the MPC-24 and MPC-68 ale_
presented -

- The maxinmum gas pressure m the MPC is consldered for a postulated accidental release of
fission product gases caused by fuel rods. rupture. For these fuel rod rupture conditions, the
amounts of each of the release gas constituents in the MPC cavity are summed and the resulting
total pressures determined from the Ideal Gas Law. Based on fission gases release fractions (per
NUREG-1536 criteria [4.1.3]), minimum net free volume and maximum initial fill gas pressure,
bounding maximum gas pressures with 1% (normal), 10% (off-normal), and 100% (accident
condition) rod rupture are given in Table 4.4.15. The MPC maximum gas pressures listed in

Table 4.4,1 5 are all below the M PC» design internal pressure listed in Table 2.2.1

‘ The mclusxon of PWR non-fuel hardw*tre (BPRA contlol elements and thimble pluus) to the
- MPC-24 influences the internal pressure in two ways. The presence of non-fuel hardware
enhances heat dissipation, thus lowering fuel temperatures and the gas filling the space between
fuel rods. The gas volume displaced by the mass of non-fuel hardware lowers the cavity free
volume. These two effects, namely, temperature lowering. and free volume reduction, have
opposing inflience in the MPC cavity pressure.. The first effect lowers gas pressure while the_
-second effect raises-it. In the HI-STAR thermal -analysis, the computed temperature field (with
" non-fuel hardware excluded). prowdes a conservatively bounding MPC-24 temperature held The
MPC cavity free space is computed based on volume dlsplacement by the heawest fuel -
(boundm" wetht) with non- fuel hardware mcluded) ' :

7Durm<v in-core irradiation of BPRAs the B-10 1sotope in the neutron absorbnw material is
transformed to helium atoms. Two different forms of the neutron absorbing material are used in
BPRAs: Borasilicate glass and BsC in a refractory solid matrix (Al,O;). Borosilicate glass
(primarily a constituent of Westinghouse BPRAs) is used in the shape of hollow pyrex glass
tubes sealed within steel rods and supported on the inside by a thin walled steel liner. To
accommodate helium diffusion from the glass rod into the rod internal space, a relatively high
void volume (~40%) is engineered in this type of rod design. The rod internal pressure is thus
designed to remain below reactor operating conditions (2,300 psia and approximately 600°F
coolant temperature). The B4C- AlLO; neutron absorber material is principally used in B&W and
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CE tuel BPRA designs. The relatively low temperature of the poison material in BPRA rods
(relative to fuel pellets) favor the entrapment of helium atoms in the solid matrix.

Several BPRA designs are used in PWR fuel which differ in the number, diameter, and length of
poison rods. The older Westinghouse fuel (W-14x14 and AW-15x15) has used 6,12, 16, and 20
rods per assembly BPRAs and the later (W-17x17) fuel uses up to 24 rods per BPRA. The BPRA
rods in the older fuel are much larger than the later fuel and, therefore, the B-10 isotope
inventory in the 20-rod BPRAs bound the newer W-17x17 fuel. Based on bounding BPRA rods
internal pressure, a large hypothetical quantity of helium (7.2 g-moles/BPRA) is assumed to be
- available for release into the MPC cavity from each fuel assembly in the MPC-24. To
~accommodate this quantity. of helium gas’ at the NUREG-1536 stipulated- rods rupture
assumptions, the initial helium backfill in the MPC-24 is reduced such-that the final confinement
boundary pressures are apprommateiy unchmg:ed from inclusion of non- fuel hmdwale The
.MPC cav ny pressures are summarized in Table 4. 4 15

4.4.5 - Maximum Thermal St'resses

Thermal expansion induced mechanical stresses due to the non- uniform temperature distribution
are reported in Chapter 3. Table 4.4.16 provides a summary of HI-STAR 100 Svstem component
temperature inputs for structural-ev a!uatlon

*Table 4.4.22 provides a summary of confinement boundary temperatures during normal storage
conditions. Structural evaluation in Section 3.4.4 references these temperature results to
demonstrate conﬁnement boundary mteLrlty

44.6 E\ alu'mon of Svstem Perform'mce for Nor ma! Conditions of Storas.e

The HI- STAR 100 System thermal analysis is. based on a detailed and complete heat rransfer
‘model which properly accounts for radiation, conduction and natural convection modes of heat
“transfer in various portions of the MPC and overpack. The thermal model - meorpm ates - m'my
~conservative features that are llsted beiow : : :

1. The mdst'_severe levels of en&d%onmental factors - bounding long-terin annual ambient - -
temperature with insolation - were coincidentally imposed on the HI-STAR 100 cask. A
boun'din" solar absorbtivity of I.O was 'appli_ed to all surfaces exposed to insolation.

2, No credlt was considered for the thermosnphon heat transfer which is intrinsic to the HI-
L STAR fuel baskets. - -
3. The most adversely located HI-STAR 100 System in an ISFSI array was considered for
analysis.
4. No credit was considered for conduction through the radial neutron shielding material.
i 3,875 liters of helium gas at STP from 100% BPRA rods rupture.
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5. A uniform nominal radial gap between overpack-to-MPC was applied to the cask thermal
model. No credit for gap reduction due to differential thermal expansion under the hot
condition was considered. The MPC is considered to be in concentric alignment inside
the overpack cavity. This is a worst case scenario since any eccentricity will mlprme
conductive heat transport in this region.

0. Not Used.

7. Interfacial contact conductance of multilayered intermediate shell contacting layers was
conservatively determined to bound surface ﬁmsh contact pressure, and base - metal
conductivity conditions. - : '

8. No credit was consldered for contact berween fuel assembhes and the MPC basket w all
or between the MPC basket and the basket supports The fuel assemblies and MPC basket
~ were conservatively considered to be in concentric alignment.

9. ' The MPCis assumed to be loaded w iith the SNF type which has the maximum equivalent .
' thermal resxstance of aIl fuel types in its category (B\\ Ror PWR) as applicable.

10. The decay heat load, Wthh is a functlon of burnup and decay time, varies in a narrow
B range within the group of PWR assemblies considered (Table 4.4.5) and also within the
group of BWR assemblies considered (Table 4.4.6). The assembly type which gives the
maximum decay heat load for a given burnup is used for defining the decay heat load vs.
decay time. The B&W 15x15 is the limiting PWR SNF type (see Table 2.1.5). The
governing BWR fuel is GE 7x7 (see Table 2.1.5). For other than the governing fuel

_ types there is a small conser\'ausm in the decay heat load term.

1. The MPC basket axial COlldllCtl‘vlty is conser\anvely assumed to be equal to the lower:
: basket cross secnonal eftectwe conductmty ' :

120 As dlscussed in Sectlon 4.) the NUREG 1576 endorsed DCC‘G [4 6] model yields

R temperature limits slightly higher (approxunate]v 10°F) than the PNL [4 3.1] limits for
“allowable peak cladding “temperature during storage. For’ conselvatlsm the lower- PNL
value (Table 2.2.3) is used as the permnssnble lnmt '

Temperature d:smbutlon results obtained from this conservative thelmal model show that the' s
established maximum fuel cladding temperature limits are met with adequate margins. Expected

margins during normal storage will be larger due to the many conservative assumptions
incorporated in the analysis. The long-term impact of decay heat induced temperature levels on
the HI-STAR 100 System structural and neutron shielding materials is considered to be
negligible. The maximum local MPC basket temperature level is below the recommended limits
for structural materials in terms of susceptibility to stress, corrosion and creep induced
degradation. Furthermore, structural evaluation (Chapter 3) has demonstrated that stresses
(including those induced due to imposed temperature gradients) are within ASME B&PV Code
limits. The maximum local neutron shield temperature is lower than design limits. Section 4.5
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provides a discussion of compliance with regulatory criteria 1 through 8 listed in Section 4.0.
The above-mentioned considerations lead to the conclusion that the HI-STAR 100 System
thermal design is in compliance with 10CFR72 requirements.
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Table 4.4.1

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

Nusselt Number

Nusselt Number

Temperature ['F] (PWR Baskets) (BWR Basket)
200 317 241
450 2.56 195
700 1.68
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Table 4.4 2

RELATIONSHIP BETWEEN HI-STAR 100 SYSTEM REGIONS
AND MATHEMATICAL MODEL DESCRIPTIONS

HI-STAR System Region Mathematical Model Subsections
Fuel Assembly Fuel Region Effective Thermal Conductivity 44.1.12
MPC | Effective Thermal Conductivity of - 44.1.13
: ' Boml/Sheathmg/Box Wall Sandwich - -
Basket In-Plane C onductive Heat Trcmsport 44.1.14
- Heat Transfer in MPC Basket Per ipheral Region 44.1.1.5
Effective Thermal Conductivity of Flexible 44.1.1.10
MPC Basket-to-Shell Aluminum Heat
Conduction Elements '
Overpack Effective Conductivi ity of Mululayered 441.16
: Intermediate Shell Reglon : .
Effective Thermal C 0nduct1vxty of Holtlte 441.19
‘Neutron Shleldmﬂ Renlon ' :
Ambient Environment  Heat Rejection from Overpack Extenor Surfaces. - 4.4.1.1.7
" Solar Heat Input - 44118
_ Assembled C:as.kia\‘flode.l O\er\ 1ew of the' Thermal Model - 4.4.‘1.1.1_ :
' - FLUE\JT Model for Hl STAR- 100 440001
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Table4.43

THIS TABLE IS INTENTIONALLY DELETED.
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Table4.44

THIS TABLE IS INTENTIONALLY DELETED.
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Table 4.4.5

SUMMARY OF PWR FUEL ASSEMBLY EFFECTIVE
THERMAL CONDUCTIVITIES

@ 200°F @ 450°F @ 700°F
Fuel (Btu/ft-hr-"F) (Btu/ft-hr-"F) (Btu/ft-hr-"F)

1 | W-17x17 OFA 0182 0.277 0.402

2 | w-1rx17sd 0,189 0286 | 0413

30 | Woind7vanage | oas2 | 0277 0,402

4 | W-15x15 Sud ~0.191 | - 0204 0430

5 W - 14x14 Sud 0.182 o 0284 o 0424

6 | W-14x14 OFA oa7s | 0215 | o04l3

7 | B&W-17x17 0.191 | o280 0416

8 | B&W-15x15 0.195 0208 | 0436 -

9 | CE-16x16 0.183 | o | o4n

10 | CE-14x14 0189 | . 0203 | = 0435

1| HN'-Isxisss | 0180 | 0265 | - 0370

12| W-14x14 SS’ o170 o254 | o036l

5[ B&W-15x15 0.187 "~ 0289 [ o4

14 ?NE;,IZ";XM : _ 0]88 : 029; N B | 0"4‘3.4 K

Note: Boldface values denote the lowest therlnal'condlxc;‘fiifity in each column.

! Haddam Neck B&W or Westinghousc stainless steel clad fuel assemblics.

HI-STAR FSAR - Rev. |
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Table 4.4.6
SUMMARY OF BWR FUEL ASSEMBLY EFFECTIVE
THERMAL CONDUCTIVITIES

@ 200°F @ 450°F @ 700"F
Fuel (Btu/ft-hr-"F) (Btu/ft-hr-"F) (Btu/ft-hr-°F)
I Dresden 1 - 8x87 0.119 0.201 0.319
2 Dresden | - 6x6 - 0126 0215 0.345
3 [ GE-7x7 ' 0171 0.286 0.449
4. .| GE-7x7R 0.171 C0s6 | 0449
5 | GE-8xs | 0.168 SRR TR 0433
6 | GE-8x8R . o 0066 | 0275 | 0430
7 | GElo-8x¢ ot6s | o0 | ow7 |
8 | GEIl-9%9 | 0167 | 0273 0.422
9 ACT-10x10 SS | 0152 0.222 0309
10 | Exxon-10x10SS - 0.151 oo ~0308
11 Humboldt Bay-7x7" e 0.127 0215 . 0343
12 Dresden-1 Thin “Clad-6x6 . 0.124 0212 0 10343
13 Damaged Dresden-1 8x87 (ina. , 0107 © 0169 o ©0.254
.| damaged fucl containcr) R e - S :
14 | Damaged” Dresden-1 8x8 (in . 0107 1 0068 S 0282
TN D-1 canister) : o - ' S :
15 8x8 QUAD+ Westinghouse' 0.164 L0276 v 0.435
Note: » -~ Boldface values denote the lowest thermal co.nductifvity inje_ac‘:l'l.co'll'lmn.
' Fuel cladding temperatures for low heat emitting (intact and damaged) fuel types in the
HI-STAR 100 System will be bounded by design basis fuel cladding temperatures.
Therefore, these fuel assembly types are excluded from the list of design basis fucl
asscmblics (Zircaloy clad) cvaluated to determince the most resistive SNF type.
i Allis-Chalmers stainless steel clad fucl assemblies.
HI-STAR FSAR , Rev. |
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Table 4.4.7

MPC BASKET EFFECTIVE THERMAL CONDUCTIVITY VALUES'

@200°F @450°F @700°F
Basket [Btu/ft-hr-"F] [Btu/ft-hr-F] [Btu/ft-hr-"F]
MPC-24 (Zircaloy 1.108 _ _ 1 495 : 1.954
Clad Fuel) - -
MPC-68 (Zircaloy 0959 1188 L1432
Clad Fuely ' ‘ AR
MPC-24 (Stainless 0995 | 1321 - | 1700 (a)
1 Steel Clad Fu_e!) ' A . ' ' '
| MPC-68 (Stainless 0931 1125 1311 (b)
-Steel Clad Fuel) o S
MPC-68 (Dresden-1 0.861 . 1.055 o242
8x8 in canister) : o

- (a) ~ Conductivity is 13% less than corresponding’Zircaloy fueled basket.
(b)  Conductivity is 9% less than corresponding Zircaloy fueled basket.

The values reported in this table arc conscrvatively understated.

HI-STAR FSAR Rev. |
REPORT HI-2012610

4.4-40 HI-STAR FSAR - REV. 3, May 1, 2007



Table 4.4.8

EFFECTIVE THERMAL CONDUCTIVITY OF THE NEUTRON SHIELD/RADIAL
CHANNEL LEG REGION

Thermal Conductivity
Condition/Temperature (“F) (Btu/ft-hr-"F)

Normal condition:

200 : = _ 1.953

450 1.812
700 | S Le4s

Fire condition:

200 ' ' - 3.012

450 ' - 2.865
700 ‘ _ 2.689
HI-STAR FSAR ‘ _ Rev. |

REPORT HI-2012610
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Table 4.4.9

THIS TABLE IS INTENTIONALLY DELETED.
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Table 4.4.10

HI-STAR 100 SYSTEM LONG-TERM NORMAL STORAGE'
MAXIMUM TEMPERATURES [“F]
(24-PWR ASSEMBLIES, MPC)

Maximum Normal
Temperature Condition
(°F) Design
- Temperature
, (°F) :
Fuel Cladding I - 709 720
MPC Basket Centerline - e 725
MPC Basket Periphery S : 451 - . 725
MPC Outer Shell Surface 332 450
MPC/Overpack Helium Gap Outer Surface | 292 ' 400
Neutron Shield Inner Surface o 274 : 300
Overpack Outer Enclosure Surface - 229 350
Overpack Bolted Closure Plate™ -~ 155 -~ 400
Overpack Bottom Plate”™ ' S241 | . 350
T Ambicnt Temperature = 80°F
Cask Array Pitch = 3 x Cask Radius= 12 fi.
" Overpack closure plate and vent/drain port plug scals normal condition design

temperature is 400°F. The maximum scals temperatures arc bounded by the reported
closure plate and bottom plate maximum temperatures. Conscquently, a large margin of
safcty exists to permit safe operation of scals in the overpack helium retention boundary.

HI-STAR FSAR ‘ : Rev. |
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.Tab]e 4411

HI-STAR 100 SYSTEM LONG-TERM NORMAL STORAGE’
MAXIMUM TEMPERATURES ["F]
(68-BWR ASSEMBLIES, MPC)

Maximum Normal
Temperature Condition
(°F) Design
’ Temperature

__ (°F)
‘Fuel C ladding 741 749

MPC Basket Centerline _ 725 725
‘MPC Basket Periphery - 393 725
'MPC Outer Shell Surface 331 450
MPC/Overpack Helium Gap Outer Surface 292 400
Neutron Shield Inner Surface 273 300
Overpack Outer Enclosure Surface 228 350
Overpack Bolted Closure Plate™ 155 400
213 350

| Overpack Bottom Plate’

Ambicnt Temperature = 80°F

Cask Array Pitch =3 x Cask Radius= 12 ft.

Overpack closure plate and vent/drain port plug scals normal condition design

temperature is 400°F. The maximum seals temperaturcs arc bounded by the reported
closure plate and bottom plate maximum temperatures. Conscquently, a large margin of
safcty cxists to permit safc operation of scals in the overpack helium retention boundary.

HI-STAR FSAR
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Table 4.4.12

THIS TABLE IS INTENTIONALLY DELETED.
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Table4.4.13

SUMMARY OF MPC-24 FREE VOLUME CALCULATIONS

Item Volume (ft“)
Cavity Volume. ‘ : 367.9
Basket Metal Volume 379
Bbunding Fuel Assemblies Volume - 788
Basket Supports and Fuel Spacers Volume - 6l
! A'l_.u.mihum Conduction Elements _ : ' . | 5.9°
| Net Free Volume . o 2375 (6,724 liters)

Bounding 1.000 lbs weight.

HI-STAR FSAR _ ' - ' Rev. |
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Table 4.4.14

SUMMARY OF MPC-68 FREE VOLUME CALCULATIONS

Item Volume (ft")
Cavity Volume : 367.3
Basket Metal Volume - - 348
Bounding Fuel Assemblies Volume : 930
| Basket Sigppons'andFilel.Spacers Volume - . . . 113
';Aluminuhi 'Co.nductio:n Elements . v - 59T
Net Free Volume . - - 222.3(6,294 liters)

Bounding 1,000 Ibs weight.

HI-STAR FSAR : Rev. 1
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Table 4.4.15

SUMMARY OF MPC CONFINEMENT BOUNDARY PRESSURES’ FOR
NORMAL LONG-TERM STORAGE

Condition , "~ Pressure (psig)
MPC-24"":
~Initial backfill (at 70°F) » 222
Normal condition ‘ 43.8
With 1% rods rupture -~~~ - o M3
With 10% rods rupture o S 49
‘With 100% rods rupture B S 97.3
MPC-68:
Initial backfill (at 70°F) 28.5
Normal condition 57.5
‘With 1% rods rupﬁn‘e | SRR I 57.8
With 10% rods rupture .~ - C o602

 With 100% rods rupture . SR . 846

Pressure analysis is based on NUREG-1536 criteria (i.c., 100% of rods fiil gas and 30% of
radioactive gases arc available for rclease from a ruptured rod).

* PWR fuel storage includes hypothetical BPRA rods rupture in the pressure calculations.

HI-STAR FSAR Rev. ]
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Table 4.4.16

SUMMARY OF HI-STAR 100 SYSTEM COMPONENTS
NORMAL STORAGE TEMPERATURES ["F]

Location MPC-24 MPC-68

MPC Basket Top:

Basket center ' 180 179
Basket periphery : 168 168
MPC shell =~ 166 - 167
Overpack inner shell 1627 163
Overpack enclosure shell | 159 160

‘MPC Basket Bottom': ‘

Basket center o251 | 220

Basket periphery 226 204
MPC shell 222 . 203
Overpack innershell .~ |~ 218 | 20l
Overpack enclosure shell |~ ~ 177 167
HI-STAR FSAR Rev. |
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Table 4.4.17

THIS TABLE IS INTENTIONALLY DELETED.

HI-STAR FSAR : Rev. I
REPORT HI-2012610

4.4-50  HI-STAR FSAR - REV. 3, May 1, 2007



Table 4.4.18

MPC-24 BASKET PEAK FUEL CLADDING TEMPERATURE AS A
FUNCTION OF TOTAL HEAT LOAD

Total Basket Decay Heat Peak Cladding
Load (kW) Temperature ('F)

19.0 | - 708.8

18.5 0969

17.0 sl

155 | e

Design Basis Maximum (equivalent to 792 watts per assembly).
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Table 4.4.19

MPC-68 BASKET PEAK CLADDING TEMPERATURE AS A
FUNCTION OF TOTAL DECAY HEAT LOAD

Total Basket Decay Heat Peak Cladding
Load (kW) , Temperature (F)
18.5" 415
175 | 713.6
ss 6s62- |

Dcsign Basis Maximum (equivalent to 272 watts per asscmbly).
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REPORT HI-2012610

4.4-52  HI-STAR FSAR - REV. 3, May 1, 2007



Table 4.4.20

SUMMARY OF LOADED HI-STAR SYSTEM

BOUNDING COMPONENT WEIGHTS AND THERMAL INERTIAS

Heat Capacity

Thermal Inertia

Component Weight (1bs) (Btw/1b-"F) - (Btu/°F)
Holtite-A 11,000 0.39 4,290
Carbon Steel - 140,000 0.1 14,000
Alloy-X MPC 35,000 0.12 4200
(empty) ’ S

| Fuel 40,000 ©0.056 " 2240
MPC Cavity Water" 6,500 o 6,500 |
o 31230 (Total)

mass.

Based on smallest MPC-68 cavity net free volume with S0%, credit for flooded water

HI-STAR FSAR
REPORT HI-2012610
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Table 4421

MAXIMUM ALLOWABLE TIME DURATION FOR WET

TRANSFER OPERATIONS

Initial Temperature Time Duration
(’F) (hr) -
115 46.7
120 | 443
s a9
130 ’ » 395
13s 37.1
140 46
145 323
150 , 29.8

HI-STAR FSAR " Rov. 1
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Table 4.4.22

SUMMARY OF MPC CONFINEMENT BOUNDARY TEMPERATURE
DISTRIBUTION DURING NORMAL STORAGE CONDITIONS

Figure 3.4.44 MPC-24 MPC-68

Location - Designation [°F] ['F1.

MPC Lid Inside Surface | - A 179 ' 178

at Centerline - »

MPC Lid Outside B | 173 ST

Surface at Centerline S '

MPC Lid Inside Surface | =~ C 166 167

at Periphery ' ‘ .

MPC Lid Ouisidke | D 164 164

Surface at Periphery

MPC Baseplate Inside | E 249 218

Surface at Centerline ' _ :

MPC Baseplate Outside F 241 213

Surface at Centerline o : ‘

MPC Baseplate Inside G o222 : 203

Surface at Periphery _ BRI o

MPC Baseplate Outside | .. H : 219 1 200

- Surface at Periphery - - '

‘MPC Shell Maximum | .1 | 332 | 3|
HI-STAR FSAR _ ~ Rev. |
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Table 4.4.23

SUMMARY OF 10x10 ARRAY TYPE BWR FUEL ASSEMBLY EFFECTIVE THERMAL

CONDUCTIVITIES®
FUEL @200°F @450°F @700°F
[Btu/ft-hr-"F] [Btu/ft-hr-"F] [Btu/ft-hr-"F]
GE-12/14 - 0166 0269 0412
Atrium-10 0.164 0.266 0.409
- SVEA-96 0.164 0.269 0.416

The conductivitics reported in this table arc obtained by the simplified method described in the
beginning of the Subscction 4.4.1.1.2.
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Table 4.4.24

COMPARISON OF ATRIUM-10 BWR FUEL ASSEMBLY CONDUCTIVITY" WITH THE
BOUNDING'' BWR FUEL ASSEMBLY CONDUCTIVITY

model.

analysis.

Temperature [°F] Atrium-10 BWR Assembly Bounding BWR Assembly
[Btu/fi-hr-"F] , [Btu/ft-hr-"F]
200 0225 0.171
450 0.345 0271
700 0.504 0410

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

The bounding BWR fucl assembly conductivity apphicd in the MPC-68 basket thermal

HI-STAR FSAR
REPORT HI-2012610

4.4-57

Rev. |

HI-STAR FSAR - REV. 3, May 1, 2007




T

able 4.4.25

PLANT SPECIFIC BWR FUEL TYPES EFFECTIVE THERMAL CONDUCTIVITY *

Fuel @?200°F @ 450°F @ 700° F
[Btu/ft-hr-°F] [Btu/ft-hr-°F] [Btu/ft-hr-°F]
Qvyster Creek (7x7) 0.165 0.273 0.427
Oyster Creek (8x8) 0.162 0.266 0413
TVA Browns Ferry 0.160 0.264 0411
(8x8) '
SPC-5 (9x9) 0.149 0.245 0.380

* The conductivitics reported in this table arc obtained by a simplified analytical method described in

Subsection 4.4.1.2.

HI-STAR FSAR
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