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1.0 GENERAL DESCRIPTION

1.1 1INTRODUCTION

In February 1995, the U.S. Department of Energy (DOE) approved the Spent
Nuclear Fuel (SNF) Project's "Path Forward" recommendation for resolution of
the safety and environmental concerns associated with the deteriorating SNF
stored in the Hanford Site's K Basins (Hansen 1995). The recommendation
included an aggressive series of projects to construct and operate systems and
facilities to permit the safe retrieval, packaging, transport, conditioning,
and interim storage of the K Basins' fuel. The facilities that are currently
proposed include a Cold Vacuum Drying Facility (CVDF)} in the 100 K Area of the
Hanford Site and a Canister Storage Building (CSB) with a Hot Conditioning
System (HCS) Annex in the 200 East Area. The intent is for the K Basins' SNF
to be cleaned, repackaged in multicanister overpacks (MCOs), removed from the
K Basins, and transported to the CVDF for initial drying. The MCOs would then
be moved to the CSB for staging (short-term storage) before hot conditioning
in the HCS Annex, followed by interim storage (40 to 75 years) in the CSB.

One of the major tasks associated with the Path Forward activities is the
development and maintenance of the safety documentation. In addition to
meeting the construction needs for no fewer than three new structures, the
safety documentation for each must be generated. A common thread that was
found to run among and between each of the structures was the MCO. Each of
the structures will exist for the specific purpose of accommodating the MCO
and its contents in one way or another. This would normally result in an
extensive amount of MCO documentation being generated for each of the facility
reports. However, the expedited schedule for removing spent fuel from the
K Basins requires that effort be minimized and repetitious activities be
eliminated. Therefore, a topical report is being prepared to address those
aspects of the MCO that will be of interest to each of the facilities. In
this way, the MCO may be included in each facility's safety documentation by
reference for all but the facility-specific aspects associated primarily with
accident analyses and handiing. By capturing the design of the MCO in a
single document, repetition, inconsistency, and duplication of effort may be
minimized. As changes are made to the MCO, only a single report may need to
be updated. By submitting the topical report for early review and approval,
it may be possible to eliminate one step in the final review process.

The topical report approach is not new. The U.S. Nuclear Regulatory
Commission (NRC) has used a Topical Report Program for quite some time,
primarily for the review and approval of hardware, methodology, or analysis
codes that vendors propose to market to a number of different customers. The
concept is simple: review and approve once and incorporate by reference
thereafter. Such an application can represent significant savings in the
preparation of the Path Forward safety documentation.

Very Tittle substantive guidance relative to the design or fabrication of
the primary storage container was found in Title 10, Code of Federal
Regulations, Part 72, "Licensing Requirements for the Independent Storage of
Spent Nuclear Fuel and High-Level Radioactive Waste" (10 CFR 72), or in
Regulatory Guide 3.48, Standard Format and Content for the Safety Analysis
Report for an Independent Spent Fuel Storage Installation or Monitored
Retrievable Storage Installation (Dry Storage) (NRC 1989b). However, NRC
Regulatory Guide 3.61, Standard Format and Content for a Topical Safety
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Analysis Report for a Spent Fuel Dry Storage Cask (NRC 1989a), contains a
significant amount of guidance that is appropriate for the MCO. Regulatory
Guide 3.61 (NRC 1989a) therefore has been used in preparing format and content
guidance for the MCO Topical Report. Direct applicability to the MCO is not
anticipated in all areas. Regulatory Guide 3.61 (NRC 1989a) deals with a dry
storage cask design that is very much a complete system by itself. The MCO,
however, never functions independently, as it is continually dependent upon
other systems or facility features. Despite the differences, the regulatory
guide does provide the most direct guidance of any of the documents reviewed.
A topical report prepared utilizing such guidance, and incorporating pertinent
modifications that will undoubtedly be forthcoming throughout the process,
should result in a referenceable source of MCO-related information.

1.2 GENERAL DESCRIPTION OF THE MULTICANISTER OVERPACK

The SNF MCO is a single-use container that consists of a cylindrical
shell, five to six fuel baskets, a shield plug, and features necessary for
maintaining the structural integrity of the MCO while providing criticality
control and fuel processing capability. These structural features are
depicted in Figure 1-1.

The safety basis of the MCO is to provide required confinement and
containment of SNF and to maintain the SNF in a critically safe configuration.
The MCO provides "confinement" when it is vented and "containment" when it is
sealed. The MCO's structural design has been developed to meet the intent of
the Boiler and Pressure Vessel Code (ASME 1995a), Section III, "Rules for
Construction of Nuclear Power Plant Components,” Subsection NB. Any
deviations from these rules in the structural design or analyses are
documented and justified. NRC requirements for a 10 CFR 72 licensed facility
would allow for application of either Subsection NB or NC (NRC 1996),
3.1V.1.b(1) (b)) of the Boiler and Pressure Vessel Code (ASME 1995a).

1.2.1 Shell

The MCO shell is a stainless steel cylindrical vessel with access at the
top end that is closed with a carbon steel shield plug. The shell is
fabricated from 6l-cm- (24-in.-) diameter, schedule 80S pipe with a wall
thickness of 1.3 cm (0.5 in.) (Figure 1-2), and it has an overall length of
406 cm (160 in.). The MCO cavity is approximately 58 cm (23 in.) in diameter
and 368 cm (145 in.) Tong. The MCO has a forged bottom closure plate that has
a constant thickness of 4.45 cm (1.75 in.) except in the center region, where
it is 2.2 cm (0.88 in.) thick (Figure 1-3). The MCO's bottom plate and basket
support plates allow free water to move to the long process tube pickup point
for removal. The vessel holds the fuel, fuel fragments, fuel baskets, and
incidental equipment. Incidental equipment includes criticality control
features such as the support tube nesting feature on the shield plug and
bottom plate, two process tubes connected to shield plug process ports, and
sealing features. The design of the MCO vessel meets service level A
requirements for normal operating loads and service level D requirements for
accident conditions under the Boiler and Pressure Vessel Code, Section III,
Subsection NB (ASME 1995a). The MCO specification conservatively requires all
normal and off-normal conditions to meet service Tevel A allowable limits,
which are more stringent than service level B or C allowable limits.

SARR-005.01 1-2 December 30, 1996



HNF-SD-SNF-SARR-005 ‘REV 0

1 Guax |
23963 < (i) 241238 ’
' S o 2 x o aesSetndi 2= om0 gi’;‘f a2
: = (920.58) 5
4 ZNE o f e I ; ] |
stz wea/casw (120 212 4
INTERFACE, / N ° J |
L M b 500 /] A
' e ] | Figure 1-1. Multicanister
- P 1200 Overpack.
] e | -
Y
l 7 T
i / f
[ l / £ 1
I £
| T \ | ]
CO 24125 WAX
\ 00 23969 minl L] I
] ~ ) B
l (&) secron W ™
=/ SEE NOTE 4 —miim
S13s
Y2438
@ T ! —_ —+ X gas.19 59
. l MCO/CASK INTERFACE
N
! 16300 ::g ﬁ ge.23 ﬁ
{ s2s0
o f 1
—_— mz$fsa| &2 ! 178 | '
! ! .3 b
( i
. [
! P 2412 MAX {
. c V \ DETAIL 1 ¢
1 \/
’ NOTE: Bl
I | S|
— ! 1. REF. ASTM A 530/A 53GM FOR DIAMETER, -]
STRAIGHTNESS, WEIGHT, WALL THICKNESS, E
‘ AND QVALITY TOLERANCVS (1/8" PER 10)
1 j 2. D-“ENSXONS ARE FOR ¢ 24" SCH XS SA312
PE, TYPE 304L. (TOLERANCE ZONE "B")
’ = 3. DIMENSIONS ARE AT 72° F. H
' t 4, .08 MiMIMUM ANNULAR GAP BETWEEN MCG AND ;_
/ CASK W/MCO @{2524.12 OVALITY CONDITION. o
/] B
MCO MAX 0.0. 1 . - —
(STEPPED VERSION) N )
x I THOWAS U.S. DEPARTMENT OF ENERGY
. | paass = e E e Toxei
= INTERFACE CONTROL |,
DETAIL S DWG TRANSP PKG
I T | Ll = MCO ENVELOPE
T e T z|=z =
| — - S == [ Tsk—1-800961J
[ ; T ORAWING TRACLAS®RITY UST HEXT USED oM =z NONE Jor Tem 1 -t
—- ’ ' ‘ | : f . I e ] |

1-3/1-4



THIS PACT INTENTIONALLY
LEFT BLANK



HNF-SD-SNF-SARR-005 REV 0

. r - s i 3 1 . ' .

- . s - < . - PARTS /MATERIAL LIST
f GENERAL NOTES: - (LSS GTHEMSE 57 [(E o oo waem || MowencuraRt / CEscaPnon | wa / wmea »e] T
1. AL DIUDNSCAS ARE M INCHES ANG DEGRESS. 2
2. ROMOYE ML SURRS AND ERIAC ALL SMARP EDCES. =1 | M3 PRCIGIIPE Sy, FOR wEShweCAl PPL 20 mowna, 034 |
3. OIMENSICNIMG AN TOLERANGING PER ANST Y143 ~1982. D 1 l ! AEAE sy f«m&i -
ToLERANCES: anx : : g;s
L F ) 4, ALL UNSPECIED ACHINGD SURFAGES SHALL 8E \/CR BETER. -
3 oML wasx:u: ‘ﬂE APPUCALE AT 88 F AND ALL TOLERANGING APPUES . . : .
. (>f:'m € o st Figure 1-2. Multicanister
P S S ST AT W Overpack Prstotype Shell for
¥ Lononi w2 & L. Sk 8€ Mo acconore Mechanical Closure Assembly.
1 TO LONCTUDINAL SEM WO CFAL SHCOWN 1N SECT O
E"JV&‘;-E;~ ar ‘cl:fsu OETAL MAY BE Susum FER APPRCVAL —
Sy T S R
»‘&mwm DIUL WED 1S USED, THE WELD SWALL B RAORCUPNCALY
(> gy s o s pemmer s oug, o
£ ViEW © s 5 s e SroTea O :
/—V|EW B
17 NN, WAL p 4
PER ASTM TOLERANCES RN i
L. .’
1 ﬂ L5 L
'
1t
o b/l
NCH. 10 ‘:__J____,_ [ S U SRR ¢’ — &
PER ASTM TCLERANCES o T e S s S S S S T e T T ST T T S -
° =] _‘l % °
- £
[}
] i
A
= - —
c
‘, 14087 <
@%CLQWPROTOTYPE SHELL _FOR MECHANICAL CLOSURE ASSEMBLY
il
% ar ¢ & ]|
] 7 ‘ —”-—- s
TION A-A N INA £ Wi H
(RO 97 ) g
sene: 11 q
NPPROVED FOR PROTOTIPE FABRICAICH. 3
S APPROYED FOR TESTING. L
] g HOT APPROVED FOR PLANT SERVCE |
043 2,013
. VENDOR INFORMATION
R VIEW C VIEW
- sor 471 SoAEs 41 FE LESSNCER U5, OCPARTWINT GF EHERST
‘ = ! T, T Sy .
==——— ] MCO PROTOTYPE SHELL
! | ] I [ I emfmme — 1 FOR MECHANICAL
R T30S S o WO T S = p— zla[El= —%_ CLOSURE ASSEMBLY
== ey e = Fl 2 | 22 |SK-2-30033810 |
= o Tan vt TeACCARTY LT O Az om SK-1- 300468 Crori X3C035EA wm« 7055 13AC0T 1055 ! =t I ==
— . ’ 1 ' i s ¥ . [ v T > =0 =g- . |

1-5/1-6



THIS PAGE INTENTIONALLY
LEFT BLANK



HNF-SD-SNF-SARR-005

2 { '

REV 0

=

=

7

b 02500 £.030 #2000 £03

\w

= (2a0)

p-229 £013

GENERAL NOTES: (usss amemess seormy

[~

2

™

OSIG N0 TOANCIG PER NS Y14 24-1902
CuENSTNS ARC N NCHES,
TOLRACES ARG PETRE,.

e wowe e /o s m cssmes
TH NG 2441,

BRI AL SRR EXCIS & RENGVE AL BURRS,

[>c:<m PER #$-85-00IS TYPE § (LECTROCAEMCAL ET0H) WiTH

CAMNG MIVIER, PATY MOUBER A0 CRAWNG RCASICN MULEER IN
LOCATCH INOCATED LING S MMM MK CHARACTERS.

Figure 1-3. Multicanister
Overpack Prototype Shell
Bottom Machined Forging.

™ e
A,
nd”7 S
%//’/ T gsen) =
< 2 <
-~
PROTOTYP H OTTOM
TIPS J0AL S5
] sexe: 172 :_
-
.
. 500 £.015 045 s.msJ_ i .
g
o N ;
r
2.227) il
] \>\1."ﬂ .08
{ 3¢ &1
VIEW A [~ B\ WSS o (X3 ;(vﬂv&wm
’ B MCO PROTOTYPE *
‘ l e || LIl SHELL BOTTOM
m+mmmmmﬂwmtﬁﬁﬁﬁﬁmﬁﬁziﬂ — [ﬂﬂa=——*’ _y@wggmm _
e e e B L e S Fl i | 22 [5k-2-30037810 |
L, r CAawd TRACCAMUTY USF T VS om ENO ITEM [€20rr "X NOCITAA £ADCoaC_ CCS-4 12AC32-17 955 — (7T T #0T3ES Tomr 1 o 1

1-7/1-8



THIS PAGE INTENTIONALLY
LEFT BLANK



HNF-SD-SNF-SARR-005 REV 0

1.2.2 Fuel Baskets

A1l baskets are annular open-top containers with a maximum outer
dimension of 57.5 cm (22.6 in.) at 25 °C (77 °F). A1l baskets will support
the fuel at 1.0 g while at 375 °C (700 °F). A1l basket designs incorporate a
center support tube for axial support during lifting and for protection of a
long process tube.

Each basket is loaded, in the upright position, by the fuel retrieval
system equipment in the K Basin pool; stored, still upright, in a loading
queue; and loaded into the MCO. The loaded baskets can be easily and safely
handled in the basin water, reliably loaded and nested into the cask-MCO
assembly in the K Basin load-out pits, and engaged with the shield plug
shield/guard plate and axial stabilizer (the shield plate and stabilizer are
not pictured in Figure 1-1).

The baskets stack inside the MCO with the baskets' centerlines coincident
with the MCO's centerline. While stacked inside the MCO, the baskets provide
for insertion of a long process tube down the MCO centerline for water
draining and gas transport, as needed. The baskets can drain freely and will
not capture or retain excessive water during bulk water removal at the CVDF.

Basket design accounts for differential thermal expansion when subjected
to processing temperatures inside the MCO. The baskets support heat transfer
into and out of the fuel while in the gaseous and vacuum environments inside
the MCO. The primary heat transfer modes are radiation and conduction during
the static (storage/staging) state. Forced flow (convective) cooling of the
fuel in the MCO baskets (particularly the scrap baskets) is a very large and
essential component of heat transfer during the hot conditioning process and
is facilitated by the basket design.

The baskets support the gas flows needed to properly dry and condition
intact fuel and scrap fuel during the vacuum drying and hot conditioning
processes. The baskets are compatible with the fuel and the MCO containment
materials during the expected temperatures, pressures, and atmospheres inside
the MCO during handling, shipping, storage, and processing.

The MCO fuel baskets are categorized into two major types: intact fuel
element baskets and scrap fuel (fragment) baskets (Figures 1-4 through 1-7
[the grapples are not shown as they will be one-piece construction in
combination with the basket structure and will nest with adjoining baskets]).
The Mark IA fuel and scrap baskets meet the intent of the Boiler and Pressure
Vessel Code, Section III, Subsection NG (ASME 1995a) under the component
safety group as guided by the NUREG/CR 3854, Fabrication Criteria for Shipping
Containers (NRC 1984). The design is_being finalized and exceptions are not
expected. Mark IA fuel has a higher 5y enrichment than Mark IV fuel.
Structural integrity is required of the Mark IA basket for criticality control
whereas structural integrity is not required for the Mark IV fuel basket.
Therefore, the more stringent Section II1I, Subsection NG requirements
(ASME 1995a) are applied to the construction of the Mark IA fuel and scrap
baskets. The grapple mating features and basket interface features, however,
are not designed to Subsection NG (ASME 1995a) requirements.
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For clarification, the Mark IV fuel and scrap baskets do not have to be
designed to meet the intent of the Boiler and Pressure Vessel Code
(ASME 1995a). Mark IV fuel has a lower °U enrichment than Mark IA fuel.
Analyses indicate that the Mark [V fuel cannot achieve criticality in an MCO
under normal operating conditions or accident scenarios. It follows that the
basket's structural integrity is not required for Mark IV criticality control.
Therefore, the stringent Section III, Subsection NG requirements (ASME 1995a)
are not required for the construction of the Mark IV fuel and scrap baskets.

During accident conditions the baskets designed for Mark IA fuel and for
Mark IA fuel scrap shall maintain the criticality control features in
accordance with WHC-SD-SNF-CSER-005, Criticality Safety Evaluation Report for
Spent Nuclear Fuel Processing and Storage Facilities (Schwinkendorf 1996).
For the handiing of both loaded and unloaded Mark IA and Mark IV baskets, the
design meets the safety factors required by ANSI N14.6-1986, For Radioactive
Materials — Special Lifting Devices for Shipping Containers Weighing
10,000 Pounds (4500 kg) or More (ANSI 1986) for non-critical loading.

The baskets will maintain. their structural integrity (with specified
exceptions) during expected internal MCO environmental conditions, normal MCO
handiing situations, and after accidents (Mark IA baskets only). This
structural integrity is required to maintain criticality safety in the MCO
when loaded with Mark IA baskets as required in WHC-SD-SNF-CSER-005
(Schwinkendorf 1996). The baskets are sufficiently strong to preserve the
processing ability of the MCO for the bulk water removal, vacuum drying, and
hot conditioning processes during normal MCO handling, for various internal
MCO environments, and after MCO design basis accidents (DBAs).

The baskets will not introduce any additional gas-producing materials
into the MCO that significantly increase the pressure in the MCO during
storage. Nor will the baskets introduce any materials that will appreciably
accelerate corrosion of, or significantly alter the properties of, the MCO
containment boundary.

1.2.3 Shield Plug

The MCO shield plug is a solid cylinder designed to mate with the open
end of the MCO shell (Figure 1-8). The shield plug shields workers against
photons and neutrons emanating from the inside of the MCO. This shielding
maintains an average dose across the top of the shield plug of 0.3 mSv/h
(30 mrem/h) on contact (5 cm [2 in.]) for the average MCO fuel inventory. The
0.3 mSv/h (30 mrem/h) 1imit includes radiation streaming between the MCO
shield plug and MCO shell and streaming around penetrations; streaming
emanating from between the MCO and cask is not included. Streaming shall be
minimized. For the worst-case MCO, the average dose across the top of the
shield plug on contact (5 cm [2 in.]}) shall not exceed 1.0 mSv/h (100 mrem/h).

The MCO shielding design meets as low as reasonably achievable (ALARA)
requirements in accordance with Title 10, Code of Federal Regulations,
Part 835, "Occupational Radiation Protection" (10 CFR 835), Subpart K;
DOE Order 5480.11, Radiation Protection for Occupational Workers,
Paragraph 9a; HSRCM-1, Hanford Site Radiological Control Manual, Sections 111
and 311; WHC-IP-1043, WHC Occupational ALARA Program (WHC 1995), Section 8.0;
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and Regulatory Guide 8.8, Information Relevant to Ensuring that Occupational
Radiation Exposures at Nuclear Power Stations will be As Low as is Reasonably
Achievable (NRC 1978}, Section C.2.b, "Radiation Shields and Geometry," and
Section C.2.f, "Isolation and Decontamination."

The shield plug is closed using a mechanical closure assembly. The
mechanical closure assembly holds the shield plug in place using a threaded
locking ring that is put into the MCO neck extension after the shield plug is
inserted. Once assembled, the eight jacking bolts in the locking ring are
tightened down into the shield plug's back side to push the shield plug into
the seal between the MCO shell and the shield plug. The MCO shield plug also
mates with the end effector on the top SNF fuel basket. The MCO has a minimum
target height of 5.0 cm (2 in.) of free space between the top of the SNF
materials and the bottom of the guard plate on the shield plug. This distance
may be less as allowed by the process needs of the CVDF and HCS.

The shield plug provides access to the interior of the MCO via a minimum
of three penetrations (Figure 1-9). The penetrations accommodate two process
ports with valve mechanisms to permit processing connections, a rupture disk
port, and a combination pressure relief valve and low-flow, high-efficiency
particulate air (HEPA) filter port. The two process ports accommodate
connections to external equipment and are integral to the shield plug. These
process ports connect internally to two process tubes. One process tube
(1.3 cm [0.5 in.] diameter) extends down the MCO's axis to the bottom, and the
second (2.5 cm {1 in.] diameter) extends to internal process filters mounted
on the shield plug's underside. A third tube (2.5 cm [1 in.] diameter)
extends from the rupture disk to the space between the bottom of the shield
plug and the top of the guard plate. The 1.3-cm- (0.5-in.-) diameter long
process tube and the short tube for the rupture disk have 2-mm debris
strainers/screens around the ends (Figure 1-9). The connections leading to
the long or short process tubes are designed to be easily differentiated by a
worker Tooking at either the top or bottom of the shield plug. The design of
the penetrations, ports, and valve mechanism implements the following
criteria;

* Provisions for pressurizing the MCO interior with an inert gas
s Provisions for purging gas from the MCO interior
* Provisions for leak rate testing, where applicable

* Provisions for making or breaking all connections while continuing
to maintain SNF containment with minimal spread of contamination

e Connections designed to facilitate their decontamination

e Ports and connections accessible to the operator from the top face
of the MCO

* Penetrations and connections that do not appreciably reduce or
impair MCO shielding
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Figure 1-9. - Schematic Diagram of Multicanister Overpack Passages.

Port number
1 2 3 4

Short process tube
2.5-cm-(1-in.-)
diameter passage
Internal filter bank
with 2.5-cm-(1-in.-)
diameter passage
. Cylindrical
Multicanister Long axial 2-mm screens
overpack shell process tube with
\ 1.37-cm-(0.54-in.-)
diameter passage
/
N i
Port number Function
1 Filtered process pressure relief
2 Filtered process exit port
3 Long axial process tube
4 Safety-class rupture disk
SK-LHG102296 2G96100101.1
10/22/96 MCO
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e Provisions for removal or reinstallation of sealing mechanisms as
required to cover process connections, pressure relief devices, and
a Tow-flow HEPA filter (these sealing mechanisms, including
fasteners, cannot extend above the top of the shield plug)

¢ Provisions for bleed down, in a controlled way into the process
piping, internal MCO pressure after process connections are made

s Penetrations and connections designed to faciiitate remote operation
via long-handled tools and via a manipulator

s Provisions for orifice plates (0.6 cm [0.25 in.] to Timit relief
flow on ports for pressure relief devices when appropriate.

The shield plug features an integrally machined axisymmetric 1ifting ring
with a 10.9-metric ton (t) (12-ton) Tifting capacity when gripped with six
equally spaced grippers. The ring facilitates handling of the MCO package
when unloading from the transport cask, CSB storage tubes, and process cells
with the MCO handling machine (MHM). The MCO 1ifting ring design must exhibit
the safety factors (for noncritical 1ifts) required by ANSI N14.6-1986
(ANSI 1986). This standard requires that any handling or T1ift features
required to perform non-critical 1ifts shall be capable of demonstrating a
safety factor of three on material yield and five on material ultimate
strength. ’

1.2.4 Additional Features

The MCO has internal process filters to support the vacuum drying and hot
conditioning outflows from the MCO. These filters are installed between the
shield plug bottom and the guard/shield plate. The internal process filters
prevent fuel particulate corrosion products from leaving the MCO (thereby
reducing dose in the processing facility). These internal process filters may
be HEPA filters if adequate flow capacity is achieved through the filter bank
to support process needs. These filters are not required to meet the
requirements of DOE Order 6430.1A, General Design Criteria.

To summarize the key features, the MCO is a stainless steel shell that is
mechanically sealed to a carbon steel shield plug. On top of the shield plug
are four ports, three of which are valved to support process functions. The
ports access three penetrations, two of which terminate in screened process
tubes. The long process tube allows water pickup and gas transport as needed.
The short process tube port doubles as the location for the safety-class
pressure relief device (rupture disk). The remaining two ports are connected
to a bank of four internal HEPA filters. These two ports are reserved for a
process port for filtered exit and for a non-safety class pressure relief
device and a valved process location. The ports are all capable of being
sealed using either bolted or threaded ciosure plates. Additional information
is provided throughout this report. .
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1.3 MULTICANISTER-OVERPACK CHARACTERISTICS

1.3.1 Design and Fabrication

The MCO will be designed, fabricated, inspected, and examined to meet the
intent of the Boiler and Pressure Vessel Code (ASME 1995a), Section III
Subsection NB, for all components except the plate and shell supports, which
must meet Subsection NF, and the spent fuel basket assembly, which must meet
Subsection NG for the Mark IA fuel. A1l MCO welds will be completed and
examined in accordance with the Boiler and Pressure Vessel Code (ASME 1995a),
Section III, Subsection NB. Exceptions to NB and other Subsections are
discussed in the exceptions report that will be released after the design is
final.

The following structural materials are used to fabricate the MCO:

e ASME SA-108, type 1018 carbon steel for the shield plug and the
Tocking and 1ifting ring

o ASME SA-312, type 304L stainless steel for the MCO shell

e ASME SA-182, type 304L stainless steel for the bottom forging
assembly

e Jacking bolts
e Silver-plated stainless steel for Helicoflex' closure seal

e Grafoil® flexible graphite with 304L stainless steel retainers for
the port covers.

The MCO will have a maximum decay heat load of 835 W, plus any allowable
margin.

The mechanical properties of the MCO's structural materials are presented
in Section 3.4. The Tisted properties are Boiler and Pressure Vessel Code
(ASME 1995a) minimums and in some instances higher property usage may be
justified. The expected weights and centers of gravity of the MCO, its
contents, and ancillary equipment after drying are presented in Section 3.3.
The operational features of the MCO will be Timited to the Tifting
attachments, closure design, pressure relief connections, process connections,
and the internal bank of four HEPA filters located on the underside of the
shield plug.

'Helicoflex is a trademark of Helicoflex Corporation.

%Grafoil is a trademark of Union Carbide Corporation.

SARR-005.01 1-46 December 30, 1996



HNF-SD-SNF-SARR-005 REV 0

1.3.2 Confinement/Containment Boundary

The MCO is to be the long-term storage container for the spent fuel and
is relied upon as the primary containment and confinement boundary (see
Section 1.2). The MCO confinement/containment boundary consists of the
following items (Figure 1-1):

e Shield plug

e MCO shell

e MCO bottom

e Weld connecting shell to bottom

e Shield plug to shell mechanical closure and Helicoflex gasket

e Four port cover flanges and Grafoil gaskets

¢ Port cover closure bolts

e MCO cover cap (when the MCO is seal welded as shown on Figure 1-10).

The MCO shield plug assembly wiil be mechanically sealed to maintain a
Tow leakage rate. Figure 1-10 provides the details of the mechanical closure
assembly. A containment weld will be made to attach the MCO shell to the MCO
bottom forging assembly. Welds will be made in conformance with the intent of
the Boiler and Pressure Vessel Code (ASME 1995a), Section III, Subsection NB.
The shell to bottom forging assembly weld is examined in accordance with the
intent of the Boiler and Pressure Vessel Code (ASME 1995a), Section III,
Subsection NB-5300. Details of the MCO locking and 1ifting ring as well as
the MCO cover are provided in Figure 1-11.

The MCO will not be vented during transportation, with the possible
exception of the transfer between the K Basins and the CVDF. Each port will
be covered by a port cover flange and a flexible graphite gasket that can
maintain a leaktight seal if required. )

1.4 MULTICANISTER OVERPACK CONTENTS

The fuel to be stored in the MCOs is presently located in the K Basins
storage pools. The 105 K East fuel storage basin contains 51,073 fuel
assemblies (which may or may not be intact), elements, or pieces. The
105 K West fuel storage basin contains 53,964 fuel assemblies, elements, or
pieces. The total mass of the fuel elements at the 105 K East fuel storage
basin is approximately 1,233 t (1,359 ton); the total mass of the fuel
elements in the 105 K West fuel storage basin is approximately 1,038 t
(1,144 ton). This total includes approximately 1,143,600 kg (2,521,200 1b) of
uranium and 2,155 kg (4,750 1b) of plutonium in the 105 K East fuel storage
basin and approximately 951,900 kg (2,098,500 1b) of uranium and 1,875 kg
(4,135 1b) of plutonium in the 105 K West fuel storage basin.
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The cladding on a significant amount of the fuel, due to normal handling,
was damaged during discharge from the reactor or during subsequent fuel
handling. Video imaging indicates that the outer elements as well as the
inner elements have breached cladding. As a result, the uranium in some
elements was exposed to water and has oxidized during storage. This oxidation
causes the fuel elements to swell, leading to further cladding damage, which
exposes fresh uranium to the basin water and further oxidation. The loss of
cladding integrity and the oxidation of the uranium allows soluble and gaseous
fission products to dissolve into the Basin and canister water.
Characterization in the basins suggests that approximately 3,800 kg (8,375 1b)
of uranium in the K East Basin and 700 kg (1,545 1b) of uranium in the K West
Basin have corroded.

The fuel assemblies and scrap (pieces greater than 0.6 cm [0.25 in.] in
diameter) will be contained in one of five or six baskets (depending on fuel
type), placed one on top of another, in the vertical MCO. The baskets will
have an optimum carrying capacity in terms of weight as well as criticality
considerations. More information regarding the basket structural design and
analyses is presented in Section 3.0 of this report.

1.5 IDENTIFICATION OF AGENTS AND CONTRACTORS

Agents and contractors responsible for the design and fabrication of the
MCO and the baskets are as follow:

e Duke Engineering Services Hanford

Responsibility: Duke Engineering Services Hanford is responsible
for the overall management and execution of the MCO subproject.

This includes development of the subproject functions and
requirements, performance specification, safety documentation,
design review and approval, quality assurance, procurement, budget,
schedule, and coordination with interfacing subprojects and with the
DOE, Richland Operations Office.

e Parsons Infrastructure and Technology Group, Inc.

Responsibility: Parsons Infrastructure and Technology Group, Inc.
is the design agent for the MCO subproject and is tasked with
development of the MCO design in accordance with the specification
criteria. Parsons is responsible for the professional quality,
technical accuracy, and cost-effectiveness of the design media to be
used for fabrication of the MCOs.

e Fabricator - to be determined

Responsibility: The MCO fabricator is responsible for materials,
fabrication, welding, examination, shop testing, quality assurance,
documentation, packaging, and shipping for the MCOs in accordance
with the requirements of the fabrication specification. This
includes development of a manufacturing plan, schedule, fabrication
drawings, material certificates, fabrication and welding procedures,
examination reports, and test reports to verify that the materials
and completed work conforms to the specification requirements.
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2.0 PRINCIPAL DESIGN CRITERIA

2.1 SPENT FUEL TO BE STORED

Chapter 1.0 of this topical report provided background information
related to the MCO and a description of the MCO and its general -
characteristics. When fully loaded, each MCO will house five or six baskets,
each basket containing prescribed amounts of SNF and incidental fuel corrosion
products that have been retrieved from the K Basins. The following materials
describe the fuel that will be contained in any one of those baskets at any
given time. A knowledge of the fuel types and characteristics will enable the
reader to view health and safety concerns in the proper perspective as
additional details pertaining to the MCO are presented in this report. The
following paragraphs and tables contain physical descriptions of the fuel
currently in the K Basins, give a fuel burnup summary, and provide details of
the chemical and radionuclide inventories of SNF. The information presented
also is useful in supporting the chapters in this report that discuss
radiological protection, shielding, and criticality.

N Reactor fuel assemblies consist of two concentric tubes made of uranium
metal coextruded into Zircaloy-2 cladding. The two basic types of fuel
assemblies are differentiated by their uranium enrichmepnt. Mark IV fuel
assemblies have a pre-irradiation enrichment of 0.947% 43U in both tubes and
an average uranium weight of 22.7 kg (50 1b)}. The Mark IV assemblies have an
outside diameter of 6.1 cm (2.42 in.) and lengths of 44.2 cm, 58.9 cm,

62.5 cm, or 66.3 cm (17.4, 23.2, 24.6, or 26.1 in.). Mark IA fuel assemblies
have a pre-irradiation enrichment of 1.25% 25 in the outer tube and 0.947%
“BYJ in the inner tube. The Mark IA assemblies have an average uranium weight
of 16.3 kg (35.9 1b). Mark IA fuel assemblies have an outside diameter of
6.1 cm (2.40 in.) and lengths of 37.8 cm, 49.8 cm, 53.1 cm, or 66.3 cm (14.9,
19.6, 20.9, or 26.1 in.). A small amount of fuel with 0.71% 25 content was
designated as Mark IVB fuel. The Mark IVB fuel has the same dimensions and
weights as the 66.3-cm- (26.1-in.-) Tong Mark IV fuel. Table 2-1 contains a
detailed physical description of the fuel.

Exposure level, or fuel burnup, and time since discharge determine the
radionuclide content of a fuel assembly or group of assemblies. The K Basin
inventory of N Reactor fuel is composed of elements that experienced a range
of exposure levels and were discharged from the reactor between January 1971
and April 1987. The exposure levels ranged from unburned fuel (0 MW) to
approximately 6,000 MWd per metric ton of uranium (MTU). Burnup is related to
the weight fraction of the isotope %%y that exists within the total quantity
of plutonium in a particular fuel element. The 20y content_is commonly used
to indicate fuel burnup and ranges from approximately 0O wt% 20py up to
16.72 wt% %°Pu for the N Reactor fuel in inventory.

Accountability records have been used as the basis for estimating the
radionuclide content of N Reactor fuel. The accountability rgcord run data,
dated November 17, 1994, includes discharge date, fuel type, “Opy content,
and other information for 497 groups of fuel elements (the groups are also
known as keys). Each group, or key, includes elements of the same type, with
the same burnup, that were discharged from the reactor at the same time.
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Table 2-1. 105-N Reactor Fuel Assembly Description.
Mark 1V Mark IA

Eggbirradiation enrichment of 0.947% enriched 1.25-0.947% enriched
Type- Length code? E S A c E M T F
Length (cm) 66.3 62.5 58.9 44.2 66.3  53.1 49.8 37.8
Element diameter (cm)

1. Outer of outer 6.15 6.10

2. Inner of outer 4.32 4.50

3. Outer of inner 3.25 3.18

4. Inner of inner 1.22 1.1
Cladding mass (kg)

1. Outer element 1.09 1.04 0.99 0.79 1.07 0.8 0.83 0.66

2. Inner element 0.55 0.52 0.50 0.40 0.66 0.54 0.51 0.40
Mass of uranium in outer element (kg)

1. 0.947% 2y 16.0 15.0 14.1 10.5

2. 1.25% oy 13.8 1.1 10.4 7.85
Mass of uranéﬁ in inner element 7.48 7.03 6.62 4.94 6.84 5.49 5.12 3.90
(kg) 0.947% U
Weighted average of uranium in 22.7 16.3
element (kg)
Ratio of Zircaloy-2 to uranium 70.0 70.8 71.6 77.1% 83.8 85.5 86.3 90.4
(kg/MTU)
Weighted average (kg/MTU) 70.3 85.7
% of total elements 63 37
% of length type of each fuel 78 10 7 5 0.03b 87 10 3
Displacement volume (L/MTU) 67 67

3 etter codes differentiate the different lengths of the Mark IV or Mark IA fuel elements (i.e., a

' element is 66.3 cm long).

type "

MTU = metric ton of uranium.

SARR-005.02
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The mass of uranium associated with each key varies from 2.37 x 107 MTU to
67.4 MTU. The accountability database that forms the inventory basis, and
which takes precedence over this topical report in fuel inventory matters, is
shown in Appendix A of WHC-SD-SNF-TI-009, 105-K Basin Material Design Basis
Feed Description for Spent Nuclear Fuel Project Facilities (Willis 1995).
Tables 2-2 and 2-3 present breakdowns of the fuel burnup listed in the
accountability database for Mark IV and Mark IA fuel.

Table 2-2. N Reactor Mark IV Fuel Burnup Summary.

Percent *“°Pu (range) Mass (MTU) Percent of total mass

<5 . 166.94 11.35

>5 -7 125.25 8.51

>7 - 9 0.059761 0.00

>9 - 11 62.988 4.28

>11 - 13 270.56 18.39

>13 - 15 714.01 48.54
>15 131.29 8.92

Total 1471.1 100

MTU = metric ton of uranium.

Table 2-3. N Reactor Mark IA Fuel Burnup Summary.

Percent 2“°Pu (range) Mass (MTU) Percent of total mass
<5 36.124 5.75
>5 -7 3.3729 0.54
>7 -9 0 0.00
>9 - 11 68.008 10.83
>11 - 13 118.59 18.88
>13 - 15 401.88 64.00
>15 0 0.00
Total 627.98 100

MTU = metric ton of uranium.

The chemical content of the fuel on a pre-irradiation basis is derived by
applying the reported pre-irradiation concentration range to the total uranium
(2,100,000 kg), zirconium (145,000 kg), and brazing filling (3,000 kg) in
N Reactor fuel. In the post-irradiation fuel, a small percentage of the
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uranium will have been fissioned or converted to plutonium, and some of the
other constituents will have been activated by neutron bombardment; this is
particularly true for the boron and hafnium, which have relatively high
neutron capture cross sections. Table 2-4 lists kilogram quantities of the
chemical inventory of N Reactor fuel currently stored in the K Basins
(Willis 1995).

Tables 2-5, 2-6, and 2-7 contain the radionuclide jnventory of the
N Reactor fuel in storage at the K Basins. Table 2-5 contains an inventory
estimate for the combined total for both basins. Table 2-6 contains an
inventory estimate specific to the K East Basin, and Table 2-7 contains an
inventory estimate specific to the K West Basin. The ®Kr data provided in
each table assumes this gaseous nuclide has not been released from the fuel.

2.2 DESIGN CRITERIA FOR ENVIRONMENTAL CONDITIONS
AND NATURAL PHENOMENA HAZARDS

Natural phenomena hazard (NPH) loads applicable to the MCOs are specified
in this section. The DOE NPH requirements are based on DOE Order 5480.28,
Natural Phenomena Hazards Mitigation; and supporting standards,
DOE-STD-1020-94, Natural Phenomena Hazards Design and Evaluation Criteria for
Department of Energy Facilities; DOE-STD-1022-94, Natural Phenomena Hazards
Site Characteristics Criteria; and DOE-STD-1023-95, Natural Phenomena Hazards
Assessment Criteria. DOE regulatory policy for SNF Project activities also
requires a level of nuclear safety comparable to that of NRC-licensed
facilities (Grumbly 1995). The NRC NPH requirements are based on 10 CFR 72.

DOE Order 5480.28 requires that each structure, system, and component
(SSC) be assigned to one of five performance categories based on safety class
and hazard category. Each performance category has an associated NPH goal
that serves as a measure of the level of protection against potential natural
phenomena. The CSB has been given an interim designation as a hazard
category 2 facility (Kummerer 1995; Sellers 1996). It is expected that the
CVDF and HCS Annex also will be designated as hazard category 2 facilities.
With these classifications, safety-class SSCs within these facilities will be
designated performance category 3 SSCs.

An MCO must maintain its structural integrity so as to perform the
following functions for all credible events:

« Limit the release path for particulate material to the penetrations
associated with the rupture disk and vent path (facility specific)

e Limit the path for oxygen ingress to these same two paths (common to
all facilities [see Section 11.3])

e Maintain the geometry and physical controls assumed in the
criticality safety evaluation report (commen to all facilities [see
Chapter 6.01).

The SSCs required to ensure these MCO functions are maintained must be
designed to performance category 3 requirements.
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Chemical Inventory of N Reactor Fuel

Currently-Stored in the K Basins.

Uranium alloy 601 Zirealoy-2 cladding Brazing filler Totals
Element (kg) tka) (kg (kay*
Al 1,480 - 1,900 11.1 0.411 1,700
B 0.530 0.074 0.00142 *.0.605
Be 21.0 -- 142 163
c 769 - 1,550 40.7 1.42 1,200
cd 0.530 0.074 0.00142 0.605
Co -- 1.48 0.0567 1.54
cr 137 76 - 222 1.42 - 4.26 288
Cu 158 .40 0.170 166
Fe 632 - 843 104 - 296 1.70 - 5.96 941
R 4.22 . 3.70 0.142 8.06
Hf - 29.6 0.567 30.2
Mg 52.7 2.96 0.170 55.8
Mn 52.7 7.40 0.170 60.3
Mo -- 7.40 0.142 7.54
N 158 11.8 0.567 170
Na -- 2.96 0.0567 3.02
Ni 21 44.4 - 118 0.851 - 2.27 294
[} -- - 6.53 6.53
Pb - 14.8 0.369 15.2
si 261 14.8 0.709 277
sn .- 1,780 - 2,520 32.3 - 48.2 2,190
Ti -- 7.40 0.142 7.54
v -- 7.40 0.142 7.54
W -- 7.40 0.284 7.68
r 137 145,000 2,780 148,000
Actinides
u 2,100,000 0.518 0.0113 2,100,000
Np 87.2 -- -- 87.2
Pu 4,030 -- -- 4,030
Am 83.3 -- .- 83.3
Cm 0.171 -- -- 0.171
Fission products
Se 1.1 .- .- 1.11
sr 73.3 -- -- 73.3
Tc 152 - .- 152
Pd 26.4 .- -- 26.4
Kr 75.8 -- - 75.8
1 31.6 -- - 31.6
Cs 207 - - 207
Pm 1.14 .- -- 1.14
Sm 6.39 -- - 6.39
Xe 986 -- -- 986

*For the values with a range, the midpoint of the range is used (includes preburnup and postburnup

values).

SARR-005.02
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Table 2-5. Radionuclide Inventory of N Reactor Fuel
Currently Stored in the K Basins. .

- Heat ) Heat

Activity Mass . Activity Mass .
Isotope : generation Isotope : generation

(ci) (kg) ™) i) (kg ™)

Fission and activation products

! 3.7 E+04 | 3.88 E-03 | 1.26 E+00 | 1Zsn 3.91 E-05 | 4.76 E-12 | 1.22 E-07
aec 693 Es02 | 155 €01 | 2.02 E-01 [ }2sn 1.56 E+02 | 5.50 £+00 | 4.78 E-02
e 2.05 £+03 | 820 e-04 | 6.83 E-02 | 12 1.73 617 | 9.89 €-25 | 2.28 E-19
Co 418 E+03 | 3.70 E-03 | 6.45 E+01 sb 372 E+04 | 3.60 E-02 | 1.17 E+02
i 4.10 E+D1 | 5.641 E-01 | 1.63 E-03 52&‘; 2.18 E+01 | 2.61 E-07 | 3.96 E-01
i 451 Es03 | 7.31E-02 | 454 E-01 | 128y 1.56 E+02 | 1.99 E-09 | 2.00 E+00
fose 8.62 401 | 1.2 £400 | 2.66 €-02 | 133 6.61 E-11 | 7.45 E-18 | 9.58 E-14
Kr 6.06 E+05 | 1.54 E+00 | 9.08 E+02 e 9.07 E+03 | 5.04 E-04 | 7.85 E+00
_§Zsr 5.756-17 | 1.98E-24 | 1.98€-19 | 1olre 2.48 E-06 | 9.40 E-16 | 3.34 E-09
Sosr 1.02 £+07 | 7.48 €+01 | 1019 Ev0a | 12Tre 2.53E-06 | 2.68 E-13 | 1.25 E-09

o 1.02 E+07 | 1087 E-02 | 5.65 E+04 | 1270 0.00 0.00 0.00

Y 133 E-13 | 5.42 E-21 | 4.78 E-16 Mre 0.00 0.00 0.00
e 4.00 E+02 | 1.59 E+02 | 4.61 E-02 | 201 6.37 E400 | 3.61 E+01 | 2.99 E-03
o 8.65 E-12 | 4.03 E-19 | 4.35 E-14 | 13cs 1.83 E+04 [ 1.41 E-02 | 1.87 E+02
b 2.45 E+02 | B.67 E-04 | 4.39 E-02 cs 7.75 401 | 6.73 E+01 | 2.59 E-02
Fnp 192 E-11 | 4.91E-19 | 9.20 e-16 | 137cs 1.33 £+07 | 1.53 E+02 1.34 E+04
72Tt 641 E-14 | 1.68 E-22 | B.46 E-17 | |27™Ba 1.26 €407 | 2.34 E-05 | 4.95 E+04

T71c 288 E+03 | 1.70 Ev02 | 1.4k Es00 | J4lce 0.00 0.00 0.00
195w 0.00 0.00 0.00 144ce 1.32 E+03 | 4.14 E-04 | B8.73 E-01

Ru 2.42 E+03 | 7.23€-06 | 1.44 E-01 or 0.00 0.0 0.00
103k 0.00 0.00 0.00 }22&; 1.30 E+03 | 1.72 E-08 | 9.55 E+00
106, 242 6403 | 6.80E-10 | 231 Es01 | 144Tpr 1.58 E+01 | 8.71 E-11 | 5.33 E-03
1%%pq 1.63 £+01 | 3017 £+01 | B.94 E-04 | 14Tpm 5.15 E+05 | 5.55 E-01 | 1.89 E+02

Ag 432 E-06 | 1.04 E-16 | 3.25 E-09 Pm 0.00 6.00 0.00

110Mag 3.25€-02 | 6.8 E-09 | 5.39 £-04 | 135%n 0.00 0.00 0.00
1i3meq 3062 B3 | 1067 £02 | 3198 Ba00 | (2sn 1.76 E+05 | 6.69 E+00 | 2.07 E+01
. 0.00 0.00 Eu 9.65 E+02 | S5.58 E-03 | 4.37 E+00
113my 5.32 £-07 | 3.18 E-17 | 1.23E-09 | "S%Eu 111 6405 | 4.11 E-01 9.96 E+02
“3;?@ 5.32 €-07 | 5.30 E-14 | 8.82 £-11 | 1ku 2.34 E¥06 | 5.03 E-02 | 1.69 E+01
n 4.54 E-01 | 1.01 €-07 | 2.36 E-04 Gd 1.97 E-06 | 5.59 E-11 | 1.78 E-07
21mg, 8.00 E+01 | 1.35 E-03 | 8.41 -02 | "%rp 118 E-16 | 1.05 E-21 | 9.41 E-17
Fission and activation product totals 2.68 E+07 7.09 E+02 1.34 E+05

Actinides

2 8.74 E+02 | 1.40 £+02 | 2.47 €401 | 243py 5.66 E+406 | 5.50 €401 | 1.75 E+02
u 3.37 E+01 | 1.56 E+04 | 9.14 E-01 Pu 5.49 E+01 | 1.46 E+01 | 1.60 E+00
S 127 Es02 | 1.96 £203 | 3.40 £+00 | Zélam 370 E+05 | 1.08 E+02 | 1.22 E+04
y 6.96 E+02 | 2.07 E+06 | 1.73 E+01 Am 1.95 €402 | 2.41 €-07 | 1.62 E+00
S 5.72 £401 | 8.11 E+01 [ 1.65 Es00 [ 202an 1.96 E+02 | 2.02 E-02 | 2.99 E-01
By 1112 E405 | 6.56 £200 | 3.66 £+03 | Zi3am 1.20 E+02 | 6.02 E-01 | 3.81 £+00
Z%u 214 E405 | 3146 E+03 | 6.59 E+03 | 24Zcm 1,62 E+02 | 4.90 E-05 | 5.86 E+00
Pu 1.19 E+05 | 5.22 £+02 | 3.71 E+03 m 1.47 E+03 | 1.82 E-02 | 5.04 E+01
Actinide totals 7.70 E+06 2.09 E+06 2.82 E+04

Note: 2/12/96 RUN for the N Fuel in the combined K Basins, results decayed to 12/31/97. Total
mass 2.10 E+03 t uranium; total activity 5.56 E+07 Ci; total heat generation 1.62 E+05 W
(5.53 E+05 Bru/h).
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Table 2-6. Radionuclide Inventory of N Reactor Fuel
Currently Stored in the K East Basin.
Activity Mass Heat ActivitY Mass Heat
Isotope | i) | (k) ) | Isotope ‘ i (kg) l o)
Fission and activation products
3y 1.86 £+06 | 1.90 £-03 | 6.19 E-01 | 123sn 3.29 E-05 | .00 £-12 | 1.03 E-07
o 362 8402 | 812 E-02 | 1.06 E-01 | 138 8.07 E+01 | 2.8 E+00 | 2.48 E-02
fe 1708 €+03 | 432 E-04 | 3i57E-02 | 1Zsh 1.41 E-17 | B.06 £-25 | 1.87 E-19
Co 1.96 €403 | 1.73 E-03 | 3.02 E+01 sb 1.88 E+04 | 1.82 E-02 | 5.89 E+01
ZgNi 2.11 E+01 2.79 01 | 8.38 €-04 | 12665 1.13 £+01 | 1.35 £-07 | 2.05 E-01
Eoni 2316505 | 376E-02 | 234 €-01 | 12875, 8.07 E+01 | 1.03 E-09 | 1.03 E+00
se 435 e+01 | 6.24 E-O1 [ 134 £-02 | 123Mre 5.58 €-11 | 6.29 E-18 | 8.09 E-14
Kr 2.92 £+05 | 7.44 E-01 | 4.37 Ev02 ™re 457 E+03 | 2.56 E-04 | 3.86 E+00
Bosr 4.58 E-17 | 1.58 E-24 | 1.58 E-19 15;&: 2.06 E-06 | 7.80 E-16 | 2.79 E-09
oS 5.01 406 | 3.67 £«01 | 5.83 £+03 | 137Mre 211 E-06 | 2.24 E-13 | 1.04 E-09
0 5001 406 | 9.21 €-03 | 277 Ev04 | 1Bre 0.00 0.00 0.00
Y 1.07 E-13 | 4.36 E-21 | 3.81 E-16 e 0.00 0.00 0.00
sazr 2.00 6402 | 7.98 401 | 230 e-02 | 120 3.26 E+00 | 1.85 E+01 1.52 E-03
ey 696 E-12 | 326 E-19 | 3.9 614 | 13cs 7.99 E+03 | 6.17 E-03 | 8.15 E+01
3 1.26 E+02 | 439 6-04 | 222 6-02 | 13%cs 396 E+01 | 3.46 £+01 | 1.32 E-02
Nb 1.55 E-11 | 3.95 E-19 | 7.40 E-14 cs 6.61 E+06 | 7.60 E+01 | 6.68 E+03
ot 506 E-1% | 1.35E-22 | 6.80 E-17 | 13'"sa 6.25 E+06 | 1.16 E-05 | 2.45 E+04
e 145 6403 | 885 ee0t | 77 B0 | Mlce 0.00 0. 0.
1Cku 0.00 0.00 0.00 1adce 1.09 E+03 | 3.42 E-04 | 7.21 £-01
Ru 1.8 E+03 | 5.50 E-04 | 1.10 E-01 pr 0.00 0.00 0.00
105k 0.00 0.00 0.00 }22;; 1.08 E+03 | 1.43 E-08 | 7.91 E+00
h 1.84 E+03 | 5.17 E-10 | 1.76 E+01 r 131 E+01 | 7.22 E-11 | 4.40 E-03
10 147
Pd 859 E+00 | 1.67 E+01 | 4.72 E-O4 P 273 E+05 | 2.94 E-01 | 1.00 E+02
110 148
s 346 E-06 | 8.30 E-17 | 2.60 E-09 om 0.00 0.00 0.00
Nonyg 2.60 E-02 | 5.47E-09 | 4.31 €06 [ 18T 0.00 0.00 0.00
R 1.8 £+03 | 848 €-03 | 2.0z E+00 | 21sm B.95 E+04 | 3.40 E+00 | 1.05 E+D1
3mey 0.00 0.00 0.00 1%y 4.77 E+02 | 2.76 E-03 | 2.16 E+00
In 4.39 E-07 | 2.62 E-17 | 1.02 €-09 Eu 5.48 E+04 | 2.03 E-01 | 4.92 E+02
I 439 €-07 | 437 -1 | 7.30 €11 | 133w 1.19 E+04 | 2.56 E-02 | 8.61 E+00
1S 382 6-01 | 853 E-08 | 197 E-04 | 13%ad 1248 €-04 | 4.20 E-11 | 1.33 E-07
™Sn 403 E+01 | 6.82 E-04 | 4.23 E-02 Tb 975 E-15 | 8.64 E-22 | 7.79 E-17
Fission and activation product totals 1.33 E+07 3.56 E+02 6.79 E+04
Actinides
2y 4.66 E+02 | 7.46 E+01 | 1.32 E+01 Zﬂ;;pu 2.60 E+06 | 2.52 £+01 | 8.06 E+01
S 177 6s01 | 819 ev03 | 4l81 E-01 | 2i%py 307 €+01 | B.06 E+00 | 8.94 E-01
S 6.61 £401 1.02 6403 | 177 Es00 | Zélam 2.03 E+05 | 5.91 €+01 | 6.68 E+03
u 3.80 E402 | 1.13 E+06 | 9.46 E+00 Am 1,16 E+02 | 1.41 €-07 | 9.46 E-01
Sl 3.02 E+01 | 4.28 E+01 | 8.70 E-01 | 20Sam 1.14 €402 | 1.17 €-02 | 1.75 E-01
e 6.07 £+06 | 3055 £+00 | 1.98 E+03 | Zi3an 712 8401 | 3.57 €-01 | 2.25 E+00
%y 115 E+05 | 1.86 5403 | 3054 E+03 | Z4%cm 9042 €401 | 2.85 E-05 | 3.40 E400
Py 6.38 E+04 | 2.80 £+02 | 1.99 E+03 tm 8.8, €402 | 1.09 €-02 | 3.05 E+01
Actinide totals 3.96 E406 | 9.51 E+05 | 1.52 E+04

Note: 02/12/96 RADNUC 2A test run for K East Basin N fuels, results decayed to 12/31/97. Total
mass 1.146 E+03 t uranium; total activity 2.76 E+07 Ci; total heat generation 8.12 E+04 W

€2.77 E+05 Btu/h).
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Table 2-7. Radionuclide Inventory of N Reactor Fuel
Currently Stored in the K West Basin. .

Activity Mass Heat Activity Mass Heat
Isotope | (ci) | (kg) W) l Isotope J (ci) ckg> ] ™
Fission and activation products

2y 1.91 €504 | 1.97 €-03 | 6.39 €-01 | 12sn 6.19 E-06 | 7.53 £-13 | "1.93 E-08
s 331 Es02 | 7.43E-02 | 9.67 E-02 | 12 7.50 E+01 | 2.64 E+00 | 2.30 E-02
2Fe 977 E«02 | 3091E-04 | 325 E-02 | 12sp 3.0 E-18 | 1.77 E-25 | 4.10 €-20
co 2.22 E+03 | 1.96 E-03 | 3.43 E+m sb 1.85 E+04 | 1.79 E-02 | 5.80 E+01
_gni 1.99 £+01 | 2.63€-01 | 7.88€-04 | 126p 1.05 E+01 | 1.26 E-07 | 1.90 E-01
SN 219 £+03 | 3.5 6-02 | 2.22°€-01 | 128Msp 7.50 €401 | 9.55 £-10 | 9.61 E-01
se 428501 | 8% 601 [ 132602 | 133 103 E-11 | 1.16 €18 | 1.49 E-16
P 3.15 E+05 | 8.03 E-01 | 4.72 E+02 Mre 4.50 E+03 | 2.50 E-04 | 3.80 E+00
Bsr 107617 ["4.03 625 | 401620 [ 120e 4.14 E-07 | 1.57 E-16 | 5.60 E-10
50sr 5.2 E+06 | 3.83 E+01 | 6.07 ev03 | 127 4.23E-07 | 6,48 E-14 | 2.09 E-10

% 5.2 406 | .59 E-03 | 289 E40¢ | (30 0.00 0.00 0.00

Y 2.67 E-1% | 1.09 E-21 | 9.55 E-17 e 0.00 0.00 0.00
ooz 2.01e+02 [ 7.98 €001 | 2.30€-02 | 120 3.11 E400 | 1.76 E+01 | 1.46 E-03
oy 170 E-12 | 7090 E-20 | 855 E-15 | 13cs 1.03 E+04 | 7.96 E-03 | 1.05 E+02
3 120 8402 | 425 €-04 | 275 E-02 | 135cs 3.79 E+01 | 3.29 E+01 | 1.27 €-02
Nb 3.77E-12 | 9.63 E-20 | 1.80 E-14 cs 6.71 E+06 | 7.71 E+01 | 6.77 E+03
23 No 1.26 614 | 331623 | 1.66 €17 | [778a 6.36 E+06 | 1.18 E-05 | 2.49 E+04

Togc 143 8403 | 83 E401 | 7B E-01 | Jélce 0.00 0.00 0.00
18Ry 0.00 0.00 0.00 14ce 2.28 E+02 | 7.15 E-05 | 1.51 E-01

Ru 5.76 E+02 | 1.72 E-04 | 3.43 €-02 pr 0.00 0.00 0.00
108mgh, 0.00 0.00 0.00 mgb 2.26 E+02 | 2.99 E-09 | 1.66 E+00
1oCn 5.76 €402 | 1.62 £-10 | 5.5 00 | 244 2.74 E+00 | 1.51 E-11 | 9.20 E-04
e 7.68 €400 | 169 €01 | 422604 | JTpm 2.42 £+05 | 2.61 E-01 | 8.91 E+01

Ag 8.61 E-05 | 2.06 E-17 | 6.45 E-10 Pm 0.00 0.00 0.00

TiMag 6.47 £-03 | 1.36¢-09 | 1.08 E-04 | 143 0.00 0.00 0.00
113meg 1.78 €403 | 821 €-03 | 1.96 Es00 | 13lsm 8.69 E+04 | 3.30 E+00 | 1.02 E+01
112meq 0.00 0.00 0.00 122y 4.87 E+02 | 2.82 E-03 | 2.20 E+00
In 9.28 E-08 | 5.55 E-18 | 2.14 E-10 Eu 5.62 E+04 | 2.08 E-01 | 5.04 E+02
Men 9.28 £-08 | 9.24 E-15 | 1.54 E-11 | 122k 1.15 E+06 | 2.47 E-02 | 8.32 E+00
129sy, 7.285-02 | 1.62 608 | 3.76 05 | 120ad 4.97 E-05 | 1.41 E-11 | 4.48 E-08
™Sn 3.98 E+01 | 6.73 E-04 | 4.18 E-02 To 2.03 E-15 | 1.80 €-22 | 1.62 E-17
Fission and activation product totals 1.35 E+07 3.53 E+02 6.79 E+04

Actinides
34, 4.08 E+02 | 6.53 £+01 | 1.15 E+01 | 240p 3.02 £406 | 2.93 £+01 | 9.36 E+01
235 . E - E - 242 u . . .

2 1.60 £+01 | 7.0 €403 | 434 €-01 | ZiZpy 2042 £401 | 6.34 E+00 | 7.03 E-01
Zey 6.11 8401 | 9l46 €202 | 1.63 ee00 | 24 1.67 E+05 | 4.B7 E+01 | 5.48 E+03
0 3016 €402 | 9.40 E+05 | 7.85 E+00 8.16 E+01 | 1.01 E-07 | 6.80 E-01
Zp 2.70 £+01 | 3.83 £+01 | 7.79 E-01 | 42Tanm 8.20 E+01 | 8.44 E-03 | 1.25 £-01
B, 5112 E+06 | 2.99 E+00 | 1.67 £+03 | 243am 4.89 E«01 | 2.45 E-01 | 1.54 E+00
2%y 9.93 E+04 | 1.60 E+03 | 3.06 E+03 | ZiZem 6.77 E+01 | 2.05 €-05 | 2.45 E+00
Pu 5.52 E+04 | 2.42 E+02 | 1.72 E+03 m 5.81 E+02 | 7.18 E-03 | 2.00 £+01
Actinide totals 3.73 E+06 9.51 E+05 1.30 E+04

Note: 02/12/96 run for K West Basin N Reactor fuets, results decayed to 12/31/97. Total mass
9.531 E+02 t uranium; total activity 2.80 E+07 Ci, total heat generation 8.09 E+04 W (2.76 E+05 Btu/h).
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The MCOs will perform the above-listed safety-class functions at the
CVDF, to be located in the 100 K Area, and at the CSB and HCS Annex, to be
located in the 200 East Area. The following discussions address the NPH
loadings at both of these locations on the Hanford Site.

2.2.1 Tornado and Wind Loadings

According to the DOE requirements and guidance provided in DOE
Order 5480.28 and DOE Standard 1020-94, the Hanford Site does not have a
design basis tornado. However, to implement NRC nuclear safety equivalency as
identified in WHC-SD-SNF-DB-003, Spent Nuclear Fuel Project Path Forward,
Additional NRC Requirements (Garvin 1996), a design basis tornado must be
identified and included in the design for the CVDF, CSB, and HCS Annex.
Tornado protection for the MCO will be provided by the facilities in which it
resides. Tornado protection for the MCO while it is located in the K Basins
is not required.

2.2.1.1 Forces on Structures. While the MCO is located within the CVDF, CSB,
and HCS Annex, it will not experience an extreme wind or tornado wind loading.
Therefore, there is no need to convert such loadings to forces on the MCO.

2.2.1.2 Tornado-Generated Missiles. Protecting the MCO from tornado-
generated missiles is facility specific. The following options may be
applied:

s Provide a structure or barrier that does not allow for missile
penetration that would put the MCO at risk

e Show by analysis that none of the credible or NRC postulated
missiles will penetrate the MCO or the shipping cask-MCO combination

e Show that the risk of a significant radiological release caused by
missile ianct is acceptably lTow (acceptance criteria for
<1.0 x 10°® events/yr using conservative methods with a close
acceptance criterion of 50 mSv (5 rem) (Tallman 1996a, 1996b).

For the first and second options, the load combinations must be in
accordance with NUREG-0800, Standard Review Plan, Section 3.3.2, "Tornado
Loading" (NRC 1981).

2.2.2 Design Basis Flood

Within the CVDF, CSB, and HCS Annex, the MCO will always be protected
against the design basis runoff flood level for the probable maximum
precipitation (PMP). This will be accomplished through facility design and by
providing sufficient runoff capacity. The MCO will be protected from the
river probable maximum flood (PMF) by locating the CVDF, CSB, and HCS Annex
above the PMF level. Specific performance category 3 values for the PMP and
PMF are provided for the CSB in WHC-SD-SNF-DB-009, Canister Storage Building
Natural Phenomena Hazards (Tallman 1996a), and for the CVDF in
WHC-SD-SNF-DB-010, Cold Vacuum Drying System Natural Phenomena Hazards
(Tallman 1996b). These performance category 3 NPH values shall be applied to
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the safety-class MCO and to those SSCs that function to protect the MCO. The
PMP and PMF requirements for the CSB also apply to the HCS Annex. With this
protection provided for the MCO by the facilities, there is no need to perform
analyses of the loading that the PMP or PMF might have on an MCO. The flood
protection provided by each facility is described in the facility-specific
safety analysis report (SAR).

2.2.3 Seismic-System Analyses

At the CSB, the design ground acceleration for the design basis
earthquake is 0.35 g. Although this will be amplified by the position of the
MCOs within the facjlity, the DBA drop accelerations bound any imposed
earthquake accelerations from the K Basins, CSB, CVDF, and HCS.

2.2.4 Snow and Ice Loadings

In the CVDF, CSB, and HCS Annex, the MCO will always be protected against
snow and ice loadings by facility designs that ensure that neither will make
contact with the MCO. As such, snow and ice will not stress the MCO either by
temperature transients or extremes or by dead weight lToading. During
transport, the cask 1id will protect the MCO.

2.2.5 Combined Load Criteria

The confinement/containment features of the MCOs are designed and
fabricated to meet the intent of the load combination criteria in the Boiler
and Pressure Vessel Code (ASME 1995a), Section III, Subsection NB.

2.2.6 Baseline Load Criteria

This section describes the criteria selected to provide the baseline
loadings, including temperatures, which when met will ensure the mechanical
and structural integrity of the MCO. The loadings and criteria are those
specified by WHC-S-0426, Performance Specification for Spent Nuclear Fuel
Project, Multi-Canister Overpack (WHC 1996c), or unique to particular
applications.

The purpose of the MCO is to confine, contain, and maintain SNF in a
critically safe array. Use of the criticality control exclusion void is
discussed in Chapters 3.0 and 6.0.

2.2.6.1 Performance Criteria Loadings. The MCO consists of a shell, a shield
plug, a baseplate with lower radial support plates, a center insert
criticality or basket support tube, baskets designed to hold particular
specified fuels, process tubes, and incidental process equipment. These
components, as an assembly, are subjected to the following performance
criteria loadings.
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e The MCO shall maintain fuel elements or fragments thereof in a

critically safe array throughout its 40-year design 1ife and during
and after being subjected to DBAs. :

The MCO shall relieve internal pressure in excess of 1.0 MPa gauge
(150 1b/in? gauge). This criterion is enabled through use of a
rupture disk.

MCO handling features and equipment shall be capable of holding the
maximum fully loaded weight of the component in question. In the
case of the total MCO package, this includes the heaviest loaded
fuel arrangement (Section 3.2), plus water, plus a margin for a
stuck assembly, bringing the total handling load to 10,900 kg
(24,000 1b). The features and equipment must exhibit the safety
factors required by ANSI N14.6-1986, For Radioactive Materials —
Special Lifting Devices for Shipping Containers Weighing

10,000 Pounds (4500 kg) or More (ANSI 1986). This standard requires
that any handling or 1ift feature required to perform noncritical
1ifts shall be capable of demonstrating a safety factor of three on
material yield and of five on material ultimate strength.

The MCO shall be capable of performing its function when exposed to
atmospheric temperatures ranging from -33 °C to 46 °C (-27 °F to
115 °F) and relative humidity ranging from 5% to 100%.

2.2.6.2 Design Loadings. The following loadings apply to the design of the

MCo.

SARR-005.02

The thermal source term internal to the MCO from the confined SNF is
an average of 396 W and a maximum of 835 W plus allowable margin.

The radioactive source term for worst-case shielding and dosg
consequences consists of 270 Mark IV fuel elements of 0.95% 25y
irradiated to 16% ““°Pu. Activity for these fuels is found in
WHC-SD-SNF-TI-009 (Willis 1995). Radiation effects have been
considered for polymers.

The internal design pressure is 1.0 MPa gauge (150 1b/in? gauge).
The maximum design temperature is 375 °C (700 °F) and the maximum
operating temperature js 350 °C (660 °F). For design features
requiring temperatures at the various MCO life cycle stages, the
following are appropriate:
- K Basin loading, 6 °C to 38 °C (43 °F to 100 °F)
- Cold vacuum drying, 10 °C to 75 °C (50 °F to 167 °F})
- Transportation, -17 °C to 75 °C (2 °F to 167 °F)
- Hot conditioning, up to 375 °C (700 °F) as the maximum design
temperature, 350 °C (660 °F) as the maximum operating
temperature

- Fuel staging and storage, up to 205 °C (400 °F).
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The design thermal transient is 100 °C (122 °F) per hour from 20 °C
to 350 °C (68 °F to 662 °F) for a maximum of five cycles.

The fuel design temperature within the MCO is 300.°C (570 °F).

The design temperature differential between any portions of the MCO
containment boundary materials, i.e., the shell and shield plug, is
100 °C (180 °F).

In addition to the design load limits, certain fuel and MCO shell
limitations are associated with facility management.

-~ During MHM handling, staging, and storage the CSB, temperatures
are allowed to go to 132 °C (270 °F). The facility may limit
temperatures further if they choose. The fuel temperature is
limited to 205 °C (400 °F) during normal steady-state
conditions.

~ During HCS custody and HCS operations at the CSB, the MCO shell
temperature is allowed to go to 350 °C (662 °F). There is an
absolute cutoff at 375 °C (707 °F) for the highest allowed
temperature on any portion of the MCO shell with no exceptions.
The facility may 1imit the temperatures further. The fuel
temperature inside the MCO is limited to 300 °C (572 °C).

2.2.6.3 Design Basis Accident Loadings. The following DBA loadings are
required to be safely applied. They must meet the Service Level D
requirements of the Boiler and Pressure Vessel Code (ASME 1995a), Section III,
Subsection NB, for safety-class items or lower class items required to prevent
failure of the safety-class items.

SARR-005.02

The MCO shall withstand a DBA fire on the outside of the cask. This
fire will reach a temperature of 800 °C (1,475 °F) with an
emissivity coefficient of 0.9 for a period of 30 minutes. The fire
will raise the MCO shell temperature to 122 °C (220 °F) for

180 minutes after the fire.

While at the CSB and HCS Annex the MCO shall maintain confinement,
containment, and subcriticality during a design basis earthquake
having a zero period, 5% damped, horizontal ground acceleration of
0.35 g. Response spectra for other damping values are provided in
WHC-SD-W236A-TI-002, Probabilistic Seismic Hazard Analysis, DOF
Hanford Site, Washington (Geomatrix 1996).

While at the CVDF, the MCO shall maintain confinement, containment,
and subcriticality during a design basis earthquake having a zero
period, 5% damped, horizontal ground acceleration of 0.26 g.
Response spectra for other damping values are provided in
WHC-SD-W236A-TI-002 (Geomatrix 1996).

The MCO shall survive accelerations created by the following DBA

drops while maintaining confinement, containment, and subcriticality
(the temperature range for the drops is 25 °C te 200 °C [75 °F to
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390 °F} and the pressure range is 0 Pa to 1.0 MPa gauge [0 to
150 1b/in® gauge]):

A 0.6-m (2-ft) vertical drop of the 1oadéd and sealed
unconstrained MCO onto flat reinforced concrete

~ A drop while loaded and confined to the sealed transportation
cask in the worst orientation (the acceleration load has been
tentatively set at 100 g pending outcome of the cask drop
calculations)

— A drop into the cask for drop heights not to exceed 4 m (13 ft)
(the acceleration Toad again should be near 100 g)

- A vertical drop of the unconstrained MCO into a CSB tube with
and without another MCO already within the tube (the tubes will
contain impact absorbers to reduce the impact acceleration on
the MCO's internals to 50 g when the MCO's acceleration is
limited to 35 g); protection for the impacted surfaces as well
as the internals of the MCOs must be in place (WHC-S-0426,
Section 3.3.2.2 [WHC 1996¢], requires the use of impact
absorbers between the upper and Tower MCOs to satisfy this
requirement)

— A drop into HCS furnace with load applied to CSB bottom impact
absorber in bottom of furnace

e A loaded basket subject to criticality controls required in
WHC-SD-SNF-CSER-005 (Schwinkendorf 1996), such as the Mark IA, must
not exceed stress levels higher than the applicable service level
requirements allowed in the Boiler and Pressure Vessel Code
(ASME 1995a), Subsection NG; any exceptions to this will be noted
and defined; handling loads for both loaded and unloaded baskets
will meet the design criteria for noncritical loads defined in
ANST N14.6-1986 (ANSI 1986).

2.3 SAFETY PROTECTION SYSTEMS

2.3.1 General

The activities associated with the MCO and its contents have been
reviewed from initial loading of the MCO through long-term storage. The
following sections discuss the protection afforded the MCO throughout its life
cycle. The various forms of protection range from the physical structures
housing the MCO to pressure relief devices both internal and external to the
MCO to instrumentation associated with the processing facilities.

2.3.2 Protection by Confinement Barriers and Systems
Within the shipping cask, CVDF, CSB, and HCS Annex, an MCO is not the

sole barrier against radiological release. This is different from most
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facilities licensed under 10 CFR 72. In those facilities, the cask (the MCO
equivalent but with integral shielding) is the only rad1onuc11de barrier
beyond the fuel cladding.

For the SNF Project, radionuclide releases from an MCO are analyzed by
considering facility-specific mitigation features, siting considerations
affecting atmospheric dispersion, and the location of the onsite and offsite
receptors. Credible oxygen ingress and vent paths are by design limited to
those discussed in Section 2.2. As a radionuclide barrier, the MCO must not
fail under any credible condition. However, maintaining this feature has the
following facility-specific considerations.

e Within the CSB, impact absorbers must be provided in the storage
tubes as required to prevent failure of a dropped MCO (see
Section 2.2.6.3).

e Within the CSB and HCS Annex, safety-class features must be provided
to prevent the MHM from shearing an MCO by moving while the MCO is
in an intermediate position in a tube (WHC 1996a). Maintaining the
MCO in a thermally safe situation for prevention of fuel fire is
also a safety-class function.

e In the CSB the structural integrity of the tube system, inclusive of
the upper floor penetration and lower base plate support, is taken
credit for as a safety-class item to prevent common mode failure of
the MCOs and to maintain configuration for criticality prevention.

The foliowing are MCO-specific features designed to achieve the lowest
practical level of radioactive release from an MCO to the facility during
normal and off-normal conditions.

* The MCO vent is provided with an internal bank of four HEPA filters.
As these filters cannot be tested after MCO assembly, no credit is
taken for their presence in accident analyses. However, the filters
should remain effective during the staging period.

e The MCO is designed to remain intact for all credible events (see
Chapter 11.0).

e When required, the MCO is provided with a rupture d1sk designed to
relieve at a preset pressure up to 1.0 MPa (150 1b/1n ). With this
protection, should the MCO overpressurize (caused, for example, by
hydrogen generation together with an inoperative pressure relief
device), the radionuclide release will be limited by relief through
the rupture disk passage.

During shipment from the K Basins to the CVDF, the MCO may be
vented. During shipment to the CSB, the vent is inactive and
the MCO is sealed. The vent is covered during processing in
the CVDF and during processing in the HCS Annex. After
conditioning in the HCS Annex, the pressure relief device and
the rupture disk are covered and remain covered during CSB
interim storage.
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The means by which the MCO is protected against off-normal operations and
external loadings are facility-specific considerations and are addressed in
each facility's SAR (WHC 1996a, WHC 1996g). Each facility will be responsible
for providing operators and equipment to address such considerations.

2.3.3 Protection by Equipment and Instrumentation Selection

2.3.3.1 Pressure Relief Equipment. When required, the MCO is provided with a
rupture disk to relieve internal pressures in excess of the normal operating
pressure (Goldmann 1996). This rupture disk shall meet the following design
criteria (WHC 1996c¢).

o The ruptuﬁe disk must relieve MCO internal pressures greater than
1.0 MPa gauge (150 1b/in® gauge).

e The rupture disk must perform the above functions in the design
temperature range of 10 °C to 200 °C (50 °F to 392 °F).

e The rupture disk must perform the above functions after being
subject to the DBAs.

e The rupture disk must perform the above functions in a humid
environment (up to 100% humidity for short-term only) and a
corrosive atmosphere.

s The rupture disk must perform the above functions without preventive
maintenance.

e The rupture disk must be designed for contact assembly and
replacement, if necessary, using appropriate handling equipment as
required for working on the MCO. Design consideration shall be
given to DOE Order 6430.1A.

* The exposed surfaces shall be such as to facilitate their
decontamination.

2.3.3.2 High-Efficiency Particulate Air Filter. The MCO is provided with an
internal bank of four HEPA filters. The function of the HEPA filters is to
provide the filter for flow through the penetration, connection, and pathways
to vent the gas in the MCO on a periodic or continuous basis through the
pressure relief device (Goldmann 1996).

2.3.3.3 Instrumentation. The MCO is not provided with any instrumentation.
Process systems requiring pressure indication will attach necessary
instrumentation to the process ports of the shield plug. If necessary, for
the function being performed, the systems also provide temperature, flow, and
constituent measurements. Measurement of the MCO environment for operational
and safety purposes shall be conducted and recorded by the systems connected
to the process ports. The following functions will be monitored in
succession:

e Water, drain, and gas purge system at the K Basins
e Water, drain, vacuum drying, and gas purge systems at the CVDF
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2.4 DECOMMISSIONING CONSIDERATIONS

The intent of the SNF program is to ultimately ship the MCOs to a federal
repository for disposal. There will be no need to decommission the MCO itself
and there should be very little decontamination required for the MCO. .In the
event that decontamination processes are required, the extent of the process
and the procedures to be followed will all be regutated by the specific
facility in which the decontamination is to take place. However,
decontamination and decommissioning efforts are beyond the project scope.
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3.0 STRUCTURAL EVALUATION
3.1 STRUCTURAL DESIGN

3.1.1 Multicanister Overpack

The MCO Performance Specification (WHC 1996¢) was written to meet the
intent of the Boiler and Pressure Vessel Code (ASME 1995a). The code requires
information from which service loadings can be identified if the specification
calls for computations to demonstrate compliance with specified service limits
(ASME 1995a, Section III, NCA-2142.2). The Performance Specification
(WHC 1996c) states that the MCO is to be designed to the intent of the Boiler
and Pressure Vessel Code, Section III, Subsection NB.

The design loadings for pressure, temperature, and mechanical loads as
noted in the Performance Specification (WHC 1996¢c) must meet the stress
intensity lTimits for the stress categories noted in Design Condition Figure
NB-3221-1 of the Boiler and Pressure Vessel Code (ASME 1995a) and summarized
in Table 3-1. In addition, the limits for design loadings shall meet the
requirements of the appropriate subsections of Section NCA-2142.4
(ASME 1995a), which are also summarized in the table.

Table 3-1. Stress Intensity Limits Under Normal and Accident Conditions.

Limits Po PL Py P 4Py P *P*P*a v PCEE Peoll
Design Sm 1. 5xsm uxsm -xsm -- 0.6xsm Sm --
Level A - ===> s> ---> 3xsm 0.6xsm - --
Level D | <2.4xS_ or 1.5me Limit -- 1.5me Limit Appendix F of O.LZXSU 1.5xsm 0.9xs,
0.78, ASME Section 111 4

Note: Design values are from ASME, 1995a, Boiler and Pressure Vessel Code, Section III,
paragraphs NB-3211 and 3221, American Society of Mechanical Engineers, New York, New York; Level A
{normal conditions) service limits are from ASME (1995a), Section IlI, paragraph NB-3222; Level D
(accident conditions) service Limits are from ASME (1995a), Section III, paragraph NB-3225 and
Appendix F.

Q@ = secondary membrane plus bending stress.
Pb = primary bending stress intensity.
pcomp = maximum compressive stress. .
Pco .z static or equivalent static loads as compared to collapse limits.
& = secondary expansion stress resulting from constraint of free end displacement.
PE = primary local membrane stress intensity.
P = primsry membrane stress intensity.
Sm = code stress intensity base allowable.
su = material ultimate strength.
s’ = material yield strength.
V= average primary shear stress.

The design specification may designate service limits as defined in
Table 3-1. The Performance Specification (WHC 1996¢) does not specifically
designate these service Timits, but the following Timits are to be followed.
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e Level A (normal conditions) service limits are sets of limits that
must be satisfied for all normal service loadings to which the
component or support may be subjected in the performance of its
specified service function.

e Level D (accident conditions) service 1imits are those sets of
limits that must be satisfied for all accident loadings identified.
These loadings are typically off-normal drop or fire-induced
conditions. These sets of limits permit gross deformations with
some consequent loss of dimensional stability and damage requiring
repair and may require removal of the component from service. For
level D limits, the rules contained in Appendix F of the Boiler and
Pressure Vessel Code (ASME 1995a) may be used in evaluating the
Tevel D service loadings, independent of all other design and
service loadings. ’

The components used or immediately affected by lifting of components
shall meet the requirements of ANSI N14.6-1986 (ANSI 1986), as specified for
noncritical 1ifts. The design of the mechanical closure was evaluated in
accordance with the Boiler and Pressure Vessel Code, Section III,

Subsection NB (ASME 1995a). Results of the evaluation are contained in
SCS-W-96-1606, ASME Section III, Subsection NB, Analysis of the Multi-Canister
Overpack Assembly with the Mechanical Closure Ring (Shrivastava 1996).

3.1.2 Fuel Baskets

The MCO fuel baskets are categorized into two major types: intact fuel
element baskets and scrap fuel (fragment) baskets. Fuel baskets must maintain
criticality control for the higher enriched (Mark IA) fuel. These basic
requirements lead to four different basket types.

o Type 1 will hold 48 Mark IA (higher enriched) intact-fuel elements
and must have a criticality control exclusion void built into the
basket.

e Type 2 will hold 54 Mark IV intact-fuel elements but does not need
the exclusion void.

e Type 3 will hold Mark IA (higher enriched) scrap fuel (fragments)
and must have a criticality control exclusion void built into the
basket.

e Type 4 will hold Mark IV scrap fuel (fragments) but does not need
the exclusion void.

Single pass reactor (SPR) fuel will be loaded into Mark IA scrap baskets.

Fuel baskets were designed to maximize payload, minimize movement of fuel
during transport, and maintain criticality control within the Timits specified
in Section 3.3.2.3 of WHC-S-0426 (WHC 1996c). The design should take into
consideration the ease of loading fuel into the baskets, the ease of loading
baskets into the MCO shell, and the gas circulation for conditioning
processes.
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The fuel baskets for criticality control shall be designed to the intent
of the Boiler and Pressure Vessel Code (ASME 1995a), Section III,
Subsection NG, as guided by NUREG/CR 3854 (NRC 1984), which classifies all
container components used to control criticality during the transport of
fissile materials as part of a second safety group called criticality. As
such, all container components of that description and holding contents of any
category (based on type and quantity of radioactive material being
transported) are to be designed to the intent of the Boiler and Pressure
Vessel Code (ASME 1995a), Section III, Subsection NG, with deviations from the
code noted and described. A1l basket configurations will be designed to the
conditions specified with deviations from these controls noted in the
following paragraphs.

The design temperature for normal conditions will be 200 °C (400 °F)
while within the MCO and 6 °C to 38 °C (43 °F to 100 °F) while being loaded
with fuel and placed into the MCO. The design pressure is 1.0 MPa gauge
(150 1b/in? gauge) around the baskets while within the MCO. The Mark IA
basket designs, when exposed to normal operating loads, shall meet the
requirements of service level A in the Boiler and Pressure Vessel Code
(ASME 1995a), Section III, Subsection NG. In addition, both the loaded and
the unloaded baskets shall meet, as required for handling, the requirement of
demonstrating a safety factor of three on material yield strength, or a safety
factor of five on material ultimate strength, whichever is most critical.

The effects of operating temperature on material strengths will be taken into
account.

The fuel baskets shall maintain the criticality control features defined
for the accident conditions listed in Section 3.3.2.2 of WHC-S-0426
(WHC 1996c), while maintaining the 1imits imposed by the Boiler and Pressure
Vessel Code (ASME 1995a), Section III, Subsection NG, service level D.
These criticality control features are defined in WHC-SD-SNF-CSER-005
(Schwinkendorf 1996). Permanent deformation is allowed in all portions of the
baskets not necessary to criticality control and process operations. The
following features are considered necessary to criticality control and process
operations.

o The Mark IA basket's criticality tube, when assembled in the MCO,
may not shift more than 5.0 cm (2 in.) radially from the centerline.

o The Mark IA basket's criticality tube, when assembled in the MCO,
may not be crushed or permanently distorted.

3.2 STRUCTURAL ANALYSES

3.2.1 Multicanister Overpack Buckling

Buckling calculations have been performed to show breach of the MCO will
not occur at drop loadings that could be produced by operations or accidents
postulated for the SNF Project. The basic assumption made for this analysis
is that buckling or shell instability will occur before tearing or failure of
the shell wall can occur. The results of these analyses show that yielding of
the MCO shell, considered to be the start of linear buckling, does not occur
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until a value is reached well above 100 g, the approximate maximum expected
loading on the MCO. Total instability of the MCO shell when encapsulated by
the transportation cask occurs at loadings greater than 500 g. The
calculation discussions and analyses are provided in Appendix A.

Buckling of the MCO shell was evaluated in accordance with two theories
based on either linear or nonlinear elasticity concepts. Linear shell
theories adequately predict stresses for shells exhibiting small elastic
deformations. The analysis in Appendix A provided a lower bound estimate of
the vertical static load factor that may be applied to the MCO shield plug and
shell combined weights to produce incipient instability of the shell. It is
shown that 1nc1p1ent buckling (yielding) occurs at 206 g when the MCO is
unpressurized.

Nonlinear large deflection theory was used to evaluate the potential for
breach of the MCO shell because of accident conditions while inside the
shipping and handling cask. In this case the shell's lateral deformations are
controlled in the outward direction by the shipping cask wall and in the
inward direction by the SNF baskets. It is shown that no breach will occur
even if the vertical static load factor exceeds 700 g (Appendix A).

3.2.2 Multicanister Overpack Storage Basket Analysis

Structural analyses were performed for the SNF storage basket mock-up
designs shown in Figures 1-5 through 1-8. These preliminary analyses,
performed in accordance with the Performance Specification (WHC 1996c), .
investigated the handling of the loaded baskets and their usage in the MCO.
The calculation discussions and analyses are provided in Appendix B.

The following specific areas were addressed:

e The ability of the basket center pipe to resist buckling and lateral
deformation during separate vertical and lateral accelerations in
order to meet the requiremenis imposed by criticality considerations
and to prevent interference with the long process tube

e The ability of the basket baseplates to support the fuel elements
and transfer the resulting Toading to the support rods and the
center pipe

e The ability of the MCO bottom cap and sidewall to resist perforation
by fractured fuel elements during an accidental drop.

For vertical accelerations the center pipes were analyzed as pin-ended
columns assuming a tight fit between baskets. These static analyses
considered all the baskets were accelerated uniformly. The baseplate of the
bottom basket provided support to the Tower end of the column and the upper
end of the center pipe was captured and supported by the MCO 1id.This is an
essential feature of the 1id design along with its ability to provide vertical
restraint for the six outer support rods. It is shown in Appendix B that the
Mark IA center pipe meets criticality requirements and is capable of

" sustaining a vertical acceleration of 35 g's stipulated in the Performance
Specification (WHC 1996c). Since this is well above normal handling loads of
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three factors to material yield strength and five factors to material ultimate
strength, the design is judged adequate. The Mark IV center support tube is
capable of sustaining a vertical acceleration of more than 10 g. During an
accident condition, when higher vertical accelerations may be experienced, the
Mark IV basket baseplates are designed to separate from the center support
tube. This feature permits consolidation of the fuel while relieving the
center pipe of excessive loading. Both scrap basket designs have six
intermediate webs extending between the center pipe and the outer shell.

These webs stabilize the outer shell and permit it to sustain vertical
accelerations that are at least equal to those of the storage baskets.

For lateral accelerations the center pipes are supported by each of the
basket baseplates as well as the 1id. For the postulated lateral loading, the
structural deformation of both the Mark IA and Mark IV center pipes is
acceptable (see Appendix B). Note that only structural deformations are
given, the effect of tolerances between assemblies and with the 1id have not
been investigated. The resulting stresses in the center pipes of both baskets
are also wel)l within the accident (level D) allowable of the Boiler and
Pressure Vessel Code (ASME 1995a).

Because of their complex geometry, the 7.6-cm- (3-in.-) thick perforated
baseplates of the storage baskets were analyzed with finite-element models.
These analyses show the baseplates are structurally adequate for normal
handling conditions and for accident accelerations in excess of those
occurring at the time of designed separation from the Mark IV center pipe and
in excess of 35 g for the Mark IA center pipe.

An evaluation of the potential for a fuel element perforating the bottom
or sidewall of the MCO was also performed (Appendix B). While the maximum
drop height of an unprotected MCO is 0.6 m (2 ft), it can be dropped 9 m
(30 ft) when contained in the transportation and handling cask. For these
scoping calculations a missile with the diameter of a fuel element was assumed
to drop 9 m (30 ft). It was found that for this missile to just perforate the
bottom cap would require the mass of nearly one-quarter of all the fuel in the
MCO to be stuck to it and acting with it. It was also found that it requires
a fractured fuel element, with a nearly knife-sharp edge, falling 9 m (30 ft)
to just perforate the sidewall. Both these scenarios are considered extremely
unlikely given the composite construction of the fuel elements.

Since the MCO and its storage baskets, as well as the cask and
transportation system, are in the preliminary design stage, these caiculation
results should be viewed as preliminary and scoping in nature. Calculations
will be reviewed after completion of the final design.

3.2.3 Multicanister Overpack Drop and Related Analyses
The requirements of the MCO Performance Specification (WHC 1996¢c)
stipulate that the MCO shall withstand impacts from accidental drop and
maintain fuel confinement, containment, and subcriticality. These drops are
postulated to be bounded by the following design accident scenarios.
o A 0.6-m (2-ft) vertical drop of the loaded and sealed unconstrained
MCO onto flat reinforced concrete
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e A 100 g (approximate) impact as felt by the MCO in its worst-case
orientation when dropped while loaded and constrained in the sealed
transportation cask (i.e., the cask is configured to prevent MCO
escape; the 100 g requirement is not absolute but a guideline value
for design)

s A vertical drop of an unconstrained MCO into a CSB storage tube
where the storage tube contains impact absorbers that limit the
impact forces delivered to the MCOs (the impact forces are lTimited
to 35 g on the MCO and 50 g on the MCO's contents).

Additional analyses were conducted to verify the above limitations were
met when the MCO was dropped into the cask and that the MCO would survive when
loaded. Analyses also were conducted to determine the pneumatic resistance to
increased drop velocity when dropped back into the cask. These analyses show
that the velocity at impact with the present "necked" diametral clearance of
0.6 cm (0.25 in.) is halved from that of a free drop.

The drop accident analyses provide the accelerations that are used to
produce stress analyses for showing conformance to the allowable criteria.
The MCO confinement is produced to the intent of the Boiler and Pressure
Vessel Code (ASME 1995a), Subsection NB, which a criterion document. Parsons
is performing stress analyses that will demonstrate compliance with the intent
of Subsection NB.

The analyses and documentation for the drop scenarios are provided in
Appendix C and include the drops for the cask itself, as the MCO is directly
coupled in most cases and the analyses are easier to understand if they are
all kept together. The results of the analyses show that the MCO successfully
survives all of the postulated and design basis drops. This allows the 1ift
of the MCO and/or cask to be classified as a noncritical 1ift according to
ASME NOG-1-1995, Rules for Construction of Overhead and Gantry Cranes (Top-
Running Bridge, Multiple Girder) (ASME 1995b), or ANSI N14.6-1986 (ANSI 1986).
The analyses for dropping an MCO directly on top of another MCO in a CSB
storage tube are provided in Appendix D.

3.2.4 Multicanister Overpack Mechanical Closure

The Tower MCO in a CSB storage tube is subject to an overhead strike by
another MCO that is being lowered into the storage tube above it. Impact
absorbers are provided at the base of the CSB storage tube and in the space
between the two MCOs. The goal for the mechanical closure is to survive an
impact of about 35 g from an overhead strike by the heaviest MCO. An upper
MCO dropping onto a lower MCO with this amount of force, without benefit of
the upper impact absorber, will cause the mechanical seal to be compressed
during the drop; but based on discussions with the seal manufacturer, the MCO
mechanical closure is expected to maintain the MCO's seal. Separate analyses
were conducted for the overhead strike on the locking and 1ifting ring and for
the overhead strike on the shield plug body (see Appendix D). Analytical
evaluations are continuing into the drop scenarios at the CSB storage tubes
using the upper impact absorber between the two MCOs. The case of an overhead
strike with no resulting deformation in the seal area would preserve the
ability to disassemble the MCO in the same way it was assembled.

SARR-005.03 3-6 December 30, 1996



HNF-SD-SNF-SARR-005 REV O

At the 35 g level, the heaviest MCO falling onto a Tower MCO without
benefit of the upper impact absorber damages the faces that bear on the
compression limiter of the Helicoflex seal on the Tower MCO. Options exist to
seal a leaking MCO after such a drop. The MCO is recoverable after such a
strike as the seal face deformation at the compression Tlimiter is currently on
the order of 0.76 mm (0,030 in.) on the shield plug portion face using
137.9 Mpa (20,000 lb/inz) yield. On the production MCOs, higher yield
materials are anticipated for use. The threads of the MCO neck and of the
locking and 1ifting ring would survive sufficiently to provide adequate load
path to 1ift the MCO from the CSB storage tube. If needed, the mechanical
closure MCO might be resealed either by tightening the eight jack bolts in the
locking and 1lifting rings or by installing the welded cover cap, which adds
approximately 8.6 cm (3.38 in.) to the MCO's length. In the case of the cover
cap installation, the resulting completed mechanical closure assembly
robustness is essentially the same as the welded closure assembly.

3.3 WEIGHTS AND CENTERS OF GRAVITY

The SNF from the K Basins is placed into baskets that are loaded into the
MCO. Five baskets loaded with Mark IV fuel assemblies, which are
approximately 66 cm (26.1 in.) long, or six baskets loaded with Mark IA fuel
assemblies, which are approximately 53 cm (20.9 in.) long, can be stacked
within the MCO. The smaller SPR fuel assemblies will be loaded into scrap
baskets and placed into MCOs. Also, fuel fragments greater than 0.6 cm
(0.25 in.) in cross section will be loaded into the MCO using "scrap baskets."
The plan is that no more than one scrap basket, together with intact fuel
baskets, will be loaded in any MCO. However, WHC-SD-SNF-CSER-005
(Schwinkendorf 1996) allows up to two scrap baskets, one at each end of the
MCO. Although two scrap baskets are acceptable from a criticality
perspective, the 1imit of 300 kg (660 1b) of particulate in an MCO precludes
actual use of more than one scrap basket. In addition, no scrap basket can be
loaded to a weight exceeding that of a maximum weight normal fuel basket.
Table 3-2 shows the weights and the center of gravity locations for these
individual baskets, both empty and loaded with fuel assemblies. It also shows
this information for various configurations of the MCO.

3.4 MECHANICAL PROPERTIES OF MATERIALS

3.4.1 Materials Discussion

The MCO Performance Specification (WHC 1996c), Subsection 3.3.4, states
that the MCO shall be designed for fabrication from type 304L stainless steel.
This means that those parts welded and necessary to maintain confinement and
containment should be designed for fabrication from 304L stainless steel while
some internal components might be better designed for fabrication from carbon
steel. The use of the mechanical closure has resulted in the shield plug
being made from carbon steel. A listing of the material properties for one
candidate carbon steel is shown in Table 3-3 as well as the material
properties for stainless steel. A1l materials listed in Table 3-3 satisfy the
specification requirement that they be ASME/ASTM-certified materials.
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Table 3-2. Summary of Weights and Center of Gravity Locations.

. . . .a|Center of
Ttem Condition ‘ wia%gt gravity
(in.)
Mark 1A basket® |Empty 2471 7.9
Mark IA basketP |Loaded - 48 fuel assemblies 2,153 10.5
Mark IV basket® |Empty 147 5.6
Mark IV basket™° [Loaded - 54 fuel assemblies 3,137 13.1
mcod-e Empty 1,900 70.2
‘Without upper shield plug
Dry
Mco®-e Empty 3,257 | 104.6
With upper shield plug
Dry
Mco®* Six loaded Mark IA baskets 16,275 70.8

Without upper shield plug
Filled with water

Mco%-© Six loaded Mark IA baskets 17,487 76.8
With upper shield plug
Filled with water

Mco®:® Six loaded Mark IA baskets 16,175 77.0
With upper shield plug
Dry

Mco®-© Five Toaded Mark IV baskets 18,945 72.2

Without upper shield plug
Filled with water

Mcod-® Five loaded Mark IV baskets 20,157 77.4
With upper shield plug
Filled with water

mcod-e Five loaded Mark IV baskets 18,942 77.6
With upper shield plug
Dry

Note: The centers of gravity are located in the geometric center of the item, vertically above
its bottom the given distance.

3The listed weights will change with final iterations on the fuel baskets. The final weights will
be corrected as designs are finalized. The summed total weights will stay within allowable pick load
limitatjons.

6Preliminary data obtained from Drawing SK-1-80208, Rev. 0, K-Basin SNF Storage Basket Mock-Up
Mark IA & Mark 1V, not dated; Drawing SK-1-80110, Rev. O, K-Basin SNF Storage 8asket Mock-Up, not dated;

Drawing SK-2-300377, Rev. 0, MCO Prototype SNF Rerack Basket Grapple Adapter, dated March 22, 1996.
Cpreliminary data obtained from S. M. Short, 1995, Spent Nuclear Fuel Project Jechnical Databook,

UHC—SD-aNF-TI-015, Rev. 0, Westinghouse Hanford Company, Richland, Washington.
Parsons Infrastructure and Technology, Inc., Interoffice Correspondence 10C-1196,
W. E. Sgheneuerk to R. Bastar, March 3, 1996.
Drawing SK-2-300378, Rev. D, MCO Prototype Sheil Bottom Machined Forging, dated March 19, 1996.

MCO = multicanister overpack.
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3.4.2 Hydrogen Effects on Mechanical Properties

Hydrogen gas is a principal contiributor to the internal pressure in the
MCO. The allowable gas amounts defined in WHC-SD-SNF-OCD-001, Spent Nuclear
fuel Conditioning Product Criteria (Miska 1996), show the sum of the total
water and hydrogen plus the contingency gut an upper limit on the hydrogen
pressure of 0.85 MPa absolute (124 1b/in° absolute) at a temperature of 200 °C
(392 °F). An extensive compilation of the effects of hydrogen on the
mechanical properties of 304L stainless steel is provided in DP-1643, Hydrogen
Compatibility Handbook for Stainless Steels (Caskey 1983). An evaluation of
hydrogen effects on the shield plug materials will be performed. Much of the
experimental 1nformat1on was obtained for a pressure of 69 MPa
(10,000 1b/in%), either as an external environment during the test or as a
pressure for charging hydrogen internally into the steel at elevated
temperatures. Experimental results for this high pressure conservatively
bound effects for the MCO. Only in the case of tensile ductility are
sufficient data available to determine values for the MCO pressure. A summary
of information from DP-1643 (Caskey 1983), with parenthetical reference to
specific figures or pages of that document follows.

e Ductility. The most commonly used index of hydrogen damage in
stainless steels has been the change in reduction-of-area as
measured for a fractured tensile specimen. The reduction-of-area is
a measure of plasticity calculated from the original cross-sectional
area (A)) and the final cross-sectional area at the fracture (A).

RA = 100 (A, - A)/A,

Another measure of ductility that is used extensively in
DP-1643 (Caskey 1983) is plastic strain to failure (E,).

E, = In (AJ/A,).

High hydrogen pressure can reduce reduction-of-area from a
starting value of about 80% to a value of about 22% at a
temperature of about -53 °C (-63 °F), which corresponds to a
minimum in reduction-of- area. However, for a hydrogen pressure
of about 1 MPa (145 1b/in%), the reduction-of- area would only
be reduced to about 64% at about 22 °C (72 °F). This level of
reduction-of-area is typically more than adequate to ensure
ductile structural behavior in engineering components. At a
service temperature of 200 °C (392 °F), the reduction-of-area
value would be even higher than 64% (Caskey 1983, Figures 12
and 13, pages 81, 83, 86).

e Yield Strength. High-pressure hydrogen produces small increases of
about 10% to 15% in the yield strength of 304L stainless steel
(Caskey 1983, pages 24, 31, 81, 82, 83).

o Tensile Strength. High-pressure hydrogen typically produces small
decreases of about 10% to 15% in the tensile strength (Caskey 1983,
pages 31, 81, 82). These small reductions do not influence design
allowable stress intensity because this parameter is governed by
yield strength for conditions applicable to MCO storage.
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e Notch Strength. Stainless steels 1ike 304L are typically
strengthened by notches in the absence of hydrogen. High-pressure
hydrogen produces a reduction of less than 20% in the notch strength
(Caskey 1983, pages 47, 88, 89).

* FElastic/Plastic Fracture Toughness. High-pressure hydrogen produces
reduction in the J-integral at maximum load of about 30%, and in the
tearing modulus of about 20% (Caskey 1983, pages 84, 85). These
changes are much too small to be of practical engineering
significance for the MCO.

e Static Crack Growth. Slow crack growth under static loads did not
occur in fracture mechanics tests of thin specimens of 304L
stainless steel. Crack growth did occur in notched specimens
loaded to 85% of the notch tensile strength (Caskey 1983,
pages 50, 51, 52).

e Impact Energy. Impact tests of a dynamic tear test specimen showed
only a small decrease in absorbed energy for tests in hydrogen at
room temperature. Even at -196 °C (-321 °F), absorbed energy values
did not indicate brittle fracture.

e Stress State. Burst testing of disks produces a biaxial stress
state in the test specimen. Tests using hydrogen as the
pressurizing gas show little change in burst pressure relative for
helium tests for solution-annealed 304 stainless steel, but a
reduction of about 45% in burst pressure for samples that were
sensitized or welded (Caskey 1983, page 46).

The information above shows no significant loss in strength, ductility,
or resistance to crack propagation that would adversely affect the design,
analysis, or structural performance of the MCO.

3.5 GENERAL STANDARDS FOR MULTICANISTER OVERPACKS

3.5.1 Chemical and Galvanic Reactions

This assessment of chemical and galvanic reactions between the MCO and
its environments is divided into three subsections that correspond to the
three stages or time periods of operation. The first stage occurs when the
MCO is submerged in the K Basins or later when it still contains liquid water.
The second stage covers the MCO during the process of water removal and cold
vacuum drying. The third stage begins after the removal of liquid water and
extends through staging, hot conditioning, and interim storage.

Assessments of chemical reactions with the environments internal and
external to the MCO are predicated on effective control of cleanness during
fabrication, handling, and storage of MCO components before and during use.
Standards such as ASTM A 380-94, "Standard Practice for Cleaning and Descaling
Stainless Steel Parts, Equipment, and Systems" (ASTM 1996a), and ASME NQA-1,
Quality Assurance Requirements for Nuclear Facility Applications (ASME 1994),
are followed for cleanness control.
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MCOs are fabricated using welded construction without post-welding heat
treatment. As a consequence, residual stresses in and adjacent to the welds
may reach yield strength levels. The MCO could be susceptible to stress
corrosion cracking near the welds in the presence of aggressive environments.
The selection of low carbon stainless steel was made to minimize the potential
for stress corrosion cracking. The following paragraphs provide additional
support as to why stress corrosion cracking is not anticipated to be-a problem
with the MCO.

3.5.1.1 Multicanister Overpack Containing Liquid Water. The time period
during which an MCO is immersed in.or is filled with Tiquid water is less than
2 days. This period is far too short for significant corrosion in the benign
environments discussed below.

The 304L stainless steel material selected for the MCO spontaneously

develops a passive oxide film in air. A properly fabricated and cleaned MCO

herefore has a passive layer that protects against corrosion as it goes into
service. For submerged service, the steel needs oxygen for the repair of
“damage to the film. This passivity is typically retained in natural waters,
whether hot or cold, even those with relatively high pollution levels (Butler
and Ison 1966). According to WHC-S-0453, Fabrication Specification for the
Multi-Canister Overpack (WHC 1996b), the conductivity of water in the K Basins
ranges from 1 uS/cm to 5 uS/cm, which is only slightly higher than that of
good quality distilled water, but significantly lower than that of excellent
quality raw water (ASTM 1996b). The passive layer ensures a very low rate of
uniform corrosion that precludes any damage to the MCO, even for a time period
of many years. Common sources of corrosion resistance information do not list
typical values for the very low uniform corrosion rate associated with
passivity. WHC-SD-W236A-TRP-001, Multi-Function Waste Tank Facility Corrosion
Test Report (Phase 1) (Carlos 1993), reports one exampie of such a corrosion
rate in 304L stainless steel at 97 °C (207 °F) in water containing small
amounts of anions (i.e., 7 x 10> mol/L chloride, 3 x 1073 mol/L fluoride,

1 x 107 mol/L nitrite, and 1 x 107 mol/L nitrate) at pH levels of 5 and 8.
The maximum corrosion rate measured by weight loss (specimens were siripped of
corrosion product layer) in a 120-day test was 5 x 107" mm/y (2 X 107 in/yr).
At this corrosion rate, the predicted corrosion in 75 years would be 0.038 mm
(1.5 x 1072 in.). A design corrosion allowance is not required at this level
of corrosion.

The MCO is susceptible to Tocalized corrosion processes (e.g., pitting,
crevice corrosion, or stress corrosion cracking if certain aggressive species
are present in the water. The most important aggressive species for stainless
steels is the chloride ion. Chloride ion content in the K Basins is below the
detection limit (WHC 1996b), which is 0.083 p/M by weight. This level is well
below that needed for protection against attack in fully submerged service.
The fluoride ion also is typically of concern for localized corrosion. The
fluoride ion content of K Basin water is 0.248 p/M (WHC 1996b). High-quality
water typically used for mixing cleaning solutions, rinsing, and flushing of
nuclear components would contain less than 1 p/M fluoride ion (ASME 1994).
Therefore, the fluoride ion should not cause localized corrosion during the
water-containing stage. Elevated temperature water containing dissolved
oxygen can cause stress corrosion cracking of sensitized stainless steel
(Sedricks 1992). However, the relatively low temperature of the water in the
MCO and the use of 304L stainless steel to avoid sensitization (i.e., reduced
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corrosion resistance due to carbide prec1p1tat10n at grain boundaries, which
typically does not occur below “500 °C) preclude this type of stress corrosion
cracking.

Polychlorinated biphenyls (PCBs) were identified in sludge samples from
the K East Basin. The levels of PCBs were low, but their detection raises a
concern for thermal or radiolytic decomposition that might contaminate the
water in the MCO with chlorine and thereby produce corrosion damage. The
corrosion rate of 316 stainless steel in water saturated with chlorine at room
temperature was determined to be 0.008 mm/yr (ASM 1987, pp 1170-1174), a value
that would be acceptable for the short duration of submerged service.
A specific corrosion rate for 304L stainless steel was not available; however,
it is not expected to be significantly different than that for 316 stainless
steel. 1In addition, PCBs decompose slowly and levels are very low, so PCBs in
the K East Basin do not present a corrosion threat. Additionally, PCBs are
not expected to be contained in the MCOs because the fuel is cleaned before
loading into the MCO.

Iodine is a fission product generated in the irradiation of N Reactor
fuel; each MCO will contain about 180 g (0.4 1b) of iodine (Willis 1995). The
jodine in light-water-reactor oxide fuel is tied up by the fission product
cesium as cesium iodide (Koh1i 1982). This compound can vaporize in oxide
fuel and move to the fuel-cladding gap by vapor transport along pellet-to-
pellet interfaces. This behavior is unlikely in N Reactor fuel, which has no
fuel pellets or fuel-cladding gap. Iodine (or CsI) could be released to the
water as the uranium fuel corrodes. The following estimate of the quantity of
iodine that might be released assumes the iodine would be distributed rather
uniformly in the fuel. An upper bound to the iodine release to the water is
calculated assuming that the cladd1ng does not exist, that the total uranium
surface of the original fuel is exposed to corrosion for 48 hours, and that
the corrosion rate of uranium in water is 0.57 x 107° g/cm? /h (ASM 1987,

p 814). The resulting estimate of maximum iodine content in the 500 L

(130 gal) of water in the MCO was 0.7 p/M. The corrosion literature does not
identify iodine or iodide ion as an aggressive species for stainless steel.
However, the low level calculated above would be acceptable even for the
aggressive chloride ion. Therefore, the conservative calculation shows iodine
contamination is not a corrosion concern.

Cesium is also a fission product in N Reactor fuel and each MCO will
contain about 1.2 kg (2.6 1b) of cesium (Willis 1995). Experience at the
K Basins show that cesium is the major source of radioactivity in basin water.
Using the same corrosion rate, surface area, and time for uranium corrosion as
applied above for iodine, an estimate of maximum cesium content in the MCO
water after 48 hours of corrosion is about 4 p/M. There is no evidence in the
corrosion titerature or in K Basin operational experience with fuel canisters
that cesjum in the water is detrimental to the corrosion resistance of
stainless steel.

Other fission products are present in N Reactor fuel in very small
quantities (Willis 1995). Even if these elements are dissolved in the water,
they are not recognized as enhancing corrosion of stainless steel.

Only four possibilities for dissimilar metal contact exist in the MCO.
The Zircaloy-2 fuel cladding will contact the MCO stainless steel baskets.
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Both the cladding and the stainless steel exhibit passive oxide layers on
their surfaces. The alloys exhibit similar galvanic corrosion potentials in
seawater (ASM 1987, p 717-718). There should therefore be no accelerated
galvanic corrosion for this alloy combination. It is possible that uranium
fuel also will be in contact with the stainless steel baskets in a few
locations. Since the uranium is actively corroding with a nonprotective oxide
layer, this galvanic couple will not Tead to accelerated corrosion of the
stainless steel baskets. Also, it is possible that the carbon steel shield
plug will come in contact with the stainless steel shell. Very little
corroding is expected from this interface. The final interface is that of
silver and carbon steel. There is expected to be insufficient water available
to pose a concern for the seal area.

3.5.1.2 Multicanister Overpack during Removal of Liquid Water. Less than
48 hours is needed to remove liquid water from the MCO and establish a low
water vapor pressure inside it (WHC 1996b). This period is too short for

significant corrosion in the benign environment.

The vacuum drying operation includes monitoring of pressure increases
near the end of the process to ensure that acceptabie water vapor partial
pressure has been established. The water vapor pressure (< 0.5 torr) prevents
condensation inside the MCO. The single wet/dry cycle precludes significant
build up of aggressive species such as chloride ion to levels that would cause
localized corrosion. Once the liquid water is removed and condensation is
precluded, liquid corrosion processes cease.

Water is also removed from the annulus between the shipping cask and the
MCO. Any remaining moisture in the annulus will not produce corrosion damage
on the exterior of the MCO during the short time required for shipment to the
CSB and removal from the shipping cask.

3.5.1.3 Multicanister Overpack after Removal of Liquid Water. The passive
film on 304L stainless steel that protects against liquid corrosion also
protects against gaseous oxidation by impurities (e.g., oxygen or water vapor)
in the inert gas environment established in the MCO (Adams 1983). Oxidation
of stainless steel only becomes obvious at temperatures above about 400 °C
(ASM 1987, pp 351-353). The higher partial pressures of gases such as
hydrogen, water vapor, and oxygen that may exist before hot conditioning
present no threat of significant gaseous reactions with the MCO. The heating
that occurs after cold vacuum drying enhances the protection against
condensation of water vapor inside the MCO.

Hydrogen generated by reactions of the uranium fuel with water vapor or
by radiolysis of bound water in the MCO will not reduce the chromium oxide
passive layer on the stainless steel, although it may reduce the iron oxide
that may co-exist in mixed oxide layers (Adams 1983). Effects of gaseous
hydrogen on the mechanical properties of 304L stainless steel are discussed in
Section 3.4.2.

Thermal or radiolytic decomposition of PCBs after water removal could
produce chlorine gas inside the MCO. For the maximum PCB level of 220 p/M by
weight detected in the sludge, and a maximum corrosion product content in an
MCO of 300 kg (after coid vacuum drying and hot conditioning) (Miska 1996),
the maximum chlorine partial pressure in the MCO (assuming the PCB to be 100%
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chlorine) is about 0.3 kPa (2 torr). Dry chlorine is compatible with
stainless steels at normal pressures, but chlorine gas saturated with water
vapor at ambient temperature is extremely corrosive to ‘these alloys

(Brown et al. 1947). Since the chlorine content from radiolysis would
increase gradually, and water vapor pressure will be very low after hot
conditioning, there is little 1ikelihood of corrosion damage.

Fuel corrosion and the thermal environment could lead to release of
iodine gas into the MCO. If the total 180 g (0.4 1b) of iodine contained in
the fuel in an MCO were released, the iodine partial pressure would be 3.5 kPa
(26 torr) at atmospheric temperature. In actuality, only a small fraction of
the iodine would be expected to be released. Assuming the iodine partial
pressure to be about the same as that for chlorine, the fact that iodine is
less aggressive means that corrosion damage is very unlikely.

With the liquid removed from the MCO, galvanic corrosion is no Tonger
possible. However, direct contact between the fuel and baskets could lead to
liquid metal embrittlement of the stainless steel (01d 1980) by fission
products. Cesium and tin are the low melting point (i.e., <205 °C) fission
products generated in the greatest amounts. Liquid cesium would be expected
to be fully compatible with stainless steel based on the demonstrated
compatibility for sister elements sodium and lithium. Tin is present in
amounts of about 0.1 g per fuel element (Willis 1995), so the amount present
in a contact area is far too small to cause significant damage to an MCO
basket. If eutectic liquid could form because localized fuel reactions
produced small regions of very high temperature, attack on stainless steel
could be severe. Estimates of temperatures required for liquid eutectic
formations obtained from binary phase diagrams are 725 °C (1,336 °F) for
iron-uranium, 950 °C (1,742 °F) for iron-zirconium, and 1,135 °C (2,075 °F)
for uranium-zirconium (ASM 1986).

The environment at the exterior of the MCO will contain both water vapor
and oxygen (either as air or as an impurity in inert gas). The passive oxide
layer on the stainless steel will prevent significant reaction with these
gases. The internal heat generation in the MCO acts to prevent moisture
condensation on the exterior of the MCO. The following engineered and
administrative features protect against accidental intrusion of water into the
storage tubes at the CSB:

e A dry roof that does not collect water
e Absence of sprinklers for fire protection
e Prohibition against washing the deck
e 0-ring seals in the storage tube shield plug with positive gas
pressure in the tube.
3.5.2 Positive Closure
The MCO is loaded, shipped, handled, and stored in the vertical position.

The MCO is closed with a shield plug that is inserted into the expanded neck
of the MCO. The shield plug assembly weighs approximately 600 kg (1,350 1b)
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and is retained in the MCO neck after the MCO is loaded. The mechanical
closure is set into the expanded neck of the MCO, which is threaded on the
inside. The neck of the MCO is all 304L stainless stee] and has a 1.3-cm-
(0.5-in.-) wide ledge_in which the mechanical seal can seat. The Helicoflex
seal, with an Inconel’ helical wire and silver-plated stainless steel jacket,
has an integral compression limiter that is approximately 0.64 cm (0.25 in.)
wide. The actual seal is stainless steel with silver plating. The mechanical
seal is secured to the sealing surface on the bottom of the shield plug with
small machine screws. The plug portion of the mechanical closure uses carbon
steel that is plated if necessary to meet corrosion requirements and has a
corresponding ledge to capture the mechanical seal. The plug is held in place
by a carbon steel, threaded, Tocking and lifting ring that threads into the
MCO's expanded neck.and pushes on the plug once the eight jack bolts are
torqued to 560 ft-1bf each. The plug and locking and 1ifting ring may be
plated with nickel or other suitable material to reduce corrosion potential.

Galling of the threads between the collar and the locking and 1ifting
ring is minimized by choosing materials that are sufficiently different in
properties that reduce the potential of galling between the metal threads.
The threaded neck on the MCO is made of 304L stainless steel, which is
relatively soft. The locking and 1ifting ring will be made of a low-alloy
carbon steel similar to 4142, which was used successfully on the prototype
that was machined from a forged blank. Hardening of the threads of the ring
is also possible as is the use of acceptable low-gassing lubricant during
assembly to further reduce the potential for galling.

Recovery from a galling situation with locked-up ring-to-MCO-neck threads
would be similar to opening up a welded MCO in that the top end of the MCO
surrounding the locking and 1ifting threads would have to be cut away, the
shield plug assembly removed, and the fuel removed from the MCO shell.

Removal of the shield plug would require rigging and a hoist to 1ift the
shield plug from the neck of the MCO.

Connections to the inside of the MCO are accomplished through the ports
on the top of the shield plug. The ports of the MCO are connected to the
pressure relief device, the low-flow HEPA filter, and the long and short
process tubes via the process connection. Access to these ports is made by
removing -a port cover that exposes the device. Tools are required to remove
the sealed port cover. Once access is gained to these devices, additional
tools are required to remove the in-place pressure relief device or low-flow
HEPA filter, or to open the process connections. The passageways leading from
these devices into the interior of the MCO make double turns to prevent a
direct path for nonattenuated radiation from the interior SNF to the exterior
of the MCO.

3.5.3 Lifting Devices

The 1ifting toals are still in the design process as of this writing.

'Inconel is a trademark of Inco Alloys International.
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3.6 FUEL RODS

At no time in the retrieval, packaging, transportation, or conditioning
process is the fuel cladding relied upon for confinement of radionuclides.
Fuel movements in the fuel segregation campaign, and more recently during the
fuel characterization work, have shown that even the most visibly damaged fuel
can be moved and handled. For criticality purposes, it is assumed that the
cladding remains mixed with the fuel.

3.7 SUPPLEMENTAL DATA

3.7.1 Computer Codé'Description

The SNF primary containment and confinement boundary structure, the MCO,
was analyzed for structural strength and dynamic characteristics using finite-
element codes described in the following paragraphs. The computer codes are
those commonly used in the nuclear industry and particularly at the Hanford
Site. The codes have all been validated and inputs verified for quality
answers by the user groups onsite.

For dynamic solutions, in particular the cask-MCO drop scenarios, the
K Basin transportation cask, MCO, and baskets were analyzed and modeled with a
second generation, nonlinear, finite-element program calied ABAQUS. ABAQUS
uses finite-element formuiation for the stress and strain domain and finite-
difference formulations for the dynamic time domain. There are two versions
of ABAQUS: ABAQUS/Standard, the implicit formulation, is best for static
nonlinear solutions; and ABAQUS/Explicit is best for dynamic problems. In
particular, ABAQUS/Explicit 5.4 was used for this analysis effort.
ABAQUS/Explicit 5.4 uses a lumped-mass formulation with explicit central
difference integration for the time domain solution of displacements,
velocities, and accelerations. Each degree of freedom is idealized as an
independent Tumped mass with an initial position and velocity. External
forces are applied to generate accelerations. Employing very small time steps
(typically 0.5 microsecond), new positions and velocities are calculated, then
finite-element reaction forces are calculated for each individual element and
contact surface conditions are checked. The new updated forces produce new
accelerations and the process repeats. ABAQUS also allows nonlinear modeling
of the materials and material failure. The nonlinear material properties are
defined versus strain. The ABAQUS finite-element formulation uses numerical
integration to construct element stiffness matrices that relate internal
element reaction forces produced by element boundary displacements. The
repeated numerical integration allows the material properties to be updated
based on the strain history at each element integration point through the
element volume.

ANSYS is a finite-element program that has acceptance as a Tinear elastic
design tool for mechanical and civil engineers. It is known for its early
development and use as a robust pre- and postprocessor. ANSYS is being
expanded to nonlinear analysis, but it is still viewed as a standard for
Tinear elastic structural analysis in the nuclear industry. ANSYS was used
extensively in the structural static analysis of the MCO and its components.
The code has the ability to develop stresses related to thermal growths and
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restraints in structures. In particular, the code was used to assess the
specification requirement of 100 Celsius degrees (180 Fahrenheit degrees)
difference between the shield plug (coolest) and the shell (hottest) on heatup
and then in cooldown.

IMAGES-3D is a code well known for its user-friendliness and common use
as design analysis tool. The trait of user-friendliness makes it popular as a
preliminary sizing tool, but it also is used for linear static analysis and
for simple dynamic solutions. The program is a three-djmensional, general
purpose, finite-element analysis program for use on IBM' personal computers
or compatible microcomputers. IMAGES-3D performs three types of analyses:
static, modal, and dynamic.

"IBM is a trademark of International Business Machines, Incorporated.
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4.0 THERMAL EVALUATION

The thermal~hydraulic aspects of the MCO and its payloads that are
important to safety are presented in this chapter. Also presented are the
basis for the design criteria and results of the thermal-hydraulic analyses
for the normal conditions of transport, vacuum drying, staging, hot
conditioning, and interim storage. Response to off-normal events and accident
conditions, such as equipment failure and fire accidents, is addressed within
the individual SARs for the facilities or the transportation cask.

4.1 DISCUSSION

The thermal evaluation addresses four distinct thermal conditions within
the MCO; wet, vacuum, dry, and hot conditioning. Wet thermal conditions exist
during loading at the K Basins, transport between the K Basins and the CVDF,
and initial processing at the CVDF. Under wet conditions, the MCO is filled
with water to a height approximately 10.2 cm (4 in.) below the MCO shield
plug. The remaining void space within the MCO is filled with helium gas at
the time of loading to yield an initial pressure of 122 kPa (17.7 1b/in®
absolute). The pressure boundary under wet conditions is the transportation
cask. The MCO itself is unsealed, and therefore unpressurized, whenever wet
thermal conditions exist.

A combination of wet, vacuum, and dry thermal conditions exists during
the various steps of the cold vacuum drying process. A maximum vacuum of
0.4 kPa (3 torr) exists in the MCO during the drying process. The MCO is
backfilled with helium gas to a target pressure of 122 kPa (17.7 1b/in?
absolute) after completion of cold vacuum drying and before transport to the
CSB.

Dry thermal conditions exist following completion of the cold vacuum
drying process, during transport between the CVDF and the CSB, and during
staging and long-term interim storage in the CSB. Following cold vacuum
drying and before hot conditioning, the water content consists primarily of
chemically bound water. Under dry thermal conditions, the void space within
the MCO is filled with either helium, argon, or nitrogen gas, depending on
where in the processing cycle the MCO is.

Hot conditioning of the SNF payload is designed to remove the chemically
bound water and decompose a portion of the uranium hydride. A variety of
process purge gases is used to accomplish the hot conditioning. The final
process step backfills the MCO with helium gas to a target pressure of 138 kPa
(20 1b/in® absolute) at 50 °C (122 °F).

Table 4-1 presents a summary of the pertinent thermal features associated
with the transportation of the MCO between the K Basins, CVDF, and CSB.
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Table 4-1. Thermal Aspects of Wet and Dry Transfer of
K Basin Spent Nuclear Fuel.

Design parameter Wet transfer ' Dry transfer
Water volume in MCO® 0.528 m om
(18.64 ft3) (0 ft3).
Gas volume in MCO 0.027 m’ 0.56 m*
(0.96 ft*) (19.6 ft3)
Initial MCO gas backfill Helium a% 122 kPa Helium at 122 kPa
(17.7 1b/in? absolute) | (17.7 1b/in® absolute)
Allowed MCO leakage rate® Open to cask 10 E-4 std cm’/s, air
Water volume in cask 0.107 m3 om
(3.79 ft3) (0 ft3)
Gas volume in cask 0.015 m> 0.122 m
(0.54 ft3) (4.33 ft3)
Initial cask gas backfill Helium ag 122 kPa Helium at 122 kPa
(17.7 1b/in° absolute) | (17.7 1b/in® absolute)
Allowed cask leakage rate® | 10 E-7 std cm3/s, air | 10 E-7 std cms/s, air
Nominal transfer time® 8 hours 14 hours
Fire accident scenario 6 minutes at 800 °C 6 minutes at 800 °C
(cask exposure) (1,475 °F) (1,475 °F)
Ngtes:

Water volume refers to liquid, free volume. Chemically bound water and water absorbed in
sludge, sracks, and crevices is not included.
Leakage rate is verified at time of fabrication.
dLeakage rate is verified at fabrication and annually thereafter.
Transfer time is defined as from time of closure at the shipping site to the time of venting
at the receiving site.

MCO = multicanister overpack.

4.1.1 General Thermal Design Approach

The safety analysis of the thermal-hydraulic performance for the MCO
assembly and its payload under the various SNF Project process flow steps is
based on a combination of bounding assumptions for heat generation,
conservative heat transfer conductances, and the application of administrative
rules (technical safety requirements) governing the loading of the MCO, the
allowable time to accomplish individual process steps, process performance
criteria that must be met before certain process steps can be completed, and
specific recovery steps to be undertaken should off-normal conditions arise.
The combination of these elements will ensure that the MCO assembly is
maintained in a safe, stable, and secure operating condition. A safe, stable,
and secure operating condition is defined as either (1) an energy balanced,
steady-state condition in which the energy gains to the system equal the
energy losses from the system and the system is within its temperature and
pressure limits or (2) a transient operating condition in which energy gains
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may temporarily exceed the losses, but where administrative controls or
safety-class systems are implemented to ensure the system is placed into a
stable steady-state condition before exceeding the system temperature and
pressure limits.

4.1.2 Thermal Design Features

The MCO is designed to safely contain a variety of SNF in five or six
baskets. Chapter 1.0 of this report presents a description and design
drawings of the MCO and its fuel baskets, while Chapter 2.0 provides a
description of the spent fuel to be placed within the MCO, the general design
criteria, and the design loads. An MCO is a 6l-cm- (24-in.-) outer-diameter
stainless steel pipe approximately 406 cm (160 in.) long with a bottom endcap
forging and upper shield plug. The bottom endcap forging of the MCO is
designed to position the lower fuel basket just above the bottom of the MCO.
This position promotes draining and creates a lower plenum to aid the
distribution of process flows evenly across the bottom of the lower basket.
The shield plug serves as the access point for various system penetrations and
process connections. All penetrations through the shield plug are 2.54 cm
(1.0 in.) in diameter or less and are labyrinthed to minimize radiation
streaming. The MCO shell and bottom forging are fabricated primarily of type
304L stainless steel. The shield plug is made of carbon steel and it will be
mechanically sealed.

The SNF assemblies are placed within stainless steel fuel baskets, which
are then loaded into the MCO. Because of height differences between the fuel
assembly types, either five Mark IV fuel baskets or six Mark IA fuel baskets
can be stacked axially within the MCO. Each fuel basket type is provided in
an intact fuel and a scrap fuel configuration. The MCO is designed to support
internal forced flows for purging and inerting of the free volume with either
helium, nitrogen, or argon. The MCO and its internal basket arrangement are
designed to dissipate the heat from the SNF assemblies passively through a
combination of conductive and radiative heat transfer without internal
convective flows. Figure 4-1 presents a schematic cross-sectional view of the
MCO and the internal MCO components with the Mark IV fuel baskets.

A center pipe on each basket is designed to contain a grapple adapter for
stacking the fuel basket within the MCO. The grapple is designed with a
center penetration large enough to allow insertion of the center process tube
when the upper shield plug is installed. The process tube, bottom strainer,
and locator cones have the same configurations for all basket types. When
undergoing processing, gas flows from external sources, through a connection
to a fitting at the top of the MCO shield plug, and into the MCO via the
center process tube. The gas flow exits the process tube at the bottom of the
MCO, passes radially outward through the bottom strainer, and then flows up
through the baseplate of the scrap or fuel baskets or is bypassed between the
outer edge of the baskets and the MCO wall. Some of the gas exiting the
process tube can flow back up through the annular space between the center
hole in the baskets and the process tube. The center pipes used for the
intact fuel and scrap baskets are designed to intersect and seal with each
other. This not only provides additional support, but also prevents the flow
that bypasses around the Tocator cones from mixing with the gas flow inside
the baskets at each level.
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Figure 4-1. Cross-Sectional View and Conﬁguratwn
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The intact fuel basket is designed to vertically support fuel assemblies
in individual sockets bored into the 7.6-cm- (3-in.-) thick "socket"
baseplate. A 27.9-cm- (l1-in.-) high perforated outer skirt provides
additional lateral support and confinement for smaller sections of fuel
assembly. Only those portions of a combined fuel assembly (i.e., an outer and
an inner element) that will fit in the basket's baseplate socket will be
loaded into an intact fuel basket. Solo outer or inner elements either will
be combined to make up a fuel assembly (for criticality reasons) or will be
placed in the scrap basket. Those portions of the fuel assemblies that are
greater than 0.6 cm (0.25 in.) in size, but are less than approximately 20 cm
(8 in.) in length, or are too broken up to stand upright in the intact fuel
basket, or will not fit in the baseplate socket because of swelling caused by
damage or corrosion also will be placed in the scrap basket.

Portions of the SNF 0.6 cm (0.25 in.) in size or smaller will not be
intentionally loaded into an MCO; instead, they will be handled in a separate
operation. It is assumed that pieces smaller than 0.6 cm (0.25 in.) in size
may be loaded unintentionally or created as a result of loading into the
basket. The basket heights will be gauged before shield plug insertion to
ensure that the presence of small pieces is not affecting the assembly of the
Mco.

The design of the fuel basket for Mark IA fuel is shown in Figure 4-2.
The basket consists of a center support tube, a 7.6-cm- (3-in.-) thick socket
baseplate, a 27.9-cm- (11-in.-) high perforated outer skirt, and six 0.95-cm
(0.375-1n.) support rods. The fuel elements are vertically retained in the
sockets by a 0.6-cm- (0.25-in.-) wide bar welded across the bottom of each
socket. The socket diameters are large enough to allow processing gas to flow
either up through the interior of the fuel elements or around the outside.
The outer skirt is perforated, which allows mixing of the gas that flows
around the outside ring of fuel elements with the bypass flow between the
baseplate and the MCO wall. The fuel baskets are stacked one on top of
another. Each fuel basket is supported by six support rods that fit into
predrilled recesses in the bottom of the fuel basket above it. Approximately
3.8 cm (1.5 in.) of clearance exists between the top of the fuel assemblies
and the Tower surface of the basket above. Before entering the next basket
above, some mixing or redistribution of the processing gas flows that traverse
the fuel elements can occur with the gas flows that bypass the basket along
its outer edge. The scrap baskets are designed with a solid skirt and a sheet
metal seal on their outer edge to minimize the amount of gas flow that is
bypassed. The design of the scrap baskets is discussed further below.
Because of its higher initial enrichment, the Mark IA fuel is limited to 48
fuel assemblies per basket; the use of a large diameter center pipe physically
excludes an innermost circle of six fuel assemblies.

The fuel basket socket design for Mark IV fuel is shown in Figure 4-3.
Mark IV fuel assemblies have a lower initial enrichment, thus allowing 54
Mark IV fuel assemblies to be loaded per fuel basket. The center pipe on the
Mark IV basket is smaller than that on the Mark IA basket. The other design
features of the Mark IV fuel basket are similar to those discussed for the
Mark IA basket.
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Socket Design for Mark IA Fuel Basket.

Figure 4-2.
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Figure 4-3. Scrap and Mark IV Fuel Assembly Baskets
(Perforated Baseplate and Socket Design).
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The basic scrap basket design is presented in Figure 4-3. As discussed
above, the scrap baskets are designed to contain partial fuel elements and
debris larger than 0.6 cm (0.25 in.) in diameter. As a consequence, the scrap
basket baseplate is designed with numerous 0.6 cm (0.25 in.) holes that allow
the passage of process gas but also contain the scrap material. The scrap
basket baseplate has been intentionally designed with a relatively large
pressure drop to prevent flow channeling from occurring because of an uneven
or partial loading of scrap. Because of the relatively high pressure losses
associated with the scrap basket baseplate, a full height outer skirt with
peripheral flow restrictors is used. The solid skirt and flow restrictors are
intended to minimize the amount of process flow bypassing the scrap baskets.
The flow restrictors are fabricated of thin sheets of stainless steel tack
welded to the outer.diameter of the basket skirt.

4.2 SUMMARY OF THERMAL PROPERTIES OF MATERIALS

The thermodynamic properties for density, specific heat, thermal
conductivity, viscosity, and emissivity for the various materials occurring in
the MCO, the fuel baskets, and the SNF payload are summarized in Appendix E.
Thermal properties are provided for materials that constitute a significant
heat transfer path or that are important for the determination of temperatures
for temperature sensitive materiais. Properties for minor components such as
fittings and seal materials are not provided. Where possible, the thermal
properties are based on material presented in WHC-SD-SNF-TI-015 (Short 1995).
References for additional material properties not obtained from
WHC-SD-SNF-TI-015 (Short 1995) are presented in Appendix E.

The MCO shell, fuel baskets, process tube, canister collar, and canister
cover are fabricated of type 304/304L austenitic stainless steel. The body of
the MCO shield plug, its access port cover plates, and the locking and 1ifting
ring are fabricated of mild carbon steel. Miscellaneous components such as
the HEPA filter, rupture disk, and internal screen are fabricated of 304/304L
stainless steel. The HEPA filter and shield plug access port covers are
sealed using a Grafoil ring gasket. The main seal between the shield plug and
the canister collar uses a Helicoflex seal.

The Mark IV and Mark IA fuel assemblies are fabricated of uranium metal
with a Zircaloy-2 cladding. While the fuel assemblies will be cleaned prior
to placement in the fuel baskets, residual uranium oxides may remain adhered
to the surfaces of the assemblies, lodged under defects in the cladding, or
plugged in the interior gaps of the fuel assemblies. WHC-SD-SNF-TI-028, Spent
Nuclear Fuel Project Gas Generation from N-Fuel in Multi-Canister Overpacks,
(Cooper 1996b), includes an estimate that up to 9% of this corrosion product
consists of uranium hydride. Section 4.2.1.3 provides an estimate of the
total amount and distribution of the corrosion product in an MCO.

Depending on the operation, the void spaces within the MCO are filled
with water, water vapor, air, nitrogen, dilute oxygen, helium, or argon. As a
result of radiolysis and chemical reactions involving the uranium metal and
uranium hydride, a variable amount of hydrogen gas may be generated and mixed
with the other fluids or gases filling the void spaces. The presence of
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hydrogen and its concentration will be a function of the operation in
question, the makeup of the paylead within the MCO, and the amount of moisture
available to drive the reaction.

The exact geometry and makeup of the material contained within the scrap
basket is an unknown. The uncertain makeup and structure of the material to
be loaded in a scrap basket requires that the thermal properties for the scrap
be derived. The approach used is to treat the scrap as a homogeneous, porous
medium. For porous media, the effective thermal conductivity (k,) and the
effective heat capacity (pC ) can be estimated based on the thermal propert1es
for the solid portion and the fluid or gas filling the void volumes, and via
the porosity of the porous medium. The solid portion assumes the properties
associated with uranium metal. The fluid or gas properties for water, air,
helium, nitrogen, or argon are assumed, depending upon the operation under
consideration.

The effective thermal conductivity for the porous medium was calculated
using Hadley's correlation, as shown by Equation 1 and documented in Table 3.1
of Principles of Heat Transfer in Porous Media (Kaviany 1995).

_k°;=(1—a)[- PF, +{ky/k)(1 -PT,) }a [2(1—P)(lg/h)2+(l+2P)(ks/kf) )
kf 0, ) o -

TP f AP | [T )iy -p

where

0.8+(0.1)P

porosity

solid phase conductivity
conductivity of the fluid phase

)

XX X O h

<~

and

Toga, =-1.084-6.778(P-0.298) ,  0.298<P<0.580

loge, =0.405-3.154(P-0.0827) ,  0.0827 <P <0.298

loga, =-4.898P , 0<P<0.0827 .

This relationship provides the ratio between the effective conductivity (k)
and the conductivity of the fluid (ks) filling the void volume within the
scrap as a function of the porosity of the medium and the thermal conductivity
of the solid and fluid phases (uranium fuel and water, air, helium, and other
gases) present. According to Table 3.2 of Kaviany (1995), the porosity of a
porous medium comprised of particles with a uniform size will range from

0.26 to 0.476. As an alternative calculation, the porosity of the Mark IV
scrap basket is computed based on the basket containing the equivalent of 54
intact fuel assemblies evenly packed over the volume of the basket. Given
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that the total volume of a Mark IV fuel assembly is approx1mate1y 1,470 cm®
(90 1n3) and that the tota1 volume in the scrap basket is approx1mate1y
165,600 cm® (10,100 in %y, the porosity (P) of the scrap basket is computed as
fo]]ows
P = (basket void volume) + (total volume of the basket)
(165,600 cm® - 54 assemblies - 1,470 cm ) + (165,600 cm)
0.52.

Because the effective thermal conductivity within the sludge basket
decreases with increasing porosity, the use of porosity values of 0.476 to
0.52 is conservative. Based on this porosity and the dens1ty of uranium, the
mean density of the. scrap basket with helium gas backfill is approximately
9.043 kg/cm® (0.326 1bm/in®). A water-filled scrap basket has a mean density
approximately 6% higher.

Based on the presentation given in Kaviany (1995), this correlation
provides the best fit to the available test data for the range of parameters
associated with the current analyses. Figure 4-4 presents a comparison of the
effective thermal conductivity versus temperature based on Hadley's
correlation for a uranium metal matrix with helium, nitrogen, or argon purge
gases for porosities of 0.259 and 0.476. As seen, the effective thermal
conductivities for a scrap basket with a uranium metal matrix are decreased
significantly from the values associated with the thermal conductivity of the
uranium metal. Uranium metal has a thermal conductivity ranging from
approximately 26.8 J/m-s-K at 100 K to 39.1 J/m-s-K at 1,040 K. Minimum
effective thermal conductivities are obtained with increased porosities and
with either nitrogen or argon as the void volume gas. Maximum effective
thermal conductivities are obtained with decreased porosities and with helium
as the void volume gas.

The effective heat capacity of the porous entity is determined by the
following equation.

[0CJetr = 266 P+ (1-P) (0,) Gy (2)
where
p¢ = density of the fluid
Cp; = specific heat of the fluid
p, = density of the solid
Cp, = specific heat of the solid
P = porosity of the porous media.

4.2.1 Thermal Source Term
The heat dissipation from the SNF payload arises from two sources:

radiolytic decay and the heat of chemical reaction. The following sections
define each of these source terms and their bases.
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Effective Thermal Conductivity of Uranium Metal

Matrix for Various Purge Gases and Porosities.

Figure 4-4.
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4.2.1.1 Radiolytic Decay Heat Source Term. The radiolytic decay heat source
term is based on the estimated MCO inventory (Cowan 1995) for the various MCO
loadings. Table 4-2 presents the radiolytic decay heat for the nominal
(average) and worst-case (maximum) MCO. The minimum decay heat is expected to
be on the order of one-third of the nominal value, or 0.489 W per SNF
assembly. However, a value of zero watts should be assumed for the purposes

of computing the minimum temperatures.

Table 4-2. Radiolytic Heat Source Term.
Maximum MCO Maximum MCO
payload Average of 390 with 270 with 288 SPR fuel,
Y - MCos Mark IV Mark IA 1 MCO
assemblies assemblies
Total decay 39 W 835 W 630 W 329 W
heat
Decay heat per 1.467 W 3.093 W 2.188 W -
fuel assembly (assuming 270
Mark IV
assemblies)

MCO = multicanister overpack.
SPR = single pass reactor.

These values for radiolytic decay heat are consistent with an earlier
estimate (Willis 1995) that indicated values of 3.375, 1.58, and 0.53 W for
the maximum, nominal, and minimum decay heat per SNF assembly, respectively.

4.2.1.2 Chemical Reaction Heat Source Term. The heat of chemical redction
arises when the exposed uranium surfaces of the damaged SNF fuel assemblies,
scrap, and sludge react with the environment within the MCO. At the
temperature levels seen during transport, this reaction consists primarily of
the oxidation of uranium with moist air (oxygenated water reactions), oxygen-
free water, dry air, or inert gases with an oxygen content. A secondary, but
not significani, source of heat and hydrogen gas results from the
decomposition of the uranium hydrite contained in any sludge loaded with the
fuel. The relatively low temperature Tevel and time to transport combine to
1imit the contributions from this source. The reactions with the hydrates are
not included because the temperature levels seen during transportation will
not support significant reaction with these compounds (Fryer et al. 1996).

The reactions of uranium in air or in a water/water vapor environment are
represented by

U+0, = U0, + 259.3 kcal/mole of U (3)

and
U+ 2H0 = UO, + 2H, + 143.7 kcal/mole of U. (4)

It is estimated in WHC-SD-SNF-TI-028 (Cooper 1996b) that 9% of the corrosion
product consists of uranium hydride. The hydride in the corrosion product

SARR-005.04 4-12 December 30, 1996



HNF-SD-SNF-SARR-005 REV 0

attached to the uranium metal is accounted for as part of the uranium reaction
rates given in Equations (6) through (15) below. However, the hydride
contained in the sludge is not accounted for and can provide a significant
hydrogen gas source. The rate of reaction between uranium hydride and water
is given by Equation (15) and represented by

2UH; + 4H,0 » 200, + 7TH, + 287.4 kcal/mole of U. - (5)

The rate at which the indicated uranium-water or uranium-oxygen reactions
occur is a function of the temperature of the uranium, the partial pressure of
water (if present), and the surface area involved. The relationships for the
chemical reaction rates are taken from the recommendations made in
WHC-SD-SNF-TI-033, Spent Nuclear fuel Project Estimate of Volatile Fission
Products Release from Multi-Canister Overpacks (Cooper 1996a), for the
corrosion of N Reactor fuel. The relationships consist of Arrhenius Rate
Law-type equations developed by Pearce (1989) and Ritchie (1981, 1986) for the
reaction rate of unirradiated uranium in various environments and temperature
ranges. The recommended equations are as follows:

* For dry air (<10-15 vppm H,0)

T< 597 K, Log K = 8.9464 - 4638.2/T

T> 597 K, Log K

i

28.381 - 7Log(T) - 4638.2/T
* For moist air

T< 373 K, 11-75% RH, Log K = 13.6780 - 5290.9/T

n

T< 373 K, 100% RH, Log K = 8.333 - 3730/7

373 K < T< 463 K, <100% RH, Log K = 10.566 - 4990/T + 0.3Log(P)

T> 463 K, <100% RH, Log K

6.1931 - 2963/T + 0.3Log(P)
e For oxygen-free water vapor

T< 373 K, Log K =.7.364 - 3016/T

373 K < T< 523 K, Log K = 4.33 - 2144/T + 0.5Log(P)

523 K < T< 735 K, Log K = -22.915417 + 30066.5/T - 9.119078 x 10%/T

735 K < T< 923 K, Log K = -23.905197 + 42718.8/T - 1.787581 x 107/T?
where K is the predicted weight gain from the reaction in mg/cmz/h (i.e.,
milligrams of oxygen per cubic centimeter per hour), P is the partial pressure

of the water vapor in kPa, and T is the temperature in degrees Kelvin.

The reaction rate of uranium hydrite, as provided in WHC-SD-SNF-TI-028
(Cooper 1996b), is as follows:

K = (10(5.69034 - 2644.1/T) X 1000/241) x 0.09 x Exp[10(5.69036 - 2644.11/T) x At]
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where K is the number of gram moles of hydrite that react per hour per
kilogram of sludge, T is the temperature in degrees Kelvin, 241 is the
molecular weight of UH;, and at is the time in hours since the MCO was loaded.

4.2.1.3 Surface Area Estimate. The chemical corrosion of the uranium metal
occurs at the solid surface and not within the solid volume. As such, an
estimate of the exposed surface area is needed. The amount of uranium metal
with surfaces exposed to the MCO environment will vary from shipment to
shipment depending upon the amount and extent of damaged fuel loaded in each
MCO, the presence or absence of a scrap basket, and the amount and composition
of sludge contained in any shipment.

An estimate of -the amount and distribution of exposed surface area is
presented in WHC-SD-SNF-TI-026, Spent Nuclear Fuel Project Surface Area
Estimates for N-Reactor Fuel in the K East Basin (Cooper and Johnson 1996).
Based on chemical and visual observations of the storage pools, Cooper and
Johnson (1996) recommend as a worst-case scenario an MCO that contains
66,000 cm? (10,230 inz) of exposed surface area in the form of fuel assemblies
with split cladding. The damaged fuel assemblies are assumed to be equally
divided over four intact fuel baskets. In addition to the fuel with split
cladding, the worst-case MCO contains a single scrap basket h01d1ng portions
of fuel assemblies with the equivalent of 54,000 cm® (8,370 in Y of exposed
surface area. The tota] apparent corroding area in the worst-case MCO is
120,000 cm? (18,600 in%).

Since the reaction rate relationships provided above were developed for
unirradiated uranium samples, an adjustment to the apparent exposed surface
area is required to account for the increased surface area and reactivity of
the N Reactor fuel caused by combination of corrosion and irradiation. This
adjusted surface area, termed a "reactivity product factor," is obtained by
multiplying the apparent surface area by 10 as recommended in Cooper (1996c).
Thus , the reactivity product factor to be used w1th the react1on rate
equations for the worst-cast MCO is 1,200,000 em® (186,000 in®). Laboratory
characterization and additional storage poo1 survey work are being performed
to validate these assumptions.

Since the majority of the fuel assemblies stored in the K Basins storage
pools are undamaged, the average or nominal shipment will contain
significantly less corroded or damaged fuel than that predicted for the
worst-case scenario. WHC-SD-SNF-TI-026 (Cooper and Johnson 1996) includes an
estimate that the surface area of the exposed uranium metal in the average MCO
conta1n1ng K East fue] will be slightly less than 3,000 em? (465 1n2), or
30,000 cm® (4,650 in ) with inclusion of the area adJustment factor.

The chemical reaction equations, Equations 3, 4, and 5, together with the
reaction rate equations, Equations 6 through 15, and the total exposed surface
area estimates are used to predict the surface heat flux on each fuel assembly
or scrap section and the rate of hydrogen gas generation. Pressure
calculations are based on a total void volume of Q. 0425 w (1.50 ft3) during
transport from the K Basins to the CVDF and of 0.555 m (19.60 ft> ) during
transport from the CVDF to the CSB facility. The pressurization calculations
include the absorption of hydrogen gas in the water. See Appendix E for
additional details.
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Table 4-3 presents a summary of the chemical reaction source term assumed
for the worst-case and nominal MCO fuel Toadings in this analysis.

Table 4-3. Chemical Reaction Heat Source Term.

Scrap baskets Intact fuel baskets
Payload Reactivity Reactivity
# product Sludge # product Sludge*
factor factor*
Worst case 1 | 540,000 cm® | 54.4 kg | 4 | 660,000 cm® | 87.6 kg
Nominal 0 - - 5 30,000 cm® | 6.75 kg

*The reactivity product factor divided equally among intact fuel baskets for worst-case
multicanister overpack and lumped in center fuel basket for nominal multicanister overpack. Sludge
divided equally among fuel baskets.

4.3 SPECIFICATIONS FOR MULTICANISTER OVERPACK COMPONENTS

The specifications for MCO components are documented in WHC-5-0426
(WHC 1996c) and summarized below.

The materials utilized in the MCO design that are considered temperature
sensitive are the Helicoflex seal used between the MCO shield plug and the MCO
vessel wall, the composite gaskets if used for the port access covers, and the
rupture disk and its seal. The Helicoflex metallic seal (P/N H-304868) is
composed of a close-wound Inconel helical spring surrounded by a type 300
stainless steel inner Tining and a 0.051-cm- (0.020-in.-) thick silver outer
lining. According to the manufacturer, the seal has a maximum design
temperature rating of 370 °C (698 °F) at a pressure of 1.0 MPa
(150 1b/in® gauge).

The MCO rupture disk is specified as a 25.4-mm (1-in.) diameter
Continental Disc Corporation rupture disk, model 0196-042 (P/N CD30760). The
disk is fabricated from type 316L stainless steel and has a rupture pressure
rating of 1,034 kPa (150 1b/in? gauge) at 190 °C (375 °F).

The remaining materials used in the fabrication of the MCO have
significantly higher temperature capabilities. The type 304/304L stainless
steel has a melting temperature above 1,400 °C (2,550 °F) and a maximum
service temperature rating of 427 °C (800 °F) in accordance with Section III,
Subsection NB, of the ASME Boiler and Pressure Vessel Code (ASME 1995a). The
carbon steel used for the MCO shield plug has a melting point above 1,400 °C
(2,550 °F) and a maximum normal service temperature of 371 °C (700 °F) in
accordance with Subsection NB, Section III of the ASME Boiler and Pressure
Vessel Code (ASME 1995a).

Although the uranium metal in the spent nuclear fuel assemblies has a
melting temperature of 1,090 °C (1,994 °F), the eutectics between uranium and
jron occur at 725 °C (1,337 °F). The Zircaloy-2 cladding has a melting
temperature above 1,800 °C (3,272 °F). The zirconium-beryllium end caps have
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a melting temperature of 980 °C (1,800 °F). The maximum service temperature
timit for the uranium metal depends on the MCO process under consideration,
the amount of exposed surface area, and the amount of water retained in the
MCO to drive the chemical reaction rate. Process controls are to be
implemented to ensure that temperature excursions do not occur in the metal.

4.4 THERMAL EVALUATION FOR NORMAL CONDITIONS

The SNF Project was established to expedite the removal, stabilization,
and storage of SNF and sludge from the K Basins at the DOE's Hanford Site.
Figure 4-5 illustrates the SNF Project process steps from the retrieval of the
fuel at the K Basins through fuel staging and interim storage in the CSB. The
thermal-hydraulic evaluations performed for the SNF Project process flow steps
to date include WHC-SD-WM-ER-525, Thermal Hydraulic Feasibility Assessment for
the Spent Nuclear Fuel Project (Heard et al. 1996a), WHC-SD-SNF-ER-012,
Thermal Hydraulic Feasibility Assessment of the Hot Conditioning System
Process (Heard et al. 1996b), and WHC-SD-SNF-ER-014, MCO Pressurization
Analysis of Spent Nuclear Fuel Transportation and Storage (Fryer et al. 1996).

This section summarizes the thermal models developed to evaluate the
thermal-hydraulic performance of the SNF Project process flow steps and the
results for the normal conditions under each of these steps. The impact of
off-normal or accident conditions, such as equipment failure or fire, and
specific details of the thermal models are addressed in the individual
facility SARs. The thermal models are used to investigate the range of
environmental and process conditions expected and to determine the process
controls required to obtain a safe, stable, and secure operating condition.
A safe, stable, and secure operating condition is defined as either (1) an
energy balanced, steady-state condition where the energy gains to the system
equal the energy losses from the system and the system is within its
temperature and pressure limits or (2) a transient operating condition where
energy gains may temporarily exceed the losses, but where administrative
controls are implemented to ensure the system is placed into a stable
steady-state condition before exceeding the system temperature and pressure
Timits.

Table 4-4 lists the load combinations considered for wet and dry
transportation. The difference between the worst-case and probable maximum
normal conditions of transport (NCT) for the hot ambient case is the assumed
starting temperature for the SNF and cask. The difference between the
probable minimum NCT and the worst case is that the probable minimum condition
assumes nominal fuel loading and heat dissipation while the worst-case NCT for
the cold ambient condition assumes a zero heat load. This Tatter Toad
combination leads to the analytically trivial result under steady-state
conditions of a uniform -33 °C (-27 °F) temperature.

The SNF, MCO, and cask temperatures are expected to be on the order of
10 °C (50 °F) at the time of loading at the K Basins and following cold vacuum
drying. To allow for process variations or additional heatup, such as that
resulting from operational delays, a nominal value of 15 °C (59 °F) is assumed
for the purposes of this report. In addition, an initial temperature of 25 °C
(77 °F) is also considered for the worst-case NCT hot ambient load
combination.
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Figure 4-5. Process Flow for the Spent Nuclear Fuel Project.
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Table 4-4. Load Combinations For Normal Conditions of Transport.

Applicable conditions
Normal transport Initial spent ) i
load combinations nuclear fuel Insolation Fuel loading
temperature
25 °C | 15 °C | 10 °C | Maximum* 2Zero Maximum | Nominak Zero
Hot ambient* Worst case X X X
46 °C Probable
(115 °F) maximum X X X
Nominal X X X
Cold ambient Probable
minimum X X x
-33 °c Worst case X X X
-27 °F)

*Diurnal cycle for ambient temperature and insolation in accordance with J. G. Fadeff 1992,
Environmental Conditions for On-Site Hazardous Materials Packages, WHC-SD-TP-RPT-004, Rev.
Westinghouse Hanford Company, Richland, Washington.

4.4.1 Thermal Models

A number of one-, two-, and three-dimensional, Tumped-parameter, finite-
element, and subchannel thermal models of the MCO and its payload have been
developed. The thermal models are used to investigate the thermal-hydraulic
performance of MCOs, together with the payload of intact assemblies and scrap
fuel, under transport, cold vacuum drying, staging, hot conditioning, and
interim storage conditions. The models vary in the Tevel of temperature
resolution provided within the MCO, the complexity of the heat transfer modes
modeled, and the presence or absence of algorithms for modeling the chemical
reaction heat, water retention, and vacuum drying. They vary also in their
steady-state and transient mode]lng capabilities. The models deve1oped are
based on either the HUB' engineering spreadsheet program, the FIDAP? computer
program, the COBRA-TF computer program, or the SINDA/FLUINT computer program.
While some of the process steps have been evaluated by using more than one
thermal model, the results presented here are selected from the model
considered the most current and representative of the process under
consideration. The other models serve to provide code-to-code validation of
the results obtained.

For the purposes of simulation, the MCO is assumed to contain a total of
five storage baskets loaded axially end-to-end. While the thermal models have
been used to analyze a variety of loading configurations, the design basis
loadings for safety purposes are defined in Section 4.2.1.3. The material
thermal properties assumed for the models are summarized in Appendix E.

"HUB is a registered trademark of J. Marvin, Incorporated.

2FIDAP is a registered trademark of Fluid Dynamics, Incorporated.
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Table 4-5 presents the N Reactor fuel dimensions, while Figures 4-6 and 4-7
present cross-sectional and isometric views of a Mark IV fuel assembly.

Table 4-5. N Reactor Fuel Dimensions.

Fuel type Mark IA | Mark IV -

Overall nominal dimensions (inches)

Outer element 0D 2.404 2.425

Outer element ID 1.767 1.701

Inner element 0D 1.246 1.279

Inner element ID 0.440 0.479
Cladding thickness (mils)

Outer element, outer cladding 25 25

Outer element, inner cladding 25 20

Inner element, outer cladding 40 30

Inner element, inner cladding 25 20
Nominal maximum Tength (inches)

Outer element 20.88 26.10

Inner element 20.82 26.04
Assumed end cap thickness (inches)

Outer element 0.200 0.200

Inner element 0.200 0.200

1D
oD

inner diameter.
outer diameter.

Comparisons between the Mark IA and Mark IV temperature results
demonstrated that the thermal results for the Mark IA fuel assemblies are
encompassed by those seen for the Mark IV assemblies. This occurs because of
the Mark IV fuel basket's inherently higher thermal resistance, which is due
to the additional inner ring of fuel assemblies present in the Mark IV fuel
basket. Because of criticality concerns associated with the Mark IA fuel, a
15.2-cm (6-in.) Schedule 40 pipe centered within each Mark IA fuel basket
provides a mechanical mechanism to prevent the Toading of more than 48 Mark IA
fuel assemblies in each basket.
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Isometric View of Mark IV Fuel Assembly.

Figure 4-7.
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The primary system dimensions assumed for the analyses are as follows.

e The overall axial lengths of the Mark IV fuel elements fange from
44.2 cm (17.4 in.) to a maximum of 66.3 cm (26.1 in.).

e The overall axial lengths of the Mark IA fuel elements range from
36.3 cm (14.3 in.) to a maximum of 53.1 cm (20.9 in.). :

o The MCO's outer diameter is assumed to be 61 cm (24 in.) with a wall
thickness of 1.27 cm (0.50 in.).

e A 1.51-cm (0.595-in.) diametrical gap is assumed between the MCO's
outer diameter and the transportation cask's inner diameter.

e The transportation cask's outer diameter is assumed to be
approximately 102 cm (40 in.) with a wall thickness of approximately
18.6 cm (7.3 in.).

e For the models involving the CSB storage tube, a 7.6-cm (3-in.)
diametrical gap is assumed between the MCO's outer diameter and the
storage tube's inner diameter.

e The storage tube is assumed to be 71 cm (28 in.) in diameter with a
1.27 cm (0.50 in.) wall thickness.

4.4.2 Thermal Model Descriptions

4.4.2.1 HUB. HUB is an integrated, spreadsheet format, computational
notebook program. Equations can be written into the document or embedded in
tables and graphs and computationally linked throughout a document. Equations
for the heat transfer from the fuel to the environment through the MCO and
tube or cask walls are entered into the HUB program, along with the chemical
and decay heat generation rates, convective heat transfer coefficients, and
the thermal properties of the materials, to obtain the solution for the
temperatures of each surface.

The HUB computer program is used to provide one-dimensional, steady-state
and transient representation of a single fuel basket within the MCO, with the
MCO in the transportation cask, and within a CSB storage tube. Figure 4-8
illustrates the Tumped mass approach used by HUB to simuiate the heat transfer
‘between the fuel assemblies and the MCO wall. This modeling approach assumes
that the fuel region can be modeled as alternating rings of fuel and fill gas
gaps, conserving the total surface area of the fuel and the fuel volume. The
volume of fill gas in the gaps also is conserved and is equal to the volume of
111 gas surrounding the actual fuel assemblies. The annular fuel rings of
the model are shown superimposed on the actual fuel arrangement. The MCO wall
and the cask or storage tube walls are also modeled as cylinders. Heat
transfer between each of the fuel ring surfaces and between the outer fuel
ring and the MCO wall is simulated as radiant heat transfer when the MCO is at
a vacuum and by conduction, convection, and radiation when a fill gas (i.e.,
helium, air, or argon) is present.
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Figure 4-8. One-Dimensional Ring Model.
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The analytical solution performs an energy balance across the outer
surface of the transportation cask or storage tube to obtain a converged
temperature solution for the outermost surface, wherein the energy losses from
convective and radiative heat transfer equal the energy gains from the
incident solar heat flux, chemical reactions, and nuclear decay heat. The
resulting surface temperatures are then used as a boundary condition to derive
the temperature drop across the transportation cask or storage tube based on
applying Fourier's Law to an infinitely Tong cylinder with a known inner and
outer diameter. Successive energy balances and applications of Fourier's Law
across each of the gaps and solid components results in a series of coupled
equations. Equations for the heat transfer from the fuel to the environment
through the MCO and tube or cask walls are entered into HUB, along with the
chemical and decay heat generation rates, convective heat transfer
coefficients, and the thermal properties of the materials. HUB solves these
equations analytically to determine the successive temperature drops and
corresponding surface temperatures for each of the cylindrical elements.

4.4.2.2 FIDAP. FIDAP (Fluid Dynamic Analysis Package) is a commercially
available, general purpose, computer package that uses finite element methods
to simulate many classes of single- or multiphase compressible or
incompressibie flows, including heat transfer and mass transport of chemical
species in both nonreacting and reacting flows as discussed below. The
simulation can be either steady-state or transient and can model flows in
complex arbitrary geometries that are axisymmetric, two-dimensional, or
three-dimensional. Mixed coordinate or moving or rotating systems are
supported.. The program modules provide all aspects of the model generation
and automatic meshing or paving, problem setup, view factor calculations,
solution, and postprocessing of a flow and/or thermal analysis.

FIDAP supports reactions based on both chemical kinetic-controlled
models, such as the Arrhenius Rate Law, in which the reaction rate is
determined from chemical kinetic considerations, and mixing-controlled
reactions in which the mixing action of a turbulent velocity field determines
the rate of reaction. Both mass fraction and molar concentration forms for
the reaction models are supported. Simple one-step, competing, controlling,
and multistep chemical models also are supported.

FIDAP has been validated and verified for use at Hanford (Heard 1994).
The corresponding HUB and COBRA-TF models have been compared against the FIDAP
results.

The FIDAP results presented herein address the performance of the MCO
concept under the hot conditioning process (see Figure 4-9). Two detailed
three-dimensional FIDAP models of a single fuel basket and a single scrap
basket tier within an MCO within the HCS were constructed from Figures 4-10
and 4-11. The resulting nodalization patterns for the fuel and scrap basket
tier models are shown in Figures 4-12 and 4-13.
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Figure 4-9. Mark IV Geometry for Multicanister Overpack
Sector Model Within the Hot Conditioning System.
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Scrap Basket Geometry and Configuration for a

-Tier Porous Media Model of a Scrap Fuel Basket..

Figure 4-11.
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Figure 4-12. Nodalization Pattern for the Single-Tier Model of a
Fuel Basket and Multicanister Overpack Within a Storage Tube.
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Nodalization Pattern for the Single-Tier Model of a

Scrap Basket and Multicanister Overpack Wit

Figure 4-13.
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Each of the following three-dimensional thermal-hydraulic models was
developed to investigate the range of temperatures and heatup rates for the
scrap and the fuel baskets during the HCS process:

o A three-dimensional, 30° sector model of a single fuel basket or
tier containing the equivalent of 54 Mark IV fuel assemblies within
an MCO positioned within the HCS

e A three-dimensional, 30° sector model of a fully loaded single scrap
basket or tier within an MCO positioned within the HCS.

Computer limitations prevented the development of a full-length, detailed,
finite-element, three-dimensional model of an MCO. A1l three modes of heat
transfer (i.e., conductive, convective, and radiative) are incorporated by
means of specialized surface or continuum elements and are available for use.

The calculation of radiative heat transfer is automated within FIDAP.
View-factor calculations performed by FIDAP include the effect of full or
partially obstructing surfaces. The view factors are calculated on an
individual element basis for all elements comprising radiative surfaces.

A gray-body approach without participating media is assumed for each of the
radiating surfaces within the model. The outer surface of the system is
assumed to be radiating to a user-determined black-body temperature.

For the correct treatment of thermal radiation within three-dimensional
domains, the radiating surfaces must be fully enclosed. For the small gaps
associated with the basket skirt-MCO inner dimension and the MCO outer
dimension-jacket inner dimension, this enclosure is provided by the two
radiation surfaces, the two reflective surfaces associated with the lines of
symmetry, and the upper and lower planes associated with the inlet and outlet
fiow boundaries. The first four surfaces are automatically handled within
FIDAP. However, for "windows" and “"openings" (e.g., an inlet or outlet flow
boundary), a reference temperature for calculating the radiative heat transfer
must be supplied as a boundary condition by the user.

For the inlet flow boundary, this is fairly simple. A uniform inlet
temperature and flow distribution can be assumed. The outlet temperature,
especially with chemical reactions, is more difficult to estimate, thus
requiring an iterative approach where T... is updated based on the mean outlet
temperature from the previous run. This treatment usually requires a single
iteration to obtain agreement within five degrees of the mixed mean outlet
temperature and the assumed T... A slight conservatism is imposed such that
Teer 15 always slightly greater than the mixed mean temperature.

Convective heat transfer coefficients can be applied separately to each
of the interior surfaces. Both forced and natural convection are handled.

4.4.2.3 COBRA-TF. The COBRA-TF computer code was developed by the Pacific
Northwest Laboratory for the NRC to perform analyses of thermal-hydraulic
transients in various components of 1light water reactors. COBRA-TF is a
three-dimensional, finite difference model for two-phase, multi-species fluid
flow and heat transfer. The code was originally developed for simulating
single- or two-phase flows within a variety of geometries associated with
reactor components. The basic code is therefore suitable for modeling fluid
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flow and heat transfer within the MCO. Additional modifications were made to
the code to accommodate geometry and processes unique to the MCO passivation
operation. These include an addition to the radiation subchannel model to
include the geometry of the fuel storage baskets, a revised heat transfer
model for rubble in the scrap baskets, and the addition of the specific
hydride and oxidation reactions for uranium.

A three-dimensional integrated thermal-hydraulic model of the MCO
internals was constructed using the COBRA-TF simulation code. The integrated
COBRA-TF model considered both momentum (flows) and energy (temperature). The
model was prepared in order to verify proposed design and operating conditions
for the hot conditioning and passivation process. Details of the model are
described below.

For purposes of design evaluation, the MCO was assumed to contain a total
of five storage baskets loaded axially end-to-end. Of the five baskets, two
were assumed to contain scrap, one placed at the top of the MCO and the other
at the bottom. The remaining three fuel storage baskets at the center of the
MCO were assumed to contain intact Mark IV fuel elements. Depth of the
rubblized fuel in the scrap baskets was taken to be 63.5 c¢cm (25 in.); the fuel
storage baskets contained 54 fuel elements each. The assumed MCO axial
configuration is shown on Figure 4-14. The MCO configuration and dimensions
were obtained from drawing SK-2-300379. Basket dimensions and details were
obtained for the Mark IV fuel basket from draw1ng SK-1-80209 and for the scrap
baskets from drawing SK-1-80210.

The COBRA-TF model divides the MCO into seven vertical sections.
Starting at the bottom of the MCO, these include an inlet plenum, a bottom
rubble basket, three fuel baskets, a top rubble basket, and an outlet plenum
(see Figure 4-14). Because of symmetry about the MCO centerline, only a 30°
sector of the MCO is modeled explicitly. Each section is divided into a
number of vertical and lateral flow channels that are defined by the section
geometry. Figure 4-15 illustrates the vertical flow channels assigned to a
fuel basket containing Mark IV fuel assembiies. The lateral flow channels for
this same sector are shown in Figure 4-16. Note that lateral flow between
those channels internal to the fuel elements and those external to the fuel
elements can occur only in the region between the top of the fuel elements and
the bottom of the next basket. The vertical channels within each axial
section are divided into the same series of axial lengths as shown in
Figure 4-14.

For the analysis of HCS operations, a purge gas is introduced into the
process tube at the center of the inlet plenum at a specified rate. The purge
gas is then allowed to flow downward through the process tube into the Tower
plenum and f1na11y upward through and around the baskets within the MCO. The
purge gas exits via the outlet plenum through the short process tube in the
MCO shield plug. Flow distribution within the MCO is calculated based on the
friction and momentum loss between nodes. Friction loss is calculated by the
code based on the wetted surface areas and the fluid Reynolds number.
Momentum Joss between nodes is calculated based on loss coefficients input to
the code. The loss coefficients are based on empirical correlations for the
various types of geometry.
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Axial Model of Multicanister Overpack
Containing Three Fuel and Two Scrap Baskets.
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Horizontal Flow Subchannels for Fuel Basket.

Figure 4-15.
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Lateral Flow Subchannels for Fuel Basket.

Figure 4-16.
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The inlet plenum is treated as a free volume with pressure loss for the
lateral flow through the inlet strainer and along the MCO baseplate and the
spacer bars. The inlet plenum also provides connection to the vertical flow
channels through the scrap basket, between the scrap basket. and MCO wall, and
between the process tube and the storage basket center pipe.

The scrap basket is treated as a porous media rubble bed and represents a
modification to COBRA-TF. Pressure loss across the rubble bed is calculated
using an empirical correlation (Idelchik 1994) that is a function of the
height of the bed, the mean particle size, the bed porosity, and the fluid
temperature rise across the bed. The current calculations assume that the
rubblized fuel in the scrap basket has a mean diameter of 1.90 cm (0.75 in.),
a porosity of 0.46, and a bed height of 63.5 cm (25 in.) (similar to a basket
of hard coal). The hydraulic model for the scrap basket also includes loss
coefficients for the perforated bottom plate and for an assumed flexible flow
resistor between the outside wall of the scrap basket and the inside wall of
the MCO.

The design of the fuel storage baskets allows the purge gas entering a
basket from below to flow directly through the interior channels of each fuel
element. The design also includes two paths that bypass flow around the
outside of the fuel elements. The first path is next to the fuel elements and
is produced by the clearance between the outside diameter of each fuel element
and the inside diameter of the baseplate socket. The second bypass channel is
around the outside surface of the storage basket through the clearance between
the basket and inside wall of the MCO. .This passage could potentially prevent
oxygen in the purge gas from reacting with the uranium metal on the surface of
the fuel elements during the passivation process. However, because the
outside skirt on the basket is perforated and only partial height (28 cm
[11 in.]), the bypass flow can mix with the gas flowing past the outside
surface of the fuel elements and potentially with the interior gas flows in
the space between the top of the fuel elements and bottom of the next storage
basket. Fluid friction losses for flow through and around the fuel storage
baskets is calculated within COBRA-TF based on the input geometry and the
fluid Reynolds number. Momentum losses are calculated based on Tloss
coefficients input to the code. The loss coefficients are based on empirical
correlations for the various types of geometry (Idelchik 1994).

The integrated COBRA-TF model includes three energy sources. The first
heat source is nuclear decay heat. The second heat source is chemical and
related to the rate of fuel oxidation (Cooper 1996¢c). The third heat source
is that supplied to or removed from the MCO by operation of the hot
passivation station. This third source is treated as a temperature boundary
condition to the model.

The radiolytic decay heat used in the analyses conservatively assumes 3
total of 929 W for an MCO containing 270 Mark IV fuel elements (0.0446 W/1n
of fuel) versus the 835 W presented in Table 4-2. For the model of intact
fuel elements, this value is volume weighted over the inner and outer fuel
annuli. For the scrap basket model this value is applied to the nonporous
volume of the scrap. With a porosity of 0.46, the resulting decay heat input
to the scrap basket is very similar to that of a 54-element fuel storage
basket. Chemical energy from the reaction between uranium metal and oxygen
also is included in the analyses. The reaction rate relationship used is
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based on a modified form of the Ritchie reaction rate re]atlonshIp based on
oxygen concentration (Heard et al. 1996b).

Heat transfer between the fuel, the purge gas, and the inside walls of
the surrounding MCO is calculated within the code as a combination of
conduction, convection, and thermal radiation. Heat transfer coefficients for
convective flows are calculated by the code as a function of the local
Reynolds number, wetted perimeter of the flow passages, and thermodynamic
properties of the purge gas. In the limit, as flow goes to zero, the
convective heat transfer becomes simple heat conduction. Convective heat
transfer within the scrap basket rubble bed is calculated in a manner similar
to that for the intact fuel elements except that the heat transfer area is
determined from the fuel volume and an estimated surface-to-volume ratio
associated with the assumed porosity of the rubble.

Radiant heat transfer is determined between surface nodes at the same
axial tocation. Radiation in the axial direction is neglected because of
geometry effects (axial view factors are generally small) and because axial
temperature gradients are generally small. The radiating surfaces within the
model are assumed to be gray and the intervening gas transparent. Emissivity
is input for each surface as a function of the material type. Surface view
factors are calculated by the code based on subchannel templates (geometry
surrounding a particular flow channel). Additional templates were added to
the code to accommodate the socket-type fuel storage baskets. Radiation heat
transfer was not explicitly applied to the rubble bed itself because the
correlations for material conductivity implicitly include the effects of
radiation. Radiation heat transfer between the outside surface of the scrap
basket and inside wall of the MCO was included however.

4.4.2.4 SINDA/FLUINT. The SINDA/FLUINT heat transfer code (SINDA 1995) is
used to evaluate the thermal performance of the MCO assembly in the
transportation cask. SINDA is a finite difference, lumped parameter code
developed under the sponsorship of the NASA Johnson Space Center. The SINDA
code has been evaluated and validated for simulating the thermal response of
transportation packages (Glass 1988) and has been used for the analysis of
several transportation packages for nuclear material, including the recently
.licensed Radioisotope Thermoelectric Generator Transportation System
(Ferrell 1995) for DOE.

The SINDA code (SINDA 1995) provides the capability to simulate
steady-state and transient temperatures using temperature-dependent material
properties and heat transfer via conduction, convection, and radiation.
Complex algorithms may be programmed into the solution process for such
purposes as computing convective heat transfer coefficients as a function of
the local geometry, gas thermal properties, and temperatures or to compute the
chemical reaction heat as a function of the local temperature and pressure
conditions.

A major feature of the SINDA/FLUINT code (SINDA 1995) is its ability to
use submodels to represent common geometry sections of the cask, fuel baskets,
and other components, and then, by thermally connecting the individual
submodels, to form a complete model of the cask and MCO assembly. This
approach not only simplifies the modeling but reduces the verification process
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by minimizing the amount of original coding required to provide a complete
thermal representation of the system.

The radiation heat transfer between the various surfaces is computed
assuming the standard gray-body relationship. The surface emissivities
assumed are listed in Appendix E. The view factors for complex geometries
within the MCO were computed using the VIEW program (Emery 1991) while view
factors for simple geometries were computed using standard relationships or
via the string method (Kreith 1973).

Five thermal submodels were used to analyze the performance of the entire
MCO cask and the MCO assembly.

o The bottom end region of the MCO cask and MCO assembly
e The typical axial midsection of the MCO cask

e A 3-dimensional model of the closure 1id end region of the MCO cask
and MCO shield plug

e A 3-dimensional model of the Mark IV intact fuel basket within the
MCO assembly

e A scrap basket within the MCO assembly.

The dimensional data and material specifications used in the thermal
model of the cask were taken from Transnuclear, Inc. Drawing 3035-3, Rev. 1,
dated June 24, 1996. The MCO assembly and MCO shield plug dimensions and
material specifications were obtained from Drawing SK-2-300461, dated
September 18, 1996. Similar information for the Mark IV and Mark IA intact
fuel baskets and scrap baskets were obtained from Drawings H-2-827589 to
H-2-827592, dated October 24, 1996.

Figure 4-17 illustrates the layout of the various thermal submodels used
to evaiuate the thermal performance of the MCO cask and MCO assembly. This
layout, showing the MCO arrangement with the Mark IV fuel, consists of five
identical submodels (i.e., submodels BSKT1, BSKT2, BSKT3, BSKT4, and BSKT5),
together with submodels for the 1id and end regions of the cask and MCO. As
an alternative, four intact fuel baskets and one scrap basket were modeled
within the MCO cavity.

As seen from the figure, the END submodel encompasses the lower 23.8 cm
(9.38 in.) of the cask and end plug of the MCO shell. Above the END submodel
are five submodels of the MCO fuel baskets and the associated section of the
cask wall. Each of these submodels span the 68.2-cm (26.85-in.) length of the
fuel baskets. Above the last fuel basket is a thermal submodel of the MCO
shield plug, the void space below the shield plug, and a 27.2-cm (10.69-in.)
section of the cask wall. The LID submodel encompasses the upper 40.1-cm
(15.79 in.) section of the cask wall. Additional details of the thermal model
of the transportation cask will be provided in the safety analysis report for
packaging.
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Overview of SINDA Thermal Submodels Layout.
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Heat transfer through and from the typical midbody section of the cask
wall is simulated using an axisymmetric representation of the cask. An
axisymmetric model is appropriate given that the cask thickness and the
relatively small variation in heat flux from the MCO in the circumferential
direction results in a minimal variation of cask wall temperatures in the
circumferential direction. Modeling of the MCO assembly used a three
dimensional approach because of the variation in heat flux and the relatively
low thermal mass offered by the MCO shell and fuel baskets. The MCO shell is
divided into three axial sections over the axial length of the fuel basket and
into 30° segments in the circumferential direction.

Taken together, the submodels provide an axisymmetric thermal model of
the MCO cask shell and a three-dimensional thermal model of the cask 1id and
of the MCO assembly.. Heat transfer between the cask's inner surface and the
MCO is assumed to be via straight conduction (i.e., Nu = 1) through either a
water or helium gas medium, as appropriate for the transportation mode under
consideration. The presence of hydrogen gas is conservatively ignored for
this analysis (the thermal conductivity of hydrogen is 20% to 30% greater than
helium). Gray-body radiation interchange across the gap is also included for
those sections with a helium backfill. Heat transfer from the outer surface
of the cask is via convection and radiation to the ambient environment. The
presence of the transport trailer is ignored for the purposes of this
analysis. This assumption maximizes the heat input into the cask during both
the NCT and hypothetical accident conditions analysis.

The basic thermal submodel of the fuel baskets and the fuel elements
represents a 90° segment of a single level. The plan view of the Mark IV fuel
basket assembly shown in Figure 4-18 illustrates the placement of the thermal
nodes used to model the baseplate of the Mark IV fuel basket and the lower
6.6 cm (2.6 in.) section of each fuel assembly that fits within the sockets of
the fuel basket baseplate. Within the 90° segment, 11 complete fuel
assemblies and 5 partial fuel assemblies are represented. Symmetry conditions
are assumed at the model boundaries. The enlarged view of a representative
fuel assembly within the basket illustrates the placement of the thermal nodes
used to simulate each fuel assembly and the surrounding basket structure.

Thermal resolution within each full fuel assembly is provided through the
use of 24 thermal nodes, 12 for each element, over four axial segments within
the fuel elements. Each axial segment is represented by three nodes in the
circumferential direction. The Towest axial segment (shown in Figure 4-18) is
6.6 cm (2.6 in.) high. The three other axial segments not shown are 27.94 cm
(11 in.), 23.88 cm (9.4 in.), and 7.62 cm (3 in.) high, respectively. Heat
transfer from the inner to the outer element is treated as conduction and
radiation (for dry transport) across the 0.53-cm (0.21-in.) gap separating the
elements. Convection from the outer surface of the outer element is assumed.
While the presence of hydrogen gas is conservatively ignored (the thermal
conductivity of hydrogen is 20% to 30% higher than that for helium), the
beneficial effect on convective heat transfer caused by the density increase
of the fi11 gas is included.

SARR-005 .04 4-39 December 30, 1996



HNF-SD-SNF-SARR-005 REV 0

Figure 4-18. SINDA Thermal Model of Intact Fuel Basket
and Lower Fuel Element Section.
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The Mark IV scrap basket is modeled as a homogeneous, porous medium using
20 thermal nodes to provide a two-dimensional, axisymmetric representation of
the heat generation and temperatures within the scrap bed. An additional 14
thermal nodes provide a two-dimensional, axisymmetric thermal representation
of the scrap basket's side walls, base, and center tube.

In addition to computing temperatures, the thermal model computed the
transient pressure rise within the MCO and cask. The calculation included the
pressure rise effects from four sources: (1) the ideal gas expansion with
changes in temperature, (2) the pressure rise caused by hydrogen gas
generation from chemical reactions, (3) the expansion of the water, and
(4) the amount of hydrogen dissolved in the water volume for the wet transfer
phase. The void volumes and initial backfill pressures assumed are 1isted in
Table 4-1. The pressure rise caused by hydrogen gas generation is computed
using the chemical reaction and gas generation rates listed in Section 4.2,
while the amount of hydrogen dissolved in the water during the wet transport
phase is determined using Henry's law, the volume of the water, and the
partial pressure of hydrogen gas.

4.4.3 Maximum and Minimum Temperatures

4.4.3.1 Wet Transfer of MCO. The wet transfer of the MCO and transportation
cask between the K Basins and the CVDF is evaluated using the SINDA/FLUINT
thermal model and a transient simulation of the transfer process. The thermai
evaluation is based on assumptions listed in Tables 4-1, 4-2, 4-3 and 4-4.

The nominal, probable maximum, and worst-case NCT loadings for hot ambient
conditions are evaluated using a transient simulation of the transport process
with a diurnal cycle for ambient temperature and insolation based on the
Hanford peak summer day. To ensure that the cask is exposed to the highest
heat fiux portion of the diurnal cycle during the projected transportation
time frame, an 8:00 a.m. start time is assumed for the simulated
transportation process.

The minimum expected temperature is aiso evaluated using a transient
simulation based on the nominal case fuel loading with a steady-state ambient
air temperature of -33 °C (-27 °F) and no solar radiation. The analytically
trivial case of no decay or chemical reaction heat together with the minimum
ambient conditions of -33 °C (-27 °F) and no solar radiation is also
considered to ensure material compliance with worst-case minimum temperatures.

The results of the thermal evaluations of the maximum temperatures
expected under normal conditions of wet transport are illustrated in
Figures 4-19 through 4-22. A1l of the temperatures are within the allowable
Timits of the associated component. In addition, the surface temperature of
the cask remains below 85 °C (185 °F) as required for exclusive use packages
by Title 10, Code of Federal Regulations, Part 71, "Packaging and
Transportation of Radioactive Material," Section 71.43(g).

Figures 4-19 and 4-20 illustrate the transient response of the MCO and
cask over a 24-hour period for the same payload configuration but with
different assumed starting temperatures for the payload, MCO, and cask. The
effect of the sinusoidal diurnal cycle for ambient air temperature and
insolation are apparent in the figures. The cask 1id closure seal temperature
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Figure 4-19. Wet Transfer Transient with
Probable Maximum Multicanister Overpack.
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Figure 4-20. Wet Transfer Transient with
Worst-Case Multicanister Overpack.
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Figure 4-21. Off-Normal Wet Transfer Transient,
Probable Maximum Multicanister Overpack.
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Figure 4-22. Wet Transfer Transient with
Nominal Multicanister Overpack.
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begins at 20 °C (68 °F) since the 1id is assumed to be at room temperature
before being placed on the cask. Starting the transport with a 25 °C (77 °F)
SNF temperature results in a 21% increase in cask pressure after 8 hours and a
62% increase after 24 hours over that seen with a 15 °C (59 °F) SNF
temperature. However, in both cases_the expected cask pressure after 24 hours
remains below the 1.0 MPa (150 1b/1‘n2 gauge) pressure limitation on the cask.

While the transfer from the K Basins to the CVDF will require less than
8 hours under normal conditions and less than 24 hours during most off-normal
events, a major failure in the transportation system while en route could
require up to 48 hours to remedy. To assess the thermal effects related to an
extended transportation delay, a 48-hour transport transient is evaluated
using the probable maximum case NCT load combination. For conservatism, an
additional 54,000 cm® (8,370 in®) of corrosion area is added to the center
fuel basket. The results for this extreme load combination encompass the
effect of transporting two scrap baskets and also address the sensitivity of
transient results to the differences in the thermal resistance posed by intact
fuel baskets versus scrap baskets.

As seen from Figure 4-21, the 48-hour transient is successfully completed
without a thermal excursion in the SNF payload. However, the cask pressure is
predicted to exceed its 1.0 MPa (150 1b/in® gauge) pressure limitation after
35 hours. Therefore, under this extreme load combination, it will be
necessary to relieve the cask pressure to remain within safety limits if the
time to accomplish the transfer is more than four times that expected for
nominal transfer. The recovery mode available for this off-normal transport
scenario during the wet transfer phase is to open the cask vent port.
Circulating a source of cool or chilled water in the cask-MCO annulus to cool
the MCO and reduce the chemical reaction rate is not recommended since the
continued generation of hydrogen gas will pose operational and safety problems
with a closed loop cooling system.

While Figures 4-19 through 4-21 address the bounding transport
combinations as required for safety analysis purposes, the majority of the
shipments between the K Basins and the CVDF are expected to be within the
defined nominal NCT load combination. Figure 4-22 illustrates the transient
thermal response expected for this load combination. As seen from the figure,
no temperature excursions or excessive pressures will occur within the cask
during a time frame that is nine times that nominally expected to accomplish
the transfer.

Table 4-6 presents the minimum temperatures for the probable minimum NCT
toad combination, as defined in Table 4-4. A1l temperatures are within the
thermal capabilities of the associated component. In addition to this
analytically derived minimum condition, the worst-case minimum temperature of
-33 °C (-27 °F) based on assuming steady-state conditions, no solar radiation,
and no radiolytic or chemical reaction heat, is also within the thermal
capabilities of all materials used in the MCO and cask. Obviously, a water-
filled cask with 1ittle or no heat Toad cannot be left exposed to freezing
temperatures without risking damage.
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Table 4-6. Multicanister Overpack Cask and Multicanister Overpack Assembly
Minimum Temperatures for Normal Wet and Dry Transport Conditions.

Probable minimum temperatures®
Location and condition S
Wet transfer® Dry transfer®

Spent nuclear fuel, maximum 12 (53) 23 (74)
Spent nuclear fuel, average 9 (49) 16 (61)
Rubble basket fuel, maximum 11 (52) 18 (65)
MCO sidewall, average 6 (43) 4 (40)
MCO sidewall, maximum 7 (44) 6 (42)
MCO shield plug, average 4 (39) -2 (28)
MCO shield plug, seals 3 (38) -3 (27)
Cask sidewall, average 2 (36) -3 (26)
Cask sidewall, maximum 3 (38) -3 (27)
Seal port, 1id end -9 (16) -14 (6)
Seal port, bottom end -3 (27) -8 (17)
Closure 1id seals, maximum -3 (26) -8 (17)

= Temperatures shown are for the end of the normal transport time of 8 hours for wet transfer and
14 hours for dry transfer. Assumes the nominal MCO fuel loading, & starting temperature for cask and
contentg of 10 °C (50 °F), and fixed -33 °C (-27 °F) ambient temperature with no solar radiation.
Worst-case minimum temperatures are -33 °C (-27 °F).

The maximum internal pressures, as shown in Figures 4-19 through 4-22,
are predicted to remain within the allowable limit of 1.0 MPa
(150 1b/in® gauge) for the cask during the time frame allotted for normal
transport, plus that for the typical off-normal event recovery time period.
A venting of the cask interior to the atmosphere will be required for the
worst-case off-normal event, but no thermal excursion will occur.

Based on the above data and with the application of administrative rules
governing transport time, acceptable cask-MCO temperatures before transport,
and relief of cask pressures for off-normal transport time frames, the MCO
system will be safe to transport under the range of payload configurations and
environmental conditions examined.

4.4.3.2 Vacuum Drying. The thermal safety aspects related to the vacuum
drying process are evaluated using the simplified COBRA-TF thermal model
described above. The evaluation examines the transient thermal response of
the SNF fuel assemblies and scrap basket following draining of the MCO but
before full dryout of the fuel and sludge. The analysis addresses the case in
which the MCO is held under near vacuum conditions while the drying occurs, as
well as the procedure in which the MCO is purged with helium. The following
general assumptions also are made for this analysis.
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e The scrap basket is assumed to have the same heat transfer
characteristics as an intact fuel basket in order to conservatively
cover the case of large pieces of fuel being ‘placed upright in the
scrap basket.

e The sludge is assumed to be distributed on the scrap and fuel
baskets as shown in Table 4-3. The sludge is assumed to contain 10%
water in hydrate form, or 14.2 kg (31.3 1b) of water for a total
sludge content of 142 kg (313 1b). Free surface water is assumed to
have been removed under the assumption that time to remove the
hydrate water determines whether a temperature excursion will or
will not occur. If an excursion occurs, then the presence of any
remaining . free water will serve to result in higher SNF
temperatures, depending on the amount of water. If an excursion
does not occur before the removal of the hydrate water, the free
water will have been removed as well.

e The model assumes that the hydrates decompose and the resultant
water vapor reacts with the exposed uranium surfaces to which the
sludge is attached according to the rate equations given in
Section 4.2.1.2 for oxygen-free uranium-water reactions.

e lower bounding values for the emissivity of the fuel (0.4) and the
stainless steel surfaces of the MCO (0.2) are assumed for the case
in which the MCO is filled with helium. An emissivity of 0.7 for
the fuel and 0.3 for the stainless steel surfaces are assumed for
vacuum conditions.

Figures 4-23 through 4-26 illustrate the predicted thermal response for
the worst-case and nominal MCO load configurations under vacuum and helium
backfill conditions. The results presented in Figure 4-23 indicate that a
temperature excursion could occur in the fuel for vacuum conditions and the
worst-case MCO Toading after approximately 10 hours of vacuum drying. If
significant amounts of water are still present at this stage of the drying
process, exceeding design limits is possible and would be addressed by the
safety features incorporated with the CVDF equipment.

The calculation of the vacuum drying process with the nominal MCO Toad
configuration is presented in Figure 4-24. The results indicate that no
thermal excursions will occur over the 30 hours of operation simulated.
Further, the temperature trends indicate that safe and stable conditions are
being established within the MCO. Similar results are seen in Figures 4-25
and 4-26 for the worst-case and nominal MCO load configurations with a helium
backfill.

Safety features available to control fuel temperatures during the cold
vacuum drying process include reducing the MCO wall temperature using the
active heating and cooling system, purging the MCO cavity with helium, and
monitoring pressure rise and species content to assess the level of chemical
reactions within the MCO. Additional evaluations are underway to establish
the process parameters that will ensure that temperature excursions will not
occur for the range of payload configurations and environmental conditions
expected for the MCO.
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Figure 4-23. Worst-Case Multicanister Overpack Heatup for Cold
Vacuum Drying, Multicanister Overpack under Vacuum, .
50 °C at Multicanister Overpack Wall.
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Figure 4-24. Nominal Case Multicanister Overpack Heatup for Cold
Vacuum Drying, Multicanister Overpack under Vacuum, .
50 °C at Multicanister Overpack Wall.
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Figure 4-25. Worst-Case Multicanister Overpack Heatup for Cold
Vacuum Drying, Multicanister Overpack with Helium
Backfill, 50 °C at Multicanister Overpack Wall.
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Figure 4-26. Nominal Multicanister Overpack Heatup for Cold
Vacuum Drying, Multicanister Overpack with Helium -
Backfill, 50 °C at Multicanister Overpack Wall.
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Based on the above data, the safety basis for the nominal MCO
configuration is demonstrated. Further analysis is underway to establish the
safety basis for cold vacuum drying under all conditions.

4.4,3.3 Dry Transfer of Multicanister Overpack. The dry transfer of the MCO
and transportation cask between the CVDF and the CSB is evaluated using the
SINDA/FLUINT thermal model and a transient simulation of the transfer process.
As with the wet transfer process, the thermal evaluation is based on the
assumptions Tisted in Tables 4-1, 4-2, 4-3, and 4-4. The nominal, probable
maximum, and worst-case NCT Toadings for hot ambient conditions are evaluated
using a transient simulation of the transport process with a diurnal cycle for
ambient temperature and insolation based on the Hanford peak summer day. To
ensure that the cask is exposed to the highest heat flux portion of the
diurnal cycle during the projected transportation time frame, an 8:00 a.m.
start time is again assumed.

The minimum expected temperature is evaluated using a transient analysis,
the nominal case fuel Toading, a steady-state ambient temperature of -33 °C
(-27 °F) and no solar radiation, and a nominal transport time of 14 hours.

The analytically trivial case of no decay or chemical reaction heat together
with the minimum ambient conditions of -33 °C (-27 °F) and no solar radiation
also is considered to ensure material compliance with worst-case minimum
temperatures.

The results of the thermal evaluations for normal conditions of dry
transport are presented in Figures 4-27 through 4-30. A}l of the temperatures
are within the allowable limits of the associated component. In addition, the
surface temperature of the cask remains below 85 °C (185 °F) as required by
10 CFR 71, Section 71.43(g), "General Standards for all Packages," for
exclusive use packages.

Figures 4-27 and 4-28 illustrate the transient results over a 24-hour
period for the same payload configuration but with different assumed starting
temperatures for the payload, MCO, and cask. Although the MCO is nominally
dry following cold vacuum drying, the chemical reaction rates are computed
assuming a 100% relative humidity within the MCO. The sinuscidal effect of
the diurnal cycle for the ambient air temperature and insolation can be seen
in the results for the cask wall and closure 1id seal.

Over the 24-hour period simulated by these analyses, the difference in
MCO pressurization between starting the transport with a 25 °C (77 °F) SNF
temperature versus a 15 °C (59 °F) SNF temperature is not as great as is seen
for the wet transfer leg. This is because a drained MCO presents a larger
volume in which to absorb the hydrogen gas that is generated, even at the
higher SNF temperatures that occur in dry transfer. As a result, the
difference in MCO pressure is only 83 kPa (12 1b/1n } greater after 24 hours
for the higher SNF starting temperature. In either case, the expected MCO and
cask pressures after 24 hours remain well below the 1.0 MPa (150 1b/in® gauge)
pressure limitation.
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Figure 4-27. Dry Transfer Transient with Probable
Maximum Multicanister Overpack.
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Figure 4-28.
Worst-Case Multicanister Overpack.
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Figure 4-29. Off-Normal Dry Transfer Transient vnth
Probable Maximum Multicanister Overpack.
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Figure 4-30.

Dry Transfer Transient with
Nominal Multicanister Overpack.
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While the transfer from CVDF to CSB is expected to require less than
14 hours under normal conditions and less than 24 hours under most off-normal
events, a major failure in the transportation system while en route could
require up to 48 hours to remedy. To assess the thermal effects related to an
extended transport delay, a 48 hour transport transient is evaluated using the
probable maximum case NCT Toad combination. The results are presented in
Figure 4-29 for two assumptions on the amount of moisture available to drive
the chemical reaction. The first assumption is that an unlimited amount of
moisture is available within the MCO foilowing cold vacuum drying and this
moisture is available at a partial pressure associated with the average fuel
temperature. Under this assumption, illustrated in the lower plot, the
transient analysis indicates a temperature excursion within the fuel will
occur after approximately 35 hours.

The second assumption, illustrated in the upper plot, is that the cold
vacuum drying process has removed sufficient moisture from the fuel, scrap,
and sludge content within the MCO such that the chemical reaction rate is only
5% of that which an unlimited amount of moisture would support. This
assumption is maintained until any portion of the fuel exceeds 85 °C (185 °F),
at which time the reaction rate is returned to its full value as predicted by
the chemical reaction rate equations for the given temperature and partial
pressure conditions. Based on the amount of corrosion area assumed for this
analysis and a 75 °C (167 °F) average fuel temperature, the assumed 5%
limitation equals a monitored pressure rise limitation of 1.4 kPa (0.2 1b/in?)
per hour or less at the CVDF. Under this criterion, those MCOs exhibiting
pressure rises in excess of this rate would be required to remain under the
cold vacuum drying process before being allowed to be transported.

The transient results, assuming the CVDF drying criterion is applied,
demonstrates that a safe transport window of more than 48 hours exists for dry
transfer of the worst-case MCO loading. Although the peak SNF temperature
takes a sudden rise once it exceeds the 85 °C (185 °F) setpoint for the
criterion, the transition is not expected to be a step function because the
next higher release point for the hydrates is 100 °C (212 °F) or higher.

While Figures 4-27 to 4-29 address the bounding conditions assumed, the
majority of the shipments are expected to fit within the nominal NCT load
combination. Figure 4-30 illustrates the transient thermal response expected
for this load combination with a 3-day transport time frame. The results
demonstrate that, despite the extended transport time assumed and the
assumption of unlimited water availability, no temperature excursions or
excessive pressures will occur within the MCO or cask.

Table 4-6 presents the minimum temperatures for the probable minimum NCT
Toad combination, as defined in Table 4-4. A1l temperatures are within the
thermal capabilities of the associated component. In addition, the worst-case
minimum temperature of -33 °C (-27 °F), which is reached assuming steady-state
conditions, no solar radiation, and no radiolytic or chemical reaction heat,
also is within the thermal capabilities of all materials used in the MCO and
cask.

The maximum internal pressures expected for the normal NCT dry transfer

process, shown in Figures 4-27 through 4-30, remain well within the pressure
limitations of the both the MCO and the cask.
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Based on the above data and with the application of administrative rules
governing transport time, acceptable cask-MCO temperatures before transport,
and the appiication of a drying criterion for the cold vacuum drying process,
the MCO system will be safe to transport under all payload .configurations and
environmental conditions examined.

4.4.3.4 Fuel Staging. The thermal safety aspects related to the staging of
the MCOs at the CSB before hot conditioning is evaluated using the simplified
COBRA-TF thermal model. The evaluation examines the transient thermal
response of the SNF fuel assemblies and scrap basket foliowing placement in
the storage tube at the CSB. The analtysis assumes the worst-case summer day
temperatures and a storage vault that is full. The following general
assumptions also are made for this analysis.

e The scrap basket is assumed to have the same heat transfer
characteristics as an intact fuel basket in order to conservatively
cover the case of large pieces of fuel being placed upright in the
scrap basket.

o The quantity of sludge in the scrap and fuel baskets is shown in
Table 4-3. The bounding case assumes a 10% water in hydrate form,
or 14.2 kg (31.3 1b) of water given the assumed total sludge content
of 142 kg (313 1b). The nominal case assumes a 4.3% water in
hydrate form, or 0.29 kg (0.64 1b) of water given a total sludge
content of 6.7 kg (14.8 1b).

e The model assumes that the hydrates decompose and the resultant
water vapor reacts with the exposed uranium surfaces to which the
sludge is attach according to the rate equations given in
Section 4.2.1.2 for oxygen-free uranium-water reactions.

e Lower bounding values for the emissivity of the fuel (0.4) and the
stainless steel surfaces of the MCO (0.2) are assumed. These values
piay a secondary role for the case in which the MCO is filled with
helium.

Figures 4-31 and 4-32 illustrate the predicted thermal response for an
MCO with the bounding and nominal, respectively, amount of hydrate water in
the sludge. The results indicate that a temperature excursion will occur in
either case; however, the amount of water available limits the peak fuel
temperature to values that are within design limits. This conclusion is
tentative for the bounding water content case since the hydrate decomposition
model used does not allow for water migration from the fuel element bearing
the sludge to occur. If a hot element can scavenge water vapor from the other
fuel baskets, it is possible that the peak fuel temperatures will be higher
than those predicted. This potential increase in temperature, expected to be
slight, is currently being evaluated.

As seen from Figure 4-33, there is enough water in the bounding sludge
case to cause the MCO to overpressurize during staging. This possibility is
addressed by the use of a pressure relief valve. Based on a 0.64-cm
(0.25-in.) throat area and worst-case gas generation rates, the valve would
need to open once per minute for one second to relieve the pressure buildup.
The nominal sludge case (Figure 4-34) does not contain sufficient water to
cause the MCO to overpressurize.
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Figure 4-31. Temperature Response for Staging
at the Canister Storage Building, Nominal Case
Multicanister Overpack, Bounding Sludge.
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Figure 4-32. Temperature Response for Staging
at the Canister Storage Building, Nominal
Multicanister Overpack and Sludge.
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Figure 4-33. Pressure Response for Staging
at the Canister Storage Building, Nominal
Multicanister Overpack, Bounding Sludge.
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Figure 4-34. Pressure Response for Staging
at the Canister Storage Building, Nominal
Multicanister Overpack and Sludge,
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The worst-case MCO load configuration, as defined in Table 4-3, was not
evaluated. However, its results are expected to be comparable to the bounding
sludge case presented in Figure 4-31 because the water content will 1imit the
fuel temperature rise. The primary difference will be in the shorter time
required to consume the available water.

Based on the above data, the safety basis for the MCO under staging
conditions and the nominal MCO loading configuration have been established.
Further efforts underway to refine the estimate of the hydrates remaining in
the MCO after cold vacuum drying are expected to establish a basis
significantly less than the 10% maximum currently assumed. The lower hydrate
content and a revised hydrate decomposition model are then expected to
demonstrate the safety basis for fuel staging for the full range of conditions
examined. '

4.4.3.5 Hot Conditioning. A series of analyses (Heard et al. 1996b) have
been completed investigating the thermal-hydraulic performance and feasibility
of the HCS process. A series of one-, two-, and three-dimensional models, as
discussed in Section 4.4.1, were used to perform the analyses. This analyses
included chemical reactions, internal flow distributions, combined thermal-
hydraulic effects, and mass transport. The subject analyses focused on
quantifying the internal flow distributions within the MCO, establishing the
governing energy production and removal capabilities during the HCS process
steps, and performing process simulations for the various purge gases under
consideration. The HCS process is discussed in the following paragraph.

After short-term staging within the CSB, the MCO, containing up to
288 fuel assemblies, is transferred by the MHM to the HCS Annex where the MCO
is connected to the HCS. Hot conditioning consists of heating the MCO and
fuel to approximately 300 °C (approximately 575 °F), which will remove the
chemically bound water and decompose a portion of the uranium hydride
producing uranium metal and hydrogen. The hydrogen is assumed to be released
from the fuel and removed from the system or allowed to chemically react
within the MCO with residual amounts of oxygen to produce water vapor, which
would react with the uranium metal producing uranium oxide and more hydrogen
gas until either the uranium hydride, the residual water vapor, or oxygen is
depleted. A passivation step is then planned in order to reduce the overall
chemical reactivity of the small particles of uranium metal created by the
decomposition of uranium hydride. The passivation step consists of cooling
the MCO to approximately 150 °C (300 °F) and adding a controlled amount of
oxygen to the MCO to oxidize a large fraction of the remaining highly reactive
exposed uranium metal particles or surfaces.

Recent analyses (Heard et al. 1996b) that simulated the HCS process
indicate that a helium purge with 2% oxygen could, under certain conditions,
lead to temperature excursions because the rate at which the damaged fuel will
react with the oxygen strongly depends on the fuel temperature. Additional
analysis and design iteration are underway to determine process parameters
under which the passivation step can be performed that would ensure that the
temperature excursions would not occur or, as an alternative, to determine
whether the passivation process can be eliminated altogether without creating
a long-term safety hazard should an inadvertent and sudden ingress of oxygen
occur. Thus, further analysis is required to verify the safety basis for the
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full hot conditioning process. However, the process parameters will be
required to stay within the boundaries established in the MCO safety analysis.

4.4,3.6 Interim Storage. At the point at which the MCO is placed into
interim storage, the Toosely bound water will have been removed. Therefore,
no rapid chemical reactions will occur. While long-term reactions with the
tightly bound hydrated or chemisorbed water that is released by radiolysis
will occur, the rate will be slow enough to maintain equilibrium temperatures.
Therefore, the maximum temperatures during interim storage are encompassed by
those for staging after the water has been consumed. See Figure 4-31.
Overpressurization will not occur if the water content following hot
conditioning is 2.5 kg (5.5 1b) or less.

Current evaluation of the hydrate decomposition under the CVDF and HCS
processes, together with further characterization of the K Basin fuel and
sludge, are expected to provide the safety basis for the maximum water content
under interim storage. As an alternative, the MCO closure cap will be filled
with a rupture disk to preclude overpressurization.

4.4.4 Minimum Temperatures

The minimum temperature for an MCO during any of the SNF Project process
steps can be no Tess than the minimum ambient temperature of -33°C (-27°F)
(Fadeff 1992). This minimum is based on steady-state operations and no decay
or chemical corrosion heat. Such conditions will exist only for empty MCOs
before their use. The operational minimum temperature will occur during
transportation between facilities. Table 4-6 presents the minimum expected
temperatures for the probable minimum NCT ioad combination, as defined in
Table 4-4. In either case, the temperatures are within the thermal
capabilities of the associated component.

4.4.5 Maximum Internal Pressures

The maximum pressurization during the wet and dry transportation are
presented in Sections 4.4.3.1 and 4.4.3.3. The resu]ts demonstrate that the
MCO pressure will remain within the 1.1 MPa (165 1b/in® absolute) pressure
Timitation for all normal conditions of transport.

Section 4.4.3.4_indicates that overpressurization (internal pressure
> 1.1 MPa (165 1b/in® absolute) can occur within 30 hours of being placed in
staging at the CSB if sufficient water and/or damaged fuel exists within the
MCO. The analysis shows that the planned placement of a relief valve on the
MCO pressure boundary will control the internal pressure to less than or equal
to 1.0 MPa (150 1b/in? absolute) during staging.

The MCO will not overpressurize following hot conditioning if there is
less than 2.5 kg (5.5 1b,) of water remaining in the MCO. Verification of
this level of water retention is currently underway through analysis and
physical characterization.
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5.0 SHIELDING EVALUATION

6.1 SHIELDING DESIGN DESCRIPTION

The MCO is designed to ensure a high degree of integrity for the
confinement of radioactive materials, not necessarily to provide a high level
of shielding. However, various shields surround the MCO from its initial
loading stage,. through various mechanical processes, to its eventual residence
in a long-term storage building. Process-dependent shielding is provided by
water in the load-out pit; by the cask during transportation and drying; by
tubes, tube plugs, operating deck, and handling equipment in the CSB during
staging and storage; and by conditioning cell assemblies during the hot
conditioning process. Therefore, dose rates immediately above the top plug of
an MCO, where process operations occur beyond the protection of any extra
facility shielding materials, are considered the most relevant for this
topical report.

6.2 RADIATION SOURCE DEFINITION

The scurce term used for these evaluations represents a worst-case source
Toading for shielding analysis. Nominal shipments are bounded by this
evaluation. The source consists of 6.34 MTU of Mark IV fuel irradiated to 16%
2%y as given in Section 2.2.6.2. A detailed discussion of the process used
to obtain worst-case photon source terms and worst-case neutron source terms
for Mark IA and Mark IV fuel is given in WHC-SD-SNF-TI-009 (Willis 1995). The
direct contribution of the beta source to the dose outside the cask will be
prevented because of the attenuation provided by the self-shielding of the
fuel elements, as well as by the steel shielding of the cask, cask 1id, and
MCO plug. Bremsstrahlung photons within the source region are included in the
calculation of the photon source.

5.2.1 Gamma Source

The photon source spectra were calculated using ORIGEN2 (Wittekind 1994b)
and the shielding source term given in Willis (1995). Table 5-1 lists the
photon source per MCO. The total photon strength is
6.45 x 10" photons/s/MCO.

For dose rates above the cask, only the top 10 cm (4 in.) of the top tier
were included as source for calculational efficiency. A comparison of dose
rates at the bottom of the MCO plug indicates that the top 10 cm (4 in.) of
source contribute about 96% of the total photon dose. A1} results using only
the top 10 cm (4 in.) of source will be scaled by this factor (multiplication
by 1.04).
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Table 5-1.

Photon Source Term for the
Multicanister Overpack.

Energy (MeV)

Mark IV fuel
16.0 % 2%py

(photons/s/MCO)

1.50 E-02 1.75 E+15
2.50 E-02 3.87 E+14
3.75 E-02 4.20 E+14
- 5.75 E-02 3.46 E+14
" 8.50 E-02 1.95 E+14
1.25 E-01 1.47 E+14
2.25 E-01 1.66 E+14
3.75 £-01 8.64 E+13
6.62 E-01 2.81 E+15
8.50 E-01 1.04 E+14
1.25 E+00 4.33 E+13
1.75 E+00 1.29 E+12
2.25 E+00 9.42 E+10
2.75 E+00 4.67 E+09
3.50 E+00 6.04 E+08
5.00 E+00 3.71 E+05
7.00 E+00 4.23 E+04
1.10 E+01 4.84 E+03
Total 6.45 E+15

Ba

137m

*Changed from 0.575 MeV to 0.662 Mev to accurately reflect

garma ray.

MCO = multicanister overpack.
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5.2.2 Neutron Source

The neutron source term was calculated using ORIGEN2 (Wittekind 1994b)
and the shielding source term given in the Shielding Design Bases provided in
WHC-SD-SNF-TI-009 (Willis 1995). The source includes both spontaneous fission
and (a,n) reactions as summarized in Table 5-2. The (a,n) contribution was
calculated assuming an oxide fuel. Since N Reactor fuel is not an oxide fuel
(Wi1lis 1995), the (a,n) contribution conservatively bounds oxidation of any
trace elements or impurities. With 6,34 MTU per MCO this results in a total
neutron source strength of 1.090 x 107 neutrons/s/MCO.

Table 5-2. Neutron Source Term for the
Multicanister Overpack.

Source component Source strength
source (neutrons/s/MCO)
(a,n) 3.578 E+06
Spontaneous fission 7.317 E+06
Total 1.090 E+07

MCO = multicanister overpack.

There is only a small difference between the energy shape of the
spontaneous fission spectra of the different isotopes. The watt spectrum used
is

f(E) = C exp(-E/.906) sinh({ [3.848E]%% )

where E is the neutron energy in MeV, and C is a normalization copstant so
that the integral over f(E) is unity. The fission spectrum for 2%cm, which
has an average neutron energy of 2.15 MeV (Breismeister 1993), is given in
Table 5-3. The energy distribution of the (a,n) neutrons is given in

Table 5-4; the average neutron energy of this distribution is 2.01 MeV (Jobs
and Liskien 1990).

5.3 SHIELDING MODEL SPECIFICATION

5.3.1 Configuration of the Shielding and Source

Although this discussion addresses only the immediate vicinity on top of
the shield plug, the cask and cask 1id are included in the model. This is to
prevent a potential overestimation of dose rates, especially at large
distances away from the top surface where particle scattering from the
surrounding air could reach to the dose point if the cask were not included.
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Table 5-3. Energy Distribution of Neutrons from Fission Events.
(2 sheets) ‘ .
Upper energy Cumulative Probability
(MeV) probability of bin
0.00 0.00000 0.00000
0.10 0.01194 0.01194
0.20 0.03167 0.01972
0.30 0.05590 0.02424
0.40 0.08316 0.02726
0.50 0.11250 0.02934
0.60 0.14326 0.03076
0.70 0.17493 0.03167
0.80 0.20711 0.03218
0.90 0.23950 0.03238
1.00 0.27182 0.03232
1.20 0.33550 0.06368
1.40 0.39690 0.06140
1.60 0.45523 0.05832
1.80 0.50997 0.05475
2.00 0.56087 0.05090
2.20 0.60782 0.04695
2.40 0.65083 0.04301
2.60 0.69001 0.03917
2.80 0.72550 0.03549
3.00 0.75752 0.03202
3.20 0.78628 0.02876
3.40 0.81202 0.02574
3.60 0.83499 0.02297
3.80 0.85542 0.02043
4.00 0.87353 0.01812
4.20 0.88956 0.01603
4.40 0.90371 0.01415
4.60 0.91616 0.01246
5-4 December 30, 1996
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Table 5-3. Energy Distribution of Neutrons from Fission Events.
(2 sheets) ) :
Upper energy Cumulative Probabﬂity
(MeV) probability of bin
4.80 0.92711 0.01095
5.00 0.93671 0.00960
5.50 0.95578 0.01907
6.00 0.96931 0.01354
6.50 0.97884 0.00953
7.00 0.98550 0.00665
7.50 0.99011 0.00461
8.00 0.99329 0.00318
9.00 0.99695 0.00366
10.00 0.99863 0.00169
11.00 0.99940 0.00076
12.00 0.99974 0.00034
13.00 0.99989 0.00015
14.00 0.99995 0.00007
15.00 0.99998 0.00003
5-5 December 30, 1996
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Table 5-4. Energy Distribution of Neutrons from (a,n) Events.
(2 sheets) ] :
Upper energy Cumulative Probabi]ity
(MeV) probability of bin
0.00 0.00000 0.00000
0.10 0.01059 0.01059
0.20 0.02243 0.01184
0.30 0.03396 0.01153
0.40 0.04766 0.01371
0.50 0.06636 0.01869
0.60 0.08738 0.02103
0.70 0.11044 0.02305
0.80 0.13567 0.02523
0.90 0.15981 0.02414
1.00 0.17975 0.01994
1.10 0.20062 0.02087
1.20 0.22321 0.02259
1.30 0.24860 0.02539
1.40 0.27601 0.02741
1.50 0.30405 0.02804
1.60 0.33349 0.02944
1.70 0.36542 0.03193
1.80 0.40093 0.03551
1.90 0.43785 0.03692
2.00 0.47664 0.03879
2.10 0.51558 0.03894
2.20 0.55623 0.04065
2.30 0.59751 0.04128
2.40 0.63707 0.03956
2.50 0.67492 0.03785
2.60 0.71137 0.03645
2.70 0.74611 0.03474
2.80 0.77819 0.03209
5-6 December 30, 1996
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Table 5-4. Energy Distribution of Neutrons from (a,n) Events.
(2 sheets) ]

Upper energy Cumulative Probabi]ity
(MeV) probability of bin
2.90 0.80935 0.03115
3.00 0.83863 0.02928
3.10 0.86449 0.02586
3.20 0.88879 0.02430
3.30 0.90966 0.02087
3.40 0.92664 0.01698
3.50 0.94097 0.01433
3.60 0.95327 0.01231
3.70 0.96324 0.00997
3.80 0.97181 0.00857
3.90 0.97928 0.00748
4.00 0.98536 0.00607
4.10 0.99081 0.00545
4.20 0.99439 0.00358
4.30 0.99720 0.00280
4.40 0.99891 0.00171
4.50 1.00000 0.00109
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The MCO characteristics have been described in detail in Section 1.2.1 of
this report. The shielding model is specified as follows.

e The cask, cask 1id, and MCO are made from stainless steel.

e The MCO shield plug is made from carbon steel. However, the model
treated the shield plug as stainless steel. The two are roughly
equivalent for shielding purposes.

e The inside diameter of the MCO is 58.42 cm (23 in.), and the inside
height is 376 cm (148 in.) to the bottom of the MCO plug.

e The MCO plug is 30.48 cm (12 in.) thick, and the cask 1id is 7.62 cm
(3 in.) thick, for a total top shield axial thickness of 38.1 cm
(15 in.).

e The MCO sidewall is 1.27 cm (0.5 in.) thick, and the cask sidewall
is 19.5 cm (7.69 in.), for a total thickness of 20.8 c¢m (8.19 in.).
(Actual cask sidewall thickness has been changed to 7.31 in. Any
decrease in shielding was compensated for by operational
improvements to reduce annual dose.)

e The bottom of the MCO is 4.47 cm (1.76 in.) thick, and the bottom of
the cask is 13.7 cm (5.38 in.) thick, for a total bottom shield
thickness of 21.3 cm (8.38 in.).

There are two types of lids on top of an MCO shield plug. The first is
the drying 1id, which is a component with a hole in the center. This lid is
used to retain the MCO in a cask during the cold vacuum drying process and to
allow water to be circulated in the cask-MCO annulus. The hole in the 1id is
used to gain access to the MCO processing ports. See Figure 5-1 (note that
this figure shows the axial stabilizer for the basket; the guard plate is not
shown). The second type of 1id is the solid 1id (no Targe holes in the
center) used during transfer operations. Only the drying 1id is discussed
here.

The design of the shield plug vent port penetrations has not reached a
conclusion yet. The extent of drilling, the direction of junctions, and the
actual plug thickness have not been finalized. The current calculational
model has been made according to the assembly sections drawing (Figure 5-1)
from one of the MCO vendors.  Although the design is not yet final, it is
suitable for calculational use at this time. A cylindrical cavity at the
center near the top surface of the plug is a grapple. The extensions of the
HEPA filter vent, the pressure relief rupture disk, and the long drain port
intersect at about 25 cm (10 in.) below the surface of the plug at the center
and slant to the edge of the MCO. The short drain port near the side is
connected to a multibend duct that slants to the center at the bottom of the
plug. A SABRINA three-dimensional plot of the MCNP model for the penetrations
is shown in Figure 5-2.
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Figure 5-1. Preliminary Assembly Sections Drawing
of the Shield Plug Port Penetrations.
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Figure 5-2. Three-Dimensional Plot of the
Penetrations Through the Shield.
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The source geometry consists of five baskets placed one on top of the
other inside the MCO. The baskets were modeled as 70.5 cm (27.8 in.) tall,
with each basket containing 54 Mark IV series E fuel assemblies. The total
Tength of each assembly is 66.3 cm (26.1 in.) including end caps
(Willis 1995). Rather than mode]lng the end caps, the source was extended to
include the full 66.3-cm (26.1-in.) length, thus introducing a sma]]
additional amount of conservatism.

5.3.2 Material Properties

Shielding consists of the transport cask, cask 1id, MCO, and MCO plug.
The transport cask and 1id are made from 304 stainless steel. The MCO plug is
made from 304L stainless steel or carbon steel. However, the shielding
properties of 304 and 304L stainless steel do not differ significantly at the
same density. Table 5-5 summarizes the material properties. The shielding
attenuation properties are obtained from the data Tibrary for the MCNP
computer code (Breismeister 1993).

Table 5-5. Materia]s and Densities Used for Shielding.

Density

Material (g/cc) Remarks
304/304L 8.0 Used in the cask, cask 1id, MCO, and MCO plug
stainless steel
Carbon steel* Possible use in shield plug assembly
Air 0.00123 Provides scattering media for neutrons;

photon models neglected attenuation and
scattering in air out to 6 m

Uranium 18.77 Fuel elements modeled as =% with 0.947% #°u;
also, assembly end caps conservatively
replaced by uranium (source)

Zirconium 6.55 Fuel cladding

*Note: Carbon steel is roughly equivalent to 304 stainless steel.

MCO = multicanister overpack.

5.4 SHIELDING ANALYSES

5.4.1 Computer Programs

The Monte Carlo computer code, MCNP (Breismeister 1993; Carter 1996), was
used to perform the dose rate calculations. MCNP has powerful geometry
routines and uses an ENDF/B database for cross sections. The MCNP quality
assurance documentation for use at the Hanford Site is given in
WHC-SD-MP-SWD-30001, Certification of MCNP Version 4A for WHC Computer
Platforms (Carter 1996).
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5.4.2 Flux-to-Dose-Rate Conversion

Table 5-6 lists the flux-to-dose-rate conversion factors used to
calculate the gamma ray dose rates. These conversion factors are from
ANSI/ANS-6.1.1-1991, Neutron and Gamma-Ray Fluence-to-Dose Factors
(ANSI/ANS 1991), and conservatively assume the radiation exposure is from an
anterior-posterior exposure. Table 5-7 lists the flux-to-dose-rate conversion
factors used to calculate the neutron dose rates. These conversion factors
are from Spent Nuclear Fuel Project Canister Storage Building — Neutron
Quality Factors (Phillips and Jacobs 1996).

5.4.3 Dose Rates

A conservative MCO photon source term for the dose rate calculation
consists of a fully loaded MCO with 6.34 MTU for Mark IV fuel. The neutron
dose on the top of the MCO through the shield plug and 7.62-cm (3-in.) thick
cask 1id was 0.85 mrem, and the dose without the cask 1id at the top of the
MCO was 0.15 mrem at 1 m. Therefore neutron dose rates for the current model
are considered negligible.

Tables 5-8 and 5-9 give dose rates for the MCO with the 1id off and with
the 1id on. Dose rates that are essentially unchanged in going from 1id off
to 1id on are not repeated in Table 5-9. Figure 5-3 shows dose rate locations
corresponding to the entries on Tables 5-8 and 5-9.

Distances above the top of the cask are measured with respect to the top
of the 1id (9.5 cm [3.75 in.] above the top of the MCO plug) to allow for more
direct comparison between 1id-off and 1id-on dose rates. The 1id of the cask
in this model provides no shielding within the center 43 cm (17-in.) diameter.
Dose rates to the side and bottom of the cask and above ports E1 and E2 are
virtually unchanged between the 1id-on and 1id-off cases. It can be seen that
the 1id-on dose rate at contact is larger than that of the 1id-off case. This
is due to the fact that the doughnut-shaped 1id attenuates photons that would
otherwise escape at a slant and potentially reach the dose rate location by
intermediate scattering in air.
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Table 5-6. Photon Dose Conversion Factors.
Energy (MeV) "VET2 S | (e Grents)
1.00 E-02 0.0620 2.232 E-5
1.50 E-02 0.1570 5.625 E-5
2.00 E-02 0.2380 8.568 E-5
3.00 E-02 0.3290 1.184 E-4
4.00 E-02 0.3650 1.314 E-4
5.00 E-02 0.3840 1.382 E-4
6.00 E-02 0.4000 1.440 £E-4
8.00 E-02 0.4510 1.624 E-4
1.00 E-01 0.5330 1.919 E-4
1.50 E-01 0.7770 2.797 E-4
2.00 E-01 1.0300 3.708 E-4
3.00 E-01 1.5600 5.616 E-4
4.00 E-01 2.0600 7.416 E-4
5.00 E-01 2.5400 9.144 E-4
6.00 E-01 2.9900 1.076 E-3
8.00 E-01 3.8300 1.379 E-3
1.00 E+00 4.6000 1.656 E-3
1.50 E+00 6.2400 2.246 E-3
2.00 E+00 7.6600 2.758 E-3
3.00 E+00 10.2000 3.672 E-3
4.00 E+00 12.5000 4.500 E-3
5.00 E+00 14.7000 5.292 E-3
6.00 E+00 16.7000 6.012 E-3
8.00 E+00 20.8000 7.488 E-3
1.00 E+01 24.7000 8.892 E-3
1.20 E+01 28.9000 1.040 E-2
camma-Rey £ Lucherto bose. Factors. Americen Nuclear Sociecy, La brange Pore  Ttiinois.
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Table 5-7. Neutron Flux to Dose Rate Conversion Factors.

Energy (MeV) FIUESE St | (e Cnsentre)
2.50 E-08 10.2 3.68 E-3
1.00 E-07 10.2 3.68 E-3
1.00 E-06 12.4 4.46 E-3
1.00 E-05 12.4 4.46 E-3
1.00 E-04 12.0 4.31 E-3
1.00 E-03 10.2 3.68 E-3
1.00 E-02 9.92 3.57 E-3
1.00 E-O1 60.3 2.17 E-2
5.00 E-01 257 9.26 E-2
1.00 E+00 367 1.32 E-1
5.00 E+00 433 1.56 E-1
7.00 E+00 408 1.47 E-1
1.00 E+01 408 1.47 E-1
1.40 E+01 578 2.08 E-1

Note: These conversion factors are from J. D. Phillips, Sr., and E. R. Jacobs,

1996, Spent Nuclear Fuel Project Canister Storage Building — Neutron Quality Factors.

Jable 5-8. Photon Dose Rates for a Multicanister Overpack with the Lid Off.
. Contact* At 1 m At 2 m At 6m
Location (mrem/h) (mrem/h) (mrem/h) (mrem/h)
Top 31 (0.04) 8.4 (0.06) 3.5 (0.08) 0.56 (0.10)
Port El 50 (0.07) 7.7 (0.10) 3.1 (0.11) 0.55 (0.19)
Port E2 100 (0.10) 8.2 (0.12) 2.9 (0.10) 0.59 (0.30)

Note:

statistical uncertainties for one standard deviation.

Numbers inside the parentheses are the relative (multiply by 100 to obtain percent)

*Although the (id is not in place, dose rate locations sbove the cask are given with respect to

top of Lid (9.5 cm [3.75 in.] above top of MCO plug) to allow for comparison to the tid on cask.

The

contact dose rates represent a radial average to the inside diameter (43 cm [17 in.]1) of the casket Llid.
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Table 5-9. Photon Dose Rates for a Multicanister Overpack with the Lid On.
. Contact At I m At 2 m At 6 m
Location {mrem/h) (mrem/h) {mrem/h}) (mrem/h)

Top 34 (0.04) 7.4 (0.10) 2.4 (0.13) 0.27 (0.20)

Note: Numbers inside the parentheses are the relative (multiply by 100 to obtain percént)
statistical uncertainties for one standard deviation.
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Figure 5-3. Dose Rate Locations.
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6.0 CRITICALITY EVALUATION

This chapter identifies, describes, discusses, and‘analyzes the
criticality safety physics used for design of the MCO and its components and
systems that are important to safety.

6.1 DISCUSSION AND RESULTS

The MCO is required to meet criticality criteria that are consistent with.
commercial reactor fuel handling (Garvin 1996). Therefore, the ke (@
measure of reactivity) of the MCOs during transport to or processing in the
CVDF and CSB must be Tess than 0.95 under both normal conditions and credible
off-normal conditions. Analysis in this chapter shows the k. of the
contents of the cask-MCO package under normal conditions to Pe below this
1imit by a substantial degree. Dry cask-MCO packages have a k., less
than 0.4. Packages flooded with water and loaded with intact f 'Reactor fuel
assemblies have a k., less than 0.90. Dry MCOs stacked two per tube in a 10
tube by 22 tube array have a K. less than 0.4 for any density of water
between the tubes and a k, less than 0.9 for flooded tubes and vault space.

The MCO container, holding dry fuel, cannot be made critical under any
conditions. The only criticality concern is with water moderation internal to
the MCO. MCOs containing either Mark IV or Mark IA fuel are below a Kk of
0.90 for flooded intact fuel loadings. MCOs containing scrap in the top and
bottom tiers with intact fuel in the other tiers have a k., that is less than
0.90. If a scrap basket is misplaced from the top to the second from the
bottom, so two scrap baskets occupy the bottom two tiers, the k. increases
to only about 0.91. A Mark IV basket Toaded with scrap is more ﬁimiting
because of the absence of any safety-class structure that excludes scrap from
the center of the fuel basket; the Mark IA scrap basket has such a structure.

Fuel types are to be segregated by enrichment. Mixing Mark IV and
Mark IA fuel assemblies, .components, or scrap together in the same MCO is not
allowed. Because Mark IV material is less reactive than Mark IA material,
Mark IV assemblies or 0.95 wt% °U scrap may be loaded into baskets designed
for Mark IA fuel. No assemblies, components, or scrap with fissionable
material greater than 0.95 wt% 23 may be loaded into fuel baskets that do
not contain the 16.8-cm- (6.6~in-) diameter, stainless steel scheduie 80 pipe
insert.

The inside diameter of the MCO provides geometry control and in
combination with additional constraints and limits, such as the central insert
pipe in the Mark IA baskets, control of fuel type or enrichment in MCO
loading, and 1imiting the number and placement of scrap baskets, ensures k.
is Tess than 0.95 for normal conditions and credible accidents. For
accidents, two independent, concurrent, and highly unlikely incidents must
occur before k. is allowed to exceed 0.95. This is the double contingency
principle of criticality safety.

The 100 g drop is the limiting accident condition. This accident

condition is represented by completely rubblizing the intact fuel and
cladding. The top and bottom baskets contain scrap, and the other baskets
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contain rubble. The baskets are assumed to lose their structural attachment
and fall on top of one another forming a column of baskets separated by the
stainless steel baseplates of the fuel baskets. The analysis models the
resulting material under fully moderated and reflected conditions.

A conservative packing fraction of 0.4 is used for the analysis. (Packing
fractions for gravel beds range from 0.4 to 0.45.) A final packing.fraction
of 0.4 from fuel crushing is based on a hexagonal lattice of fuel at a
center-to-center spacing of 7.1 cm (2.8 in.) (the Mark IV lattice packing
fraction is 0.443, and the Mark IA Tattice packing fraction is 0.392). This
assumes that the vertical impact that crushes the fuel does not significantly
decrease bulk density. This is considered to be conservative because higher
density would further reduce the moderation, which would further reduce k.
In this limiting accident condition, the k. for the MCO is less than 0.94
for both fuel types. Even for the case of Hark IA baskets with thin, central
stainless steel inserts that are displaced off-center by 2 in., the results
are less than 0.92.

If the 100 g drop accident occurs during transport of the MCO container
from the K Basins to the CVDF, a time when the MCO is fully water flooded, the
MCO could exceed the k. < 0.95 criterion for a transient phase during the
rebound. This requires both optimal sizing and spacing of the fuel rubble
that results in optimal self-shielding and moderation. The drop accident must
both agglomerate the smaller fuel fragments that result from the impact and
disperse these agglomerates into optimal spacing during the same rebound.

This scenario is considered incredible. The calculated k., for this scenario
does not exceed 0.98. The end state satisfies the k_; < 0.95 criterion once
gravity has compacted the rubble down to a packing fraction of 0.40, a
condition that results in significant undermoderation.

6.2 SPENT FUEL LOADING

6.2.1 N Reactor Fuel Description

The fuel dimensions pertinent to the criticality analysis and to
criticality prevention are given in Table 6-1. This table lists the
enrichments for the fresh (unirradiated) fuel before it was loaded in the
N Reactor.

Analyses on the effects of burnup and fission product decay show that the
fresh N Reactor fuel is more reactive (higher infinite criticality factor
Kin¢) than the spent fuel in spite of the presence of plutonium products in
the spent fuel (Schwinkendorf 1996). Reduced uranium enrichment and the
presence of fission products compensate for any increase in k;.. because of
the plutonium content in the spent fuel. Analysis of the effect on k. of
decay of fission products over a long period of time (e.g., 100 years or more)
js described in WHC-SD-SNF-CSER-005 (Schwinkendorf 1996) and provides
justification for use of the fresh fuel characteristics in the analyses
presented in this chapter. As such, all the criticality analyses discussed in
this chapter are conservatively performed for the fresh N Reactor fuel.
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Table 6-1.

Description of N Reactor Fresh Fuel Elements.

Mark IV

Mark 1A

Pre-irradiation enrichment of 235U

0.947% enriched

1.25-0.947% enriched

Type- length code1*

E N A c

M T F

Length (cm)

66.3 62.5 58.9 44.2

53.1 49.8 37.8

Element diameter (cm)

1. Outer of outer 6.15 6.10
2. Inner of outer 4.32 4.50
3. oOuter of inner 3.25 3.18
4, Inner of inner 1.22 .1

Cladding mass (kg)

1. Outer element

1.09 1.04 0.99 0.79

0.88 0.83 0.66

2. Inner element

0.55 0.52 0.50 0.40

0.54 0.51 0.04

Mass of uranium in outer (kg)

1. 0.947% 200y

16.0 15.0 14.1 10.5

2. (1.25% 235y

11.1 10,4 7.85

Mass of ,yganium in inner (kg)
o.0urx 2550

7.48 7.03 6.62 4.94

5.49 5.12 3.90

Weighted average of uranium in
element (kg)

22.7

16.3

Ratio of Zircaloy-2 to uranium
(kg/MTU)

70.0 70.8 71.6 77.1

85.5 86.3 90.4

Weighted average (kg/MTU) 70.3 85.7

% of total elements 63 37

% of Length type of each fuel 78 10 7 5 87 10 3
Displacement volume (l/MTU) 67 [-Y4

*Letter code differentiates the
type “E" element is 66.3 cm [26.1 in.]

MTU = metric tons of uranium.
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As shown in Table 6-1, there are two types of fuel assemblies, Mark IA.
and Mark IV, with different lengths and uranium enrichments. Each fuel
assembly consists of two hollow, coaxial, cylindrical uranium metal elements
separated by spacers. Each of the elements is clad with Zircaloy (i.e.,
Zircaloy-clad tube-in-tube metallic uranium geometry). The Mark IA fuel
assembly has two different uranium enrichments: the inner element with an
enrichment of 0.947% (0.95%) 25 and the outer element with an enrichment of
1.25% *°U. The weighted average enrichment of a Mark IA assembly is 1.15%
35y, The Mark IV assembly has only one enrichment, 0.95% 35, Some fresh
Mark IV fuel assemblies .contain g%tural uranium (0.71% HsU), but those
assemblies are treated as 0.95% °>°U fuel in the analyses presented in this
chapter. The Mark IA fuel has a higher k; . and, correspondingly, has more
potential for criticality than the Mark V' fuel in an optimum lattice
arrangement. ’

The Mark IA fuel assemblies and scrap are stored in the K West Basin
only. Mark IV fuel assemblies and scrap are in both K West and K East Basins.
It is suspected that removal from existing canisters, cleaning, and repacking
of seemingly intact fuel assemblies in the K Basins could generate an
additional amount of scrap fuel.

Operations procedures at the K Basins will segregate fuel by enrichment
and load it in the designated baskets. This will prevent inadvertent mixing
of higher and lower enrichment fuel in the same type of basket (e.g., the
Mark IA fuel scrap will be loaded in the baskets designed for Mark IA scrap
and not in the Mark IV scrap baskets). However, to account for uncertainties
in sorting fuel assemblies or scrap by enrichment, bounding analyses have been
performed as reported in this chapter.

Both K West and K East Basins contain SPR fuel, which is not shown in
Table 6-1. The SPR fuel was fabricated with aluminum cladding. This fuel was
not used in the N Reactor. A1l SPR fuel will be collocated in the K West
Basin before packaging into the MCOs. It constitutes only about 0.1% of the
total fuel inventory, the equivalent of one MCO load, approximately. The
enrichment of the SPR fresh fuel varies from highly depleted to a maximum of
1.25% enriched U (Willis 1995). The 1.25% enriched fuel is estimated to be
less than 5% of the total SPR fuel inventory.

It is planned that the SPR fuel will be loaded in the MCO such that the
results of the criticality analysis performed for Mark IA and Mark IV fuels
apply to and envelop the accident conditions involving the SPR fuel. The
analyses specific to the SPR fuel reported in this chapter will be used to
develop a strategy for safe loading of the SPR fuel.

6.2.2 Multicanister Overpack Fuel Basket Description
The design parameters for the fuel baskets are shown schematically in

Figures 6-1 and 6-2 for fuel assemblies and for fuel scrap, respectively.
Sketches of the MCO and the MCO storage tube are shown in Figure 6-3.
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Figure 6-1. Fuel Assemblies Storage Basket.
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Figure 6-2. Fuel Scrap Storage Basket.
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Figure 6-3. Multicanister Overpack and Storage Tube.
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If placed in an optimum geometry, the Mark IA fuel will not meet the
criticality criterion, K < 0.95. Therefore, the fuel baskets for the
Mark IA fuel were speciaiﬁy designed with a standard 16.8-cm- (6.6-in.-)
diameter pipe insert installed along the central line of the fuel basket, as
shown in Figures 6-1 and 6-2. Also, the Mark IA fuel baskets are shorter,
which reduces the amount of Mark IA scrap that can be loaded in each basket.
But, most importantly, the centrally located hollow cylindrical insert creates
neutron leakage to reduce the criticality potential for the Mark IA fuel in
the MCO.

The fuel baskets are designed for the largest fuel assemblies of Mark IV
and Mark IA design. The Mark IV fuel basket is designed to hold 54 Mark IV
fuel assemblies, and the Mark IA basket is designed to hold 48 Mark IA fuel
assemblies. An MCO is designed to hold five baskets containing Mark IV fuel
assemblies and scrap, or six baskets containing Mark IA fuel assemblies and
scrap. As shown in Table 6-1, the Mark IA fuel assemblies are shorter than
the Mark IV assemblies, except for Mark IV fuel type C. This limits the
amount of fuel per Mark IA basket while permitting six baskets of Mark IA fuel
per MCO. The fuel elements, when loaded in the baskets, form a tight lattice
with minimal separation between neighboring fuel elements. The lattice has a
hexagonal center-to-center pitch of about 7.1 cm (2.8 in.) compared with
outside diameters of about 6.1 cm (2.4 in.) for the fuel assemblies, as shown
in Table 6-1.

Broken pieces of the fuel assemblies will be treated as scrap and packed
separately in baskets specifically designed for loading scrap into the MCOs,
as depicted in Figure 6-2. The Mark IA fuel scrap basket has a centrally
located, hollow cylindrical insert, similar in design to that for the basket
for Mark IA fuel assemblies.

6.2.3 Multicanister Overpack Loading

The authorized contents for the MCO transportation cask are one MCO
filled with 270 Mark IV fuel elements or 288 Mark IA fuel elements from the
N Reactor or the equivalent in SPR fuel elements.

The fissionable material is N Reactor Mark IV and Mark IA fuel assemblies
and scrap material from the same fuel. Based on the weights for the longest
intact fuel assemblies, the maximum loading for a basket of Mark IV assemblies
is about 1,269 kg (2,798 1b). For five basket tiers, this results in 6,345 kg
(13,991 1b) total Mark IV fuel per MCO. For the six basket tiers of Mark IA
assemblies, the masses are 796 kg (1,756 1b) per basket and 4,776 kg
(10,531 1b) per MCO. These data, for baskets of the longest assemblies, were
assumed as the 1imiting loadings for criticality safety evaluations.

The designated scrap baskets may be loaded with fuel scrap or segments of
fuel assembly components, with or without cladding. Such scrap material
comprises a considerable fraction of the material stored in the K Basins. The
volume of loaded scrap is limited to the basket height, 67.3 cm (26.5 in.) for
Mark IV baskets and 53.3 cm (21 in.) for Mark IA baskets. If scrap has a
higher packing fraction than intact fuel assemblies, a scrap basket could
contain more uranium mass than a basket of whole elements.
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The total fuel mass 1imit given in Chapter 12.0, "Technical Controls and
Limits," is larger than the limiting mass loading used in the criticality
safety evaluations. The larger limit is derived from considerations such as
handling, heat generation, and free volume, not from criticality
considerations. Criticality considerations do not impose restrictions on mass
toading of a fuel basket or MCO.

6.3 DESCRIPTION OF CALCULATIONAL MODEL

The MCO is 406 cm (160 in.) Tong with a 61-cm (24-in.) outside diameter
and a 1.3-cm (0.5-in.) wall thickness. A total of five Mark IV baskets or six
Mark IA baskets are loaded in an MCO. The dimensions of the baskets are such
that the combined active height of the fuel or fuel scrap inside the MCO is
approximately the same, irrespective of the type of fuel. Each MCO is modeled
with two scrap baskets, one at the top and the other at the bottom. Whole
assemblies are modeled with the inner and outer metal annuli intact and with
all the zirconium cladding in place.

The normal condition is modeled with each type of spent fuel contained in
the baskets designated for that type of fuel (see Figures 6-1 and 6-2) and the
baskets, in turn, stacked in an MCO. The Mark IA basket holds 48 Mark IA fuel
assemblies and has a central pipe insert (16.8-cm [6.6-1n.] outside diameter)
specifically designed for criticality control. The Mark IA fuel scrap basket
has a similar central insert (15.2-cm- [6-in.-] diameter). MCOs holding
Mark IA fuel (maximum length 53.0 cm [20.88 in.]) can be loaded with six
baskets. Figure 6-4 shows the cask arrangement for a loading of whole Mark IA
fuel assemblies.

The Mark IV basket holds 54 Mark IV fuel assemblies and does not have the
centrally located pipe insert for criticality control. MCOs holding Mark IV
fuel can be loaded with five baskets. The Mark IV fuel assemblies were
produced in different lengths, from 43.2 cm to 66.3 cm (17 in. to 26.1 in.).
For the calculational model, the axial extent of the fuel's annular cylinders
was 26.1 in. per basket. Figure 6-5 shows the cask arrangement for a loading
of whole Mark IV fuel assemblies.

Because of their higher enrichment, Mark IA assemblies are not allowed in
Mark IV baskets. However, the lower enrichment Mark IV assemblies that are
short enough to fit in Mark IA baskets would be acceptable; they would
decrease the basket's reactivity. Both Mark IA and Mark IV baskets have a
centrally located, 6.6-cm- (2.6-in.-) outside diameter tube for installation
of the long process tube for vacuum drying the fuel in the MCO.

The design of the MCO and the fuel baskets is in the process of being
finalized. The effects of any design change on criticality safety will be
analyzed, as required.

One MCO is handled at a time in all operations except staging and storage
in a CSB storage tube. Two MCOs are stacked per tube in the CSB during the
staging mode preceding hot conditioning as well as during Tong-term interim
storage. The MCOs may be sealed after hot conditioning for long-term interim
storage.
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Figure 6-4. Loading Arrangement for Mark IA
Fuel in Multicanister Overpack.

25 em Stainiess steet insert
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Figure 6-5. Loading Arrangement for Mark IV
Fuel in Multicanister Overpack.
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From criticality considerations, the normal condition is the "dry"
condition inside and outside the MCOs while they are in storage, received in
the shipping cask, or moved to and from the HCS Annex at the CSB, except for
some moisture content before the MCO has gone through the hot conditioning
process. Water content in the fue) was conservatively modeled at a leve]
above its credible Timit. .

Various configurations of the MCOs and the storage tubes define boundary
conditions as input into the criticality analyses (shown in Figures 6-6, 6-7,
and 6-8). At the operating deck of the CSB, the MCOs are handled as a single
unit located inside the MHM. Figure 6-6 (model A) depicts an MCO inside the
MHM, which has 25-cm- (10-in.-) thick steel walls in a bell-shaped
conf1gurat10n The -operating deck's concrete floor functions as a neutron
reflector and thermalization boundary at the bottom. This model bounds the
cask-MCO configuration, which has steel walls 20 cm (8 in.) thick.
Collocation of two or more MCOs at the operating deck is prevented by design
and operating procedures. As such, all criticality scenarios at the operating
deck are analyzed for a single MCO.

The MCO storage tubes in the CSB vault are arranged in a hexagonal
matrix, shown in Figure 6-7 as model B. The storage tubes form a 10
(north-south) by 22 (east-west) array with two MCOs per tube. The tube's
center-to-center distance is 1.42 m (4 ft, 8 in.) in the east-west direction
and 1.37 m (4 ft, 6 in.) in the north-south direction.

The exterior vault walls are 1.4 m (4.5 ft) thick, the partition walls
between vaults are 0.9 m (3 ft) thick, the vault basemat is 1.7 m (5.5 ft)
thick, and the operating deck is 1.2 m (4.0 ft) thick. The vault walls,
basemat, and operating deck are constructed of reinforced high-density
concrete. Concrete at a thickness of 0.3 m (1 ft) is asymptotically as
effective as an unlimited thickness of the concrete structure for neutron
reflection and thermalization properties. As such, the concrete structures
are assumed to be 0.3 m (1 ft) thick in the analyses reported.in this chapter.

Figure 6-7 (model B) displays a 10 by 22 by 2 finite array with an
effective 0.3-m- (1-ft-) thick concrete reflector boundary in all directions.
This model is used to evaluate the neutronic interactive effects of fuel in
neighboring tubes and of the surrounding concrete under normal (dry)
conditions and under abnormal conditions when the spaces between the tubes and
the MCOs are filled with varying densxt1es of water, from very-low- dens1ty
dispersed water (zero to 0.1 g/em’) to a fully flooded condition (1.0 g/cm}
As the density of water is increased above the 0.1 g/cm3 range, the
tube-to-tube neutron interaction decreases and the tubes are decoupled
rapidly. Based on the results of the analysis, it is assumed that the
water-filled MCO-tube arrangement functions like an infinite lattice where a
boundary of neutron flux symmetry is defined around each tube location.
Neutron leakage is zero across this boundary, or the neutrons generated in an
MCO-tube cell are fully reflected back into the cell. This infinite array
configuration is depicted in Figure 6-8 as model C.
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Figure 6-6. Model A, Multicanister Overpack in the
Multicanister Overpack Handling Machine. ’
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Figure 6-7. Model .B, Multicanister Overpacks in
Vault Tubes (Finite Array).
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Figure 6-8. Model C, Multicanister Overpécks in Vault Tubes
(Infinite Lattice Cell) and Model D, One Multicanister
Overpack Encased in Concrete. "
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Figure 6-8 also depicts model D, in which an MCO is encased in concrete.
Model D is used to evaluate the effects of concrete around a single MCO to
simutate a configuration of operating deck concrete wheén an MCO is Towered
into the storage tubes or a postulated accident scenario of an MCO falling
from the MHM onto the operating area. ’

Modeling fuel elements or fuel scrap inside the MCO and the effect of
interspersed moderation are discussed in Section 6.7.

Material densities and weight fractions are provided in Table 6-2 for
constituent nuclides of all materials used in the calculational models for the
normal and accident analyses provided in this section. Fissionable isotopes
are considered at their most credible reactivity. Masses for materials in all
regions are consistent with atomic number densities and volumes occupied.

The analysis tools used in the preparation of this document are the
WIMS-E (Gubbins et al. 1982) and GOLF (Schwinkendorf 1994) codes, used for
parametric studies and the calculation of ideal geometry critical dimensions,
and the MCNP code (Breismeister 1993), used for modeling of three-dimensional
geometries in detail. The WIMS-E lattice transport code (Gubbins et al. 1982)
was used to generate infinite neutron multiptication factors, k,, for lattices
and two-group cross sections for use by GOLF (Schwinkendorf 1994), which was
used to calculate finite radial dimensions for both cylinders and hemispheres.
Section 6.6 presents the validation of the criticality computer codes used to
demonstrate the acceptability of the MCO reactivity.

The MCNP code (Breismeister 1993) was used to obtain the results
discussed in the following sections. The MCNP N Reactor fuel bias, discussed
in Section 6.6.3, was determined to be -5 mk (Wittekind 1993). To allow for
this bias in the code, results in these sections should be compared with a
limiting value of 0.945 for k..

6.4 CRITICALITY CALCULATION RESULTS FOR NORMAL CONDITIONS

The calculational or experimental methods and results used to determine
the nuclear reactivity for the maximum fuel Toading intended to be contained
in the cask are discussed in this section.

6.4.1 Loading with Intact Assemblies Only

6.4.1.1 Dry Multicanister Overpack Loadings of Intact Assemblies. Table 6-3
contains the MCNP results for casks containing MCO baskets loaded only with
intact Mark IA or Mark IV fuel assemblies. The upper section of the table
contains data for dry loadings; these results clearly show that criticality is
not a concern for dry MCO containers. The k.. for an infinite square array
of dry Mark IA MCOs is only 0.3008 % 0.0015, or 0.3038 at the upper 95%
confidence level. The k., values for dry MCOs loaded with intact Mark IV

fuel assemblies are abouf 10% higher. This is because there are more fuel
assemblies per basket and each fuel assembly has more uranium metal.

SARR-005.06 6-15 December 30, 1996
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Table 6-2. Material Densities and Weight Fract1ons
Used in Calculations.

. Dens1ty ;
Material No. (g/cm ) Isotope Wt fraction
Mark IV inner ml 18.58 92235.50c 0.009471
elements 92238.50c 0.990529
Zircaloy cladding m2 6.55 40000.50¢c 1.000
Stainless steel m3 8.03 g/cc 6000.50c 0.0004
25055.50c¢ 0.0200
14000.50c 0.0100
24000.50¢ 0.1900
28000.50c¢ 0.0925
26000.55¢ 0.6871
Water mé 1.000 1001.50c 0.1119
8016.50c 0.8881
Carbon steel m5 8.03 6000.50¢ 0.000396
25055.50¢ 0.0198
14000.50¢ 0.0099
24000.50c 0.1881
28000.50¢ 0.091575
26000.55¢ 0.680229
5010.50¢ 0.00199
5011.55¢ 0.00801
Mark IV outer mé 18.58 92235.50c 0.009471
elements 92238.50c 0.990529
Mark IA scrap m7 18.82 92235.50c 0.011494
92238.50c 0.988506
1.25 wt% 2%y scrap m8 18.82 92235.50¢ 0.012491
92238.50¢ 0.987509
CSB concrete m9 2.26 1001.50c 0.0031
8016.50c 0.4407
11023.50c¢ 0.0182
12000.50¢ 0.0376
13027.50c¢ 0.0607
14000.50¢ 0.2157
15031.50c 0.0009
16032.50¢ 0.0009
36084.50¢ 0.0066
20000.50¢ 0.1306
22000.50¢ 0.0049
26000.55¢ 0.0788

CSB = Canister Storage Building.
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Table 6-3. Analysis Results for Intact Fuel in Multicanister Overpacks in Shipping Casks.
Payload cluster . ; Calculation results®
Fite 1p | Fuel — Interior | (0 AT S
vie type® No. of | Assemblies | water 250 9 1.0 reflect K Std. 95% CI
baskets | per basket -0 cm H0 reflector) eff dev. Kot
plan_b83 Mark IA 6 48 A1l dry |Two touching 0.3028 0.0016 0.3059
plan_104 Mark IA 6 48 A1l dry |Infinite array square ]0.3008 |0.0015 }0.3038
- lattice :
plan_b90 Mark IV 5 54 A1l dry |Two touching 0.3293 0.0016 0.3324
plan 103 Mark IV 5 54 A1l dry |Infinite array square [0.3341 0.0016 0.3374
- lattice
plan_ b8l Mark IA 6 48 Flooded {Single MCO 0.8483 |0.0032 |0.8546
plan_b82 Mark IA 6 48 Flooded |Two touching 0.8515 0.0028 0.8571
plan_b88 | Mark IV 5 54 Flooded |[Single MCO 0.8778 |0.0028 |0.8834
plan b89 | Mark IV 5 54 Flooded |Two touching 0.8794 10.0031 |0.8855

BMark 1V type neglects tie rod at center, which excludes center assembly in array. Mark IA has a 6-in. diameter steel insert, excluding
assembljes from seven central positions,

b.

CI = confidence interval.
MCO = multicanister overpack.

The limiting value for keff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

0 A3d S00-YUVS-ANS-QS-dINH



HNF-SD-SNF-SARR-005 REV ©

6.4.1.2 Flooded Multicanister Overpack Loadings of Intact Assemblies. When
the MCOs loaded with intact fuel assemblies are fully flooded, the k., is
higher, but well within the safety 1imit value of 0.95. The lower part of
Table 6-3 gives the calculated results for cases in which the MCO is flooded
inside. For a single cask holding six baskets of intact Mark IA fuel, fully
flooded with water, the k_, is 0.855 at the upper 95% confidence level.
Putting a second identicaiﬁy loaded cask next to this raises the ke“ only
about 0.4%, illustrating the significant effect of the cask shielding for
diminishing interactions between the casks in an array.

Similar trends are noted for flooded casks of whole Mark IV fuel
assemblies. Even though a Mark IV fuel assembly is less reactive than a
Mark IA assembly, more Mark IV fuel assemblies will be loaded into each
basket. This results in a value for k.. that is 3% to 4% higher than for
Mark IA fuel but still below 0.90. The MCOs loaded with Mark IV fuel will
therefore tend to be more 1imiting from a criticality viewpoint. When fully
flooded, MCOs loaded with intact Mark IV fuel assemblies also yield a k.4
well below the safety 1imit of 0.95. For the side-by-side casks case, %%e
koss is 0.886 at the upper 95% confidence level.

These data for the flooded casks of whole fuel assemblies prove
conformance with the criticality safety requirements under normal conditions,
including the transport phase.

6.4.2 Loading with Intact Assemblies and Scrap

Calculation of k.. values for MCO cask loadings that include baskets of
scrap (scrap and intact fuel may be mixed in a scrap basket) is highly
subjective, as it requires assumptions about the nature of the scrap. These
assumptions include average piece size and volumetric distribution. The
degree of moderation and the effective shielding of 8y resonances, and thus
reactivity, are highly sensitive to these parameters. The approach adopted
for this analysis has been to evaluate the k., values for the most reactive
possible scrap configurations; this implies precise values for piece diameters
and optimized separations of the scrap pieces. Based upon the results for
these hypothetical, worst-case scrap configurations, it then can be inferred
that any realistic scrap loadings will be subcritical and within the safety
margin requirements.

6.4.2.1 Flooded Multicanister Overpack Loadings that Include Mark IA Scrap.
The MCNP cases reported in Table 6-4 model casks loaded with MCOs that contain
baskets of Mark IA scrap and intact or rubblized Mark IA assemblies. Because
the flooded scrap configuration can be more reactive, the k., values are
larger than for loadings of intact assemblies only. The results in Table 6-4
show that two 1.25 wt% “°U scrap baskets can be included in an MCO Toaded
with Mark IA fuel when the baskets are placed at the top and bottom.
Acceptable values for k.. are found for the contingencies of one misplaced
scrap basket in a f]oodeJ MCO and for a drop accident with a flooded MCO.
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Table 6-4. Analysis Results for Mark IA Fuel and Scrap in Flooded Multicanister Overpacks in Casks.
Basket contents by tier number (from top) oth Fuel Calculation results*
. er
File ID : 0D
Tier 1 | Tier2 | Tier3 | Tier 4 | Tier s | Tiers | details f gy | g | Std. | 95% CI
ev. Kess
CASE1A 1.25 wt% 48 48 48 48 1.255wt% Dry MCO 23.00 |0.3808|0.0019 |0.3846
35y | Mark IA | Mark IA [ Mark IA | Mark 1A | “*U
scrap scrap .
CASE1 1.25 wt% 48 48 48 48 1.25 wt%[Wet MCO 23.00 {0.8721|0.0030 |0.8780
B35 | Mark IA | Mark IA |Mark IA | Mark IA | ¥y
scrap scrap
CASES 48 48 48 48 1.25 wt% {1.25 wt%|MisToaded, [23.00 {0.90160.0030 [0.9076
Mark IA | Mark IA | Mark IA | Mark 1A | U 35y [wet McO
scrap scrap
CASE3  [1.25 wt%| 1.15 wt% | 1.15 wt% [ 1.15 wt% | 1.15 wt% [1.25 wt%|Drop model [23.25 [0.9104[0.0027 [0.9157
35 235 35 35 25 355 | normal
scrap rubble rubble rubble rubble scrap |insert
CASE3A 1.22§5wt% l.lgswt% l.lzgsswt% 1.12§5wt% 1‘12§’5Wt% 1.22§5wt% Drgp model 23.25 10.931910.0029 (0.9378
U U U U U U thick
scrap rubble rubble rubble rubble scrap |insert
plan_b74 48 48 48 1.22§5wt% 48 48 Misloaded, ]24.00 }|0.9393[0.0026 |0.9445
Mark IA | Mark IA | Mark IA I Mark IA | Mark IA jwet MCO .
scrap
plan_b73 48 48 1.22§:5 wt% l.Zzgsswt% 48 48 Misloaded, |24.00 [0.9587}0.0031 [0.9649
Mark IA | Mark IA U U Mark IA | Mark IA |wet MCO
scrap scrap

*The limiting value for keff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

€l = confidence interval.
MCO = multicanister overpack.
0D = outer diameter.
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CASE1A in Table 6-4 shows that for a normally loaded, dry MCO in a cask,
the K. is small, less than 0.4. The dry case includes 3 kg of water as
residual water left in the MCO after drying. Its density in the MCO is
0.005 g/cm3. When this fuel loading (four baskets of Mark IA intact
assemblies and a top and a bottom basket of 1.25 wt% 23y scrap) is flooded,
as in CASEl (Figure 6-9), the k. increases to almost 0.9. The dry case is
representative of the MCO with significant reflection after being dried in the
HCS Annex at the CSB. The flooded case models the MCO in a cask before
processing in the CVDF. These results show that the normally loaded MCO, when
isolated from other units by the cask or distance, is acceptably subcritical
over the range from fully flooded to dried.

CASE5 (Table 6-4 and Figure 6-10) shows that even if the second scrap
basket is loaded in the most reactive location, next to the other scrap
basket, the k. is Tess than 0.91. Cases plan b74 and plan_b73 are less
refined models of the loaded and flooded MCO n the cask. “Plan_b74 shows that
if a single scrap basket is placed in the center of the stack, the value for
k. is acceptable. Plan_b73 shows that if two scrap baskets are placed in
the center positions, the value for k., is above the acceptable limit of
0.95, although subcritical. If the cause of misloading the two scrap baskets
in this case meets the requirements of the double contingency principle, no
further action is required. Design acceptance is dependent on meeting the
requirements of double contingency.

Dropping a cask-MCO is assumed to rubblize the intact fuel in the central
MCO baskets, drop the baskets into a stack separated by 0.375-in. plates, and
to offset the 6-in. central pipe insert 2 in. off center, allowing rubble and
scrap closer to the center line of the MCO. The scrap and baskets with fuel
rubble are assumed to expand to the inside diameter of the MCO, 23.25 in. The
MCO is engineered to 1imit the radial expansion to this value. The fragments
of the fuel rubble are assumed to combine in optimum particle sizes modeled as
rods. However, the rubble particles at this time are assumed to remain at the
location in which they were crushed and not be momentarily suspended by
rebound.

CASE3 (Table 6-4 and Figure 6-11) represents a single MCO containing six
Mark IA baskets. The four central baskets contain Mark IA_fuel reduced
completely to rubble with an enrichment equal to 1.15 wt% B3, and the
remaining two baskets (t%p and bottom) contain Mark IA scrap with an
enrichment of 1.25 wt% =°U. The stainless steel insert is assumed to be
displaced a distance of 2 in. from the center line of the MCO by the force of
the impact. CASE3A (Figure 6-12) represents the same conditions described in
CASE3 (Figure 6-11), except that the thin-walled stainless steel insert is
replaced with a thicker-walled insert. The MCO is fully flooded and fully
reflected by the steel of the cask and water surrounding the cask.

CASE3 and CASE3A (Table 6-4 and Figures 6-11 and 6-12) show that for a
flooded MCO that is dropped, the value for k. is less than 0.94 regardless
of which of the two central inserts is in place. The K. at the upper 95%
confidence level for the normal, thin 6-in. pipe insert is only 0.9157. For
the drop accident (one contingency), the MCO Toaded normally with Mark IA fuel
and scrap is within allowable Timits.
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Figure 6-9. Analysis Input Models CASEl and CASE2: Axial Geometry.
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Figure 6-10. Analysis Input Models CASE5S and CASE6: Axial Geometry.
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Figure 6-11. Analysis Input Model CASE3: Axial Geometry.
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Figure 6-12. Analysis Input Model CASE3A: Axial Geometry.
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The calculations in Table 6-4 used a rubble packing fraction equal to
0.40 and had the cladding remaining with the fuel. This model is not
optimally moderated for maximum reactivity, but a packing fraction of 0.40 is
reasonably conservative for a rubble bed.

6.4.2.2 Flooded Multicanister Overpack Loadings that Include Mark IV Scrap.
The MCNP cases reported in Table 6-5 model casks loaded with MCOs that contain
baskets of Mark IV scrap and intact or rubblized Mark IV assemblies. Because
the flooded scrap configuration can be more reactive, the k., values are
Targer thqp those cases in Table 6-3. The results in Table 6-5 show that two
0.95 wt% =°U scrap baskets can be included in an MCO loaded with Mark IV fuel
when the scrap baskets are placed at the top and bottom. Acceptable values
for k. are found for the contingencies of one misplaced scrap basket in a
floodeJ MCO and for-'a drop accident with a fleoded MCO.

CASE2A in Table 6-5 shows that for a normally loaded, dry MCO in a cask,
the Kk, is small, less than 0.4. The dry case includes 3 kg of water as
residual water left in the MCO after drying. Its density in the MCO is
0.005 g/cm>. When this fuel loading (three baskets of Mark IV intact
assemblies and a top and a bottom basket of 0.95 wt% “°U scrap) is flooded,
as in CASE2 (Figure 6-9), the k. increases to almost 0.9. The dry case is
representative of the MCO with significant reflection after being dried in the
HCS Annex at the CSB. The flooded case models the MCO in a cask before
processing in the CVDF., These results show that the normally loaded MCO, when
isolated from other units by the cask or distance, is acceptably subcritical
over the range from fully flooded to dried.

Case plan_108 (Table 6-5) models all five baskets filled with Mark IV
inner elements in a close-packed hexagonal array. The MCO is flooded and
fully reflected. This result shows that intact fuel is more reactive than
close-packed inner elements.

CASE6 (Table 6-5 and Figure 6-10) shows that even if the second scrap
basket is loaded in the most reactive location, next to the other scrap
basket, the k. is less than 0.91. CASE2B shows the reactivity of a
misplaced basket of Mark IV fuel scrap in the central location. The Kees 15
less than 0.91. Case plan 133, a less refined model of the loaded and glooded
MCO in the cask, shows that if two scrap baskets are placed in central
positions, the k. value is acceptable. This exceeds the requirements of the
double contingency principle since each misplaced basket is a contingency and
the double contingency principie does not require subcriticality for two
contingencies.

Dropping the cask-MCO is assumed to rubblize the intact fuel in the MCO
and to drop the baskets into a stack separated by 0.375-in. plates. The scrap
and rubble baskets are assumed to expand to the inside diameter of the MCO
(23.23 in.). The MCO is engineered to limit the radial expansion to this
value. The fragments of the fuel rubble are assumed to combine in optimum
particle sizes modeled as rods. However, the rubble particies at this time
are assumed to remain at the location in which they were crushed and not be
momentarily suspended by rebound. CASE4 (Figure 6-13) shows that for a
flooded MCO that is dropped, the k. is less than 0.94. For the drop
accident (one contingency), the MCO 1oaded normally with Mark IA fuel and
scrap is within allowable limits.
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Table 6-5. Analysis Results for Mark IV Fuel and Scrap in Flooded Multicanister Overpacks in Casks.

Basket contents by tier number® Other details Fuel Calculation results®
File ID (fuel assemghes(,j oD
Tier 1 | Tier 2 | Tier3 | Tier 4 | Tiers | %P g AN ciny | i, | SW- 95k’i:1
plan 108 Mark IV | Mark IV | Mark IV | Mark IV [ Mark IV |A1] baskets fully}24.00 |0.6762 [0.0024 |0.6809
B inner inner inner inner inner |packed with clad
element | element | element | element | element [Mark IV inner
elements
CASE2A 0.95 wt% 54 54 54 0.95 wt% [Dry MCO 23.00 |0.3866 |0.0022 [0.3910
=5y Mark IV | Mark IV | Mark IV ]
scrap scrap
CASE2 0.95 wt% 54 54 54 0.9§5wt% Wet MCO 23.00 |0.8824 |0.0022 |0.8869
5y Mark IV | Mark IV | Mark IV Sy
scrap scrap
CASE2B 0.95 wt¥% 54 0.95 wt% 54 0.95 wt% [Wet MCO, one 23.00 |0.8955 [0.0029 |0.9014
25y Mark IV 33y Mark IV 5y misplaced scrap
scrap scrap scrap [basket in middie
position
CASE6 54 54 54 0.%§5wt% 0.%§5wt% Two scrap baskets [23.00 |0.9007 |0.0025 |0.9058
Mark IV | Mark IV | Mark IV U ] next to each
scrap scrap {other near the
bottom, wet MCO )
CASE4 0.%§ﬂrt% 0.%§ﬁYt% 0.%§art% 0.%§ﬁrt% 0.%§ﬂyt% Drop model 23.25 [0.9341 |0.0028 (0.9398
scrap rubble rubble rubble scrap
plan_133 54 54 0.%§5wt% 0.%§5wt% 54 Misloaded, wet 24.00 |0.9493 |0.0016 |0.9525
Mark IV | Mark IV U U Mark IV |MCO
scrap scrap

Tiers number from the top to the bottom of the MCO.
I>‘rhe {imiting value for keff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

€l = confidence interval.
MCO = multicanister overpack.

0D = outer diameter.
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Figure 6-13. Analysis Input Model CASE4: Axial Geometry.
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The calculations in Table 6-5 used a rubble packing fraction equal to
0.40 and had the cladding remaining with the fuel. This model is not
optimally moderated for maximum reactivity, but a packing fraction of 0.40 is
reasonably conservative for a rubble bed. The MCO was fully flooded and fully
reflected by the steel of the cask and water surrounding the cask.

6.4.3 Canister Storage Building

The vault to be used in the CSB contains an array of storage tubes,
10 by 22, with concrete on four sides, the top, and the basemat below. Two
MCOs are placed in each storage tube in a vertical column. The operations
floor at the top of the tubes is 1.2-m- (4-ft-) thick concrete. Each tube is
a penetration in the operating floor that extends down to the vault floor.
A 30-cm (12-in.) impact limiter is located at the bottom of each tube and
between the two MCOs in a tube. The vault walls are closest along the 22-tube
side, but over 3 m (10 ft) distant on the 10-tube side.

The MCNP results in Table 6-6 are for normally loaded MCOs inside tubes
at the CSB and inside the MHM. The fuel is contained in the 23-in.-diameter
baskets. MCOs with Mark IV fuel are modeled with three central baskets of
54 fuel assemblies each and scrap in the top and bottom baskets. MCOs with
Mark IA fuel are modeled with four central baskets of 48 intact fuel
assemblies each and scrap in the top and bottom baskets. For Cases ocl.l and
ocl.2, the concrete walls are modeled only 27 and 28 in. from the center line
of the CSB storage tube at the edge of the 10 by 22 unit array. The four
cases in Table 6-6 give the k. for normal, dry MCOs containing air with
water vapor at 0.0051 g/cm3 (3 kg of water per MCO), which is a conservative
estimate of twice the expected residual water in the fuel after hot
conditioning. The space between the MCO and CSB storage tube and the space
between storage tubes is modeled with a water density of vapor (0.0012 g/cms).
At that density the intertube moderating effect of water vapor has fallen
below the maximum and is equivalent to zero water for having humidity in the
air between the tubes.

The MCOs are raised and lowered through the concrete floor and moved to
and from the HCS Annex using the MHM. An MCO in the HCS is modeled surrounded
by a 1-ft-thick cylinder of concrete at a radial distance of 1 ft. When an
MCO is removed from or inserted into a storage tube, it is closely surrounded
for 4 ft along its length by the operating deck slab. An MCO closely
reflected by thick concrete will be analyzed in Section 6.5. However, the
greatest reflection during its movement in the CSB is when the MCO is in the
MHM closely reflected by 10 in. of stainless steel. A single MCO is modeled
with stainless steel directly around and above, with thick concrete below.

Case ocl.4 (Table 6-6) has dry Mark IA fuel in the center baskets and
scrap in the top and bottom baskets. The k., 0.3041, plus two standard
deviations (o = 0.0017) is 0.3075. Case oci.5 (Table 6-6) has dry Mark IV
fuel in the center baskets and scrap in the top and bottom baskets. The k ,
0.3280, plus two standard deviations (¢ = 0.0015) is 0.3311. For the two
types of fuel in a normal arrangement with maximum reflection for normal CSB
activities, the upper 95% confidence Tevel k., is less than 0.35. This
result shows that when the MCO is moved, under normal conditions and in normal
work areas, there is a significant reactivity margin for criticality safety.
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Table 6-6. Analysis Results for Normally Loaded Multicanister Overpacks Inside the Canister Storage

Building and Multicanister Overpack Handling Machine.

Payload cluster

Water density (g/cm3)

Calculation results?®

File ID| Fuel type ! nymber of Assemblies per MCO Between storage Std. 95% CI
baskets basket interior tubes and Kets dev k
outside MCOs : eff
ocl.l |Mark IA° {1 top 1.25 wt% U scrap| 0.0051 | 0.0012 (vapor) | 0.3789 | 0.0005 | 0.3799
4 middle 48 Mark IA
1 bottom 1.25 wt% 25U scrap
ocl.2 [Mark IV" |1 top 0.95 wt% U scrap| 0.0051 | 0.0012 (vapor) | 0.3719 | 0.0006 | 0.3731
3 middle 54 Mark IV
1 bottom |0.95 wt% 23U scrap
ocl.4 |Mark IA® |1 top 1.25 wt% 20 scrap| 0.0051 N/A 0.3041 | 0.0017 | 0.3075
4 middle |48 Mark IA
1 bottom 1.25 wt% 25U scrap
ocl.5 [Mark IV |1 top 0.95 wt% 2*°U scrap | 0.0051 N/A 0.3280 | 0.0015 | 0.3311
3 middle 54 Mark IV
1 bottom 0.95 wty U scrap

aThe Limiting value for k
bhcdel using 10 x 22 x 2

10 x 22 _x 2 hexagonal array of CSB.
Modeted as having 10 in. of steel on top and side, and a 2-ft-thick concrete floor below.

SMCO stored in MHM.

CI = confidence interval.
MCO = multicanister overpack.
N/A = not applicable.

ef¢ Should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).
array of MCOs in CSB storage tubes with concrete watls, floors and walls.

Fuel density corresponds to the actual

0 A S00-YYYS-AINS-AS-d4NH



HNF-SD-SNF-SARR-005 REV 0

The thick steel shielding in the MHM and the concrete in the HCS isolate the
MCO neutronically, so interaction with external fissile material.is not a
consideration. Also, extracting an MCO through the CSB.operating deck would
decrease its reactivity by distance and isolation because of the deck and MHM.

The MCNP results in Table 6-7 present the normal array reactivity.
Intact Mark IV fuel is modeled in all five baskets of the MCO with 54 fuel
elements per basket or in the three central baskets with scrap in the top and
bottom baskets. MCOs with Mark IA fuel are modeled with four central baskets
of 48 intact fuel assemblies each and scrap in the top and bottom baskets.
The four cases in Table 6-7 give the k. for normal, dry cases. The air
inside the MCO is modeled as water vapor at 0.0012 g/cm” or at a conservative
estimate of twice the expected resjdual 3 kg of water per MCO water in the
fuel after hot drying (0.0051 g/cm® of water [3 kg of water per MCO]). The
space between the MCO and CSB storage tube and the space between storage tubes
is modeled with a water density of vapor (0.0012 g/cms). At that density the
intertube moderating effect of water vapor has fallen below the maximum and is
equivalent to zero water for having humidity in the air between the tubes.

Case plan_149 (Table 6-7) has all intact, dry, Mark IV fuel in a
24-in.-diameter basket. The other cases have intact fuel in the center
baskets and scrap in the top and bottom baskets, with a basket diameter of
23 in. Cases csb04 and csb03 (Table 6-7) model the 10 by 22 array of storage
tubes using the two fuel enrichments and concrete walls, basemat, and
operating deck, which is at the level of the top of the storage tubes. The
operating deck is modeled as 4 ft thick and the walls and floors 1 ft thick.
These two cases model conservatively the moisture expected in the MCOs and the
humidity that could be in the space around the tubes. For these two normally
loaded cases, the k., is less than 0.4. The normally lToaded CSB vault is
safely subcritical and well within the allowable reactivity Timit. These
results demonstrate conclusively that for normal conditions, the reactivity of
dry MCOs in the CSB storage tubes is very low.

Case ocl.3 (Table 6-7) models an infinite array of storage tubes with the
same vertical fuel and reflector arrangement as case ocl.2 (Table 6-6). As
expected, the k4 for an infinite array is larger, although not by a
significant amount, than the 10 by 22 array surrounded by walls of concrete.

6.4.4 Cold Vacuum Drying Facility

The CVDF, shown in Figure 6-14, has five processing bays, four active and
one spare, that each house a transfer cask trailer containing a single cask-
MCO. The transfer cask has a shielded central region and a removable 1id;
each cask contains a single MCO.

The transfer cask trailer is received at the CVDF with the MCO flooded
and the shielded region containing the MCO dry and covered. After the trailer
is secured in a CVDF processing bay, the 1id of the cask is removed and water
is piped through a process line into the transfer cask annulus completely
surrounding the MCO with water. The water in the cask annulus outside the MCO
will be heated, if needed, to facilitate vacuum drying. A process suction
line is connected to the MCO and the water inside the MCO is pumped out.
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Table 6-7. Analysis Results for Normally Loaded Multicanister Overpacks in the
Canister Storage Building.
Payload cluster Water density (g/cmz’) Calculation results®
File ID |Fuel type| nymber of Assemblies Mo Bet:ﬁggss:?‘gage K Std. 95% CI
baskets per basket interior outside MCOs eff dev. Kess
plan_149 |Mark Ive 5 54 0.0012 0.0012 (vapor) | 0.3841 | 0.0020 | 0.3880
csbo4 Mark 1A° |1 top 1.25 wt% 25U scrap | 0.0051 | 0.0012 (vapor) | 0.3789 | 0.0008 | 0.3804
4 middle |48 Mark IA
1 bottom |1.25 wt% *°U scrap
csb03 Mark IV¢ |1 top 0.95 wt% U scrap 0.0051 0.0012 (vapor) | 0.3729 | 0.0007 | 0.3744
3 middle |54 Mark IV
1 bottom |0.95 wt% 2%y scrap
ocl.3 Mark 1v¢ |1 top 0.95 wt% 2°U scrap [ 0.0051 | 0.0012 (vapor) | 0.3997 | 0.0018 | 0.4033
3 middle |54 Mark IV
1 bottom |0.95 wt% =%y scrap

aThe Limiting value for k
Bmark 1v type neglects thé

MCOs plgced within each storage tube.

e

¢ Should be considered 0.945
tie rod at center, which excludes the center assembly in the array. MCOs are in a 10 x 22 lattice with two
One-foot-thick concrete walls are modeled on four sides and the floor, but not the top.
odel of actual 10 x 22 x 2 hexagonal array of MCOs in CSB storage tubes with concrete walls, floor, and walls.

to allow for a code bias of -5 mk (see Section 6.6.3).

odeled as an infinite array of CSB storage tubes with two MCOs and concrete above and below.

CI = confidence interval.
MCO = multicanister overpack.
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Figure 6-14. Typical Processing Bay at the Cold Vacuum Drying Facility.
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The waste water from the MCO is pumped to a 1,135-L (300-gal) tank in the
radioactive liquid waste system. Water from the 1,135-L (300-gal) tank is
filtered and transferred to the 18,900-L (5,000-gal) storage tank. After the
bulk water is removed, the MCO is further vacuum dried. -

The results of MCNP computer calculations provided in Table 6-8 show the
reactivities of normally loaded MCOs. An MCO containing Mark IV fuel is
loaded with five baskets, the central three baskets each loaded with 54 intact
Mark IV fuel elements and the baskets on the top and bottom loaded with scrap
pieces from Mark IV fuel. An MCO containing Mark IA fuel is loaded with six
baskets, the central four baskets each loaded with 48 intact Mark IA fuel
elements and the baskets on the top and bottom loaded with scrap pieces from
Mark IA fuel. The Mark IA fuel in the scrap baskets is assumed to have an
enrichment of 1.25 wt.% U. Each MCO is isolated neutronically by the cask
shielding region from other MCOs and fissionable material outside the transfer
cask. The MCO and the cask's outer annulus are assumed to be flooded, which
is the most reactive and limiting situation. Cases 1 and 2 in Table 6-8
represent the Mark IA and Mark IV MCOs with the MCO and cask annulus flooded
and the 1ids in place on the transfer cask. Cases 3, 4, 5, 6, 7, and 8
represent variations of Mark IA and Mark IV fuel with the MCO either dry or
wet and the cask annulus either dry or wet. The 95% confidence level
reactivities do not exceed 0.90 for any of these cases. All of these
reactivities are well below the criticality safety limit.

6.4.5 Sensitivity Studies

A number of design variable uncertainties (i.e., an assortment of fuel
assembly lengths, unresolved cask dimensions, and degrees of fuel corrosion)
affect the MCO reactivity. Base case calculations were performed with
conservative assumptions (e.g., the longest lengths for Mark IV and Mark IA
fuel assemblies, extremes of unresolved design dimensions, and optimum or full
moderator densities). The following cases show the relationship of MCO
reactivity to several examples of design variable uncertainties.

6.4.5.1 Fuel Length. The Mark IA and Mark IV fuel assemblies were
manufactured in discrete lengths. The longest Mark IA fuel assembly is

53.0 cm (20.88 in.) and the Tongest Mark IV fuel assembly is 66.3 cm

(26.1 in.). The reactivities of flooded MCOs Toaded using these fuel lengths
are listed in Table 6-8. Cases 1 and 2 in Table 6-9 are flooded MCOs loaded
with Mark IA fuel assemblies that are 49.8 cm and 37.8 cm long in the four
central baskets. Cases 3, 4, and 5 in Table 6-9 are flooded MCOs loaded with
Mark IV fuel assemblies that are 62.5 cm, 58.9 cm, and 44.2 cm long in the
three central baskets. The mean and 95% confidence level reactivities of
these cases show a modest sensitivity to the fuel length variations. The
maximum k., for an MCO loaded with 49.8-cm Mark IA assemblies was
approximately 4 mk above the longest-length fuel assemblies. Mark IV fuel
reactivity decreased for all lengths shorter than 66.3 cm, with a maximum
decrease of about 7 mk for the fuel length corresponding to 58.9 cm.
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Table 6-8. Analysis Results for Normal Multicanister Overpack Shipping Casks
in the Cold Vacuum Drying Facility.
Number Calculation results*
Case File ID Fuel wgggr ancnauslkus of Comments
1D type density | density scrap K Standard 95% CI
baskets eff deviation Kegs
1 ocvdl.l | Mark IA 1.0 1.0 2 Flooded MCO, annulus 0.8826 0.0031 0.8888
2 ocvdl.?2 | Mark IV 1.0 1.0 2 Flooded MCO, annulus 0.8894 0.0023 | 0.8940
3 ocvdl.3 | Mark IA 0.0051 1.0 2 Dry MCO, flooded 0.3768 0.0017 0.3801
annulus
4 ocvdl.4 | Mark IV 0.0051 1.0 2 Dry MCO, flooded 0.3877 0.0018 0.3912
annulus
5 ocvdl.5 | Mark IA 1.0 0.0012 2 Flooded MCO, dry 0.9017 0.0028 0.9072
annutus
6 ocvdl.6 | Mark IV 1.0 0.0012 2 Flooded MCO, dry 0.9000 0.0025 0.9049
annulus
7 ocvdl.7 | Mark IA 0.0051 0.0012 2 Dry MCO, annulus 0.2995 0.0011 0.3017
8 ocvdl.8 | Mark IV 0.0051 0.0012 2 Dry MCO, annulus 0.3216 0.0016 0.3248

*The limiting value for keff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

Cl = confidence interval.

MCO = multicanister overpack.
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Table 6-9. Analysis Results for Multicanister Overpack Shipping Cask Sensitivity Studies. (2 sheets)
Case el MCO Cask NUE?GY Calculation results*
i C t
| F1e 10 type dgﬁﬁ?{y 32221%; scrap omments L Standard | 95% CI
baskets eff deviation Koes
1 ocvd4.l | Mark IA 1.0 1.0 2 4 baskets of 49.8 cm | 0.8877 0.0036 0.8949
fuel )
2 ocvdd.2- | Mark IA 1.0 1.0 2 4 baskets of 37.8 cm | 0.8808 0.0031 0.8869
fuel
3 ocvd4.3 | Mark IV 1.0 1.0 2 3 baskets of 62.5 cm | 0.8837 0.0024 0.8885
fuel
4 ocvd4.4 | Mark IV 1.0 1.0 2 3 baskets of 58.9 c¢cm | 0.8817 0.0034 0.8884
fuel
5 ocvdd.5 | Mark IV 1.0 1.0 2 3 baskets of 44.2 cm | 0.8852 0.0028 0.8908
fuel
6 ocvd4.11 | Mark IV 1.0 1.0 2 3 baskets of intact 0.8891 0.0028 0.8947
fuel mass reduced by .
10%
7 ocvd4.12 | Mark IV 1.0 1.0 2 3 baskets of intact 0.8883 0.0032 0.8947
fuel mass reduced by
20%
8 ocvd4.13 | Mark 1V 1.0 1.0 2 3 baskets of intact 0.8808 0.0029 0.8866
fuel mass reduced by
30%
9 ocvd4.14 | Mark IV 1.0 1.0 2 3 baskets of intact 0.8680 0.0025 0.8730
fuel mass increased e
by 100 kg U0,
10 ocvd4.15 { Mark IV 1.0 1.0 2 3 baskets of intact 0.8552 0.0023 0.8597
fuel mass increased
by 200 kg U0,

0 A3d S00-YYYS-INS-AS-iNH
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6.4.5.2 Fuel Mass. The next two sets of sensitivity cases involve
counteracting situations of realistic fuel mass being lost by corrosion before
loading and of fuel mass being added in the lower baskets by corrosion
particles of uranium oxide dropping from upper baskets. The second set of
cases investigates the reactivity effect of fuel mass redistribution that was
modeled as a conservative uniform mass increase in the MCO central intact fuel
baskets.

Fuel mass will be lost from damaged fuel because of corrosion and because
of cleaning of the fuel in the K Basins before the fuel is loaded into the
MCOs. The effect on reactivity of this fuel mass loss is shown in Cases 6, 7,
and 8 (Table 6-9), in which a uniform loss of mass in an MCO containing
Mark IV fuel was modeled as a density reduction of 10%, 20%, and 30%,
respectively. The mean and 95% confidence level reactivities of these cases
show a slight and uncertain effect on reactivity for uniform mass loss at and
below 20%. The results show a definite decrease of about 9 mk in reactivity
corresponding to a decrease of 30% fuel density.

Fuel mass in each of the three intact fuel baskets was assumed to be
increased by uranium oxide dropped from corroded Mark IV fuel and Mark IV fuel
scrap in the upper baskets. The increased mass was assumed to be
redistributed in the interstitial regions between fuel assemblies and in the
coolant channels of the fuel assemblies. The effects on reactivity of this
fuel mass increase are shown in Cases 9, 10, and 11 (Table 6-9), in which a
uniform mass of 100 kg, 200 kg, and 300 kg of UO, was modeled as being
distributed in the central three fuel baskets. }he mean and 95% confidence
level reactivities of these cases show a progressive decrease with increasing
U0, mass when compared to Case 2 for the Mark IV MCO in Table 6-8.

6.4.5.3 Thickness of Cask Annulus Water. The effect of cask annulus water
thickness on reactivity also was investigated. The reactivities determined
are shown in Cases 12 through 16 in Table 6-9 for a Mark IV MCO. Case 12
assumed no cask annulus gap, and Cases 13 through 16 assumed progressive
increments of 0.5 in. above the base case thickness of 0.5 in. These cases
show that the reactivity progressively decreases with increasing cask annulus
thickness.

6.4.5.4 Interspersed Moderator Density. Several calculations have been
performed to address interspersed moderator density within the MCO. Both
fully flooded and dry cases have been evaluated, as well as intermediate water
densities that span the range from fully flooded to dry conditions (see
Section 6.7.2). Explicit calculations treating partially water-filled MCOs
have been performed. These cases, shown in Figure 6-15, indicate a slight
ke¢s Peak greater than the fully flooded case. The increase in k., at the
peak (above the fully flooded case) is only on the order of the 56 error in
the MCNP results, but the trend appears smooth. The "zero" water Tevel
corresponds to the axial mid-plane of the MCO, and arises from the coordinate
system used in the MCNP input model. The lowest water level shown in

Figure 6-15 corresponds to the lower scrap basket being half-flooded; the dry
case is so unreactive (k. < 0.40) that the vertical scale becomes expanded
to the point where the shape in the remaining curve becomes difficult to see.
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Figure 6-15. k. Versus Water Level Internal to a
Mark IV Loaded Multicanister Overpack.
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6.4.5.5 Plutonium Buildup on Scrap. Optimal scrap is treated as unexposed
fuel pieces, with no plutonium buildup. One concern has been that plutonium
buildup on the exterior surface of fuel elements might preferentially corrode
off the element and contribute to more highly reactive scrap pieces in basin
sludge. This question has been addressed for decladding waste streams sent to
the Hanford Site Tank Farms (Rogers et al. 1996, Schwinkendorf 1996). While
enhanced plutonium buildup near the outer surface of nuclear fuel (not just
Hanford Site reactor fuel) is well known, the peaking factor (which may be
defined as the plutonium concentration at the surface divided by the fuel
average p]uton1um concentration) is not much greater than a factor of two.
Enhanced >U dep1et1on also occurs at the fge] surface. Criticality is
affected by both the %y buildup and the ““U depletion. However, fuel
corrosion tends to progress axially from damaged ends and not radially inward.
Additional parametric studies may be pursued in the future, but this is not
expected to be a significant factor.

6.4.5.6 Lattice Spacing. The MCO analyses use a center-to-center hexagonal
spacing of 2.8 in. for fuel assemblies. The spacing is established by rings
on the bottom of the fuel baskets. Previous analyses have shown that the
optimal spacing of N Reactor fuel in water is around 3.1 in. Using a larger
spacing would make loading the MCO containers easier, but it also would
increase the reactivity of the lattice, because the original design was
undermoderated.
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The effect of fuel assembly spacing was analyzed using MCNP calculations
for the geometric arrangement shown in Figure 6-16, but with lattice spacing
increased to 2.9 and 3.0 in. The 3.0-in. spacing is difficult to pack into
the MCO because the outermost 12 assemblies impact the inner wall of the MCO.
If these outermost 12 assemblies are removed, a spacing of 3.1 in. is
possible. This fuel arrangement is shown in Figure 6-16.

Figure 6-16. Reduced Loading for Mark IA Fuel in
Multicanister Overpack (12 Assemblies Removed).
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Figure 6-17 shows MCNP results for the effect on k.. of lattice spacing
and the removal of 12 fuel assemblies. The removal of 12 elements reduces the
reactivity and does not present a potential problem if the baskets are not
fully loaded. The nominal basket diameter is equal to 22.6 in., and the
diameter for a drop accident fuel basket is 23.25 in. The maximum lattice
spacing for a 22.6-in. diameter basket is 2.86 in. Dividing an additional
quarter inch among six lattice elements on all dimensions would give a maximum
hexagonal spacing of less than 2.9 in. With the spacing of the bottoms of the
fuel at 2.8 in. and the unrestrained tops at 2.9 in., the average spacing
would be 2.85 in. The increase in k. for the half-inch increase in lattice
spacing is less than 0.004, as shown in Figure 6~17. This effect of increased
fuel element spacing at the unrestrained tops of the intact fuel elements is
small and will be neglected. Since decreasing the lattice spacing decreases
the k., ring spacing on the fuel bottom plates of less than 2.8-in. is
conservatively covered by this analysis. The actual lattice spacing of
2.77 in. is conservatively approximated by 2.8 in.

SARR-005.06 6-39 December 30, 1996



HNF-SD-SNF-SARR-005 REV 0

Figure 6-17. Kk, Versus Lattice Spacing - Mark IA Fuel Assemblies.
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6.4.5.7 Partial Fuel Loading. The effect of removing certain fuel
assemblies, leaving "holes" in the loading pattern, also was analyzed. The
lattice is slightly undermoderated, so there was concern that a partial
loading might result in a higher k., as the fuel was loaded into the MCO.
Figure 6-18 shows the decrease in K ¢ as the number of fuel assemblies drops
from 48 to 42. These results show %%at even though the fully loaded lattice
is s1ightly undermoderated, partial fuel loading will still be less reactive
than the fully loaded case because there is less fissile material in a finite
system. The k. is affected more by total fissile material than by the
spacing. When ﬁoading fuel, adding parts of elements should be less reactive
than whole elements. Loading outer elements first, or parts of a fuel
element, would be bounded by the total mass of fissile material in whole
elements. Figure 6-17 shows that as fuel assemblies are removed, the K.
will decrease.

6.4.5.8 Loading Mark IA Outer Elements Only. This section demonstrates the
reactivity effect of partially filled baskets that will occur during the
retrieval process. When loading the MCO fuel baskets with intact fuel
assemblies, the plan is to first load each basket with outer elements, and
then insert inner elements into the outer elements. This is a variation on
what was analyzed in the previous section, where six whole assemblies were
removed from the loading pattern. Because the lattice is slightly
undermoderated at a pitch of 2.8 in., removal of some fuel was thought to
potentially increase reactivity. Removing all inner elements removes fuel
more uniformly than extracting whole assemblies. Mark IA outer elements
become optimal (have minimal critical mass) at a spacing of 2.9 to 3.0 in.
center-to-center in a hexagonal lattice. This is less than the optimal
3.1-in. lattice spacing for intact assemblies. If the fuel baskets are loaded
with only Mark IA ocuter elements, the lattice is somewhat closer to optimal
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Figure 6-18. Partial Loading of Fuel -
Mark IA Fuel Assemblies.

0.860

0.850

0.840

0.830

k-effective

0.820

0.810

0.800 1

t } —+ —+ +
48 47 46 45 44 43
Number of Assemblies Present.

- —eff v k-eff+2sig a kAeff~25ud

spacing. The Mark IA base case was redone with all Mark IA inner elements
removed, and the result was a k.. of 0.8804 + 0.0031 (0.8866 at the upper 95%
confidence level). Comparing this with the nominal value, k. equals 0.8826
+ 0.003]1 (0.8888 at the upper 95% confidence level) leads to the conclusion
that removing fissile material from a finite system with significant radial
Leakage overrides the infinite lattice effects and the k. actually

ecreases.

6.4.5.9 Fuel Temperature. The effect of temperature on reactivity was
evaluated for both Mark IV and Mark IA fuel assemblies. The WIMS-E lattice
code (Gubbins et al. 1982) was used to calculate the lattice k, and Doppler
coefficient for both Mark IV and Mark IA fuel as a function of temperature.
The Doppler coefficient may be approximated between two discrete temperatures
using the following relationship:

0% (Ko (T4AT) - k (T-AT
ol _ tpl _ 107 (ko(T4AT) - k(T-AT)) pem/K.

a(T) =
aT AT ko (T+AT) k (T-AT) (2AT)

The 10° multiplier in the above equation converts the raw reactivity, Ao,
into units of pem, or percent milli-k. Figure 6-19 illustrates the Tattice k,
and Doppler coefficients as functions of temperature for both of these fuel
types. As expected, both N Reactor fuel types have negative Doppler
coefficients because of their Jarge 28y contents. Mark IV fuel exhibits a
sTightly more negative Doppler coefficient than Mark IA fuel because the a8y
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content is greater. At room temperature (MCNP calculations reported in this
chapter were performed at 300 K), the Doppler coefficients are approximately
equal to -3 pcm/K. As temperature increases, the Doppler coefficients become
less pronounced. The somewhat erratic behavior of the Doppler coefficients is
caused by finite code convergence; differentiation amplifies any nonuniformity
in the k, results. Estimating the change in k. for an MCNP calculation at a
different temperature can be accomplished by re%erence to Figure 6-19. At
room temperature (300 K), the Doppler coefficient for Mark IV fuel is shown in
Figure 6-19 to be -3 pem/K. For a temperature of 10 °C (283 K), this
represents a reduction of 17 °C from 300 K. The estimated change in k.,
would be an increase of approximately 50 pcm, or 0.5 mk, which is trivial
compared to the lo error in typical MCNP results.

Figure 6-19. Lattice k, and Doppler Coefficients
for N Reactor Fuel Assemblies.
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6.4.5.10 Dimensional Tolerance. The effect of dimensional tolerance on
reactivity was analyzed parametrically by a series of calculations using the
WIMS-E code (Gubbins et al. 1982). Table 6-10 contains the radial dimension
specifications for Mark IV and Mark IA fuel types (Jack 1988). Table 6-11
shows the variation in lattice k, as the radial fuel dimensions are varied.
Either minimum or maximum dimensions were selected to arrive at either minimum
or maximum uranium fuel region thicknesses. In all cases, the fuel assemblies
were placed in an infinite water lattice at optimal spacing. The sensitivity
of reactivity to radial dimension tolerances is shown to be less than 1 mk.
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Table 6-10. Radial Dimension Specifications for N Reactor
Mark IV and Mark IA Fuel Assemb11es

Mark IA (in.) Mark IV (in.)
Outer element:
Quter diameter 2.391 - 2.416 2.410 - 2.435
Inner diameter 1.754 - 1.779 1.691 - 1.716
Inner element:
Quter diameter 1.237 - 1.256 1.267 - 1.286
Inner diameter 0.431 - 0.450 0.473 - 0.492

Table 6-11. Sensitivity of Lattice k, to
Radial Dimension Tolerances.

) Mark IA Mark IV
Minimum uranium thickness 1.131423 1.062878
Nominal uranium thickness 1.132133 1.062349
Maximum uranium thickness 1.132055 1.061646

6.4.5.11 Enrichment Tolerance. The effect of enrichment tolerance on
reactivity was analyzed parametrically by a series of calculations using the
WIMS-E code (Gubbins et al. 1982). The enrichment tolerance for N Reactor
fuel was equa1 to 0.006 wt% U (Gant and Zilar 1977). Table 6-12 shows the
variation in lattice sz as the fuel enrichment was either increased or
decreased by 0.006 wt% 0. In all cases, the fuel assemblies are placed in
an infinite water lattice at optimal spacing. The sensitivity of reactivity
to enrichment tolerance has been shown to be approximately 12 mk for a
+0.006 wt% U enrichment variation.

Table 6-12. Sensitivity of Lattice k, to
Enrichment Tolerances.

Mark IA Mark IV
Minimum uranium enrichment 1.130463 1.060261
Nominal uranium enrichment 1.132133 1.062349
Maximum uranium enrichment 1.133780 1.064408
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6.4.5.12 Packing Fraction. The packing fraction is the volume fraction of
fuel in the unit lattice. An optimal packing fraction was used for scrap with
both size and spacing varied to maximize reactivity. This packing fraction
varies according to enrichment but is equal to 0.320 for Mark IV scrap and
0.294 for Mark IA scrap. Curves showing optimal reactivity are presented in
Section 6.7, A value of 0.40 was used to represent rubble formed from crushed
fuel from the drop accident. This packing fraction is adequately
conservative. It is close to the lattice packing fractions of 0.443 for
intact Mark IV fuels and 0.392 for intact Mark IA fuels. A more realistic
packing fraction representing rubble will be larger than this assumed value
and will decrease the MCO reactivity. For Mark IV rubble, the lattice k, is
reduced from 1.08978 for the optimal configuration (scrap) to 1.07757 (for a
packing fraction of 0.40). For Mark IA rubble, the lattice k, is reduced from
1.15472 for the optimal configuration (scrap) to 1.13399 (for a packing
fraction factor of 0.40). Still more reactivity loss would be experienced for
higher packing fractions, as this would drive the system to be even more
undermoderated.

6.5 CONTINGENCY ANALYSIS

6.5.1 Summary and Conclusions

This section of the analysis describes the contingency conditions of the
MCO in the K Basins, the CSB, and CVDF. The MCOs under contingency conditions
in these facilities are analyzed, and the resulting neutron multiplication
factors are compared to the allowable 1imit. The comparison shows that the
?esign gf the MCO is constrained in order to meet the multiplication safety
imit of 0.95.

The most significant accident condition is the 100 g cask drop. It could
rubblize the fuel elements and increase the reactivity of those baskets. For
basket diameters of 23.25 in. and a maximum rubble packing factor of 0.40, and
including the steel of the basket in the baseplate, the MCO design meets the
criticality safety limits. If baskets collapse into a stack, the resulting
upper tolerance limit values are close to allowable 1imits. The basket
integrity in the drop accident is still under review. If baskets can
collapse, further analysis using more realistic characterization will need to
show conclusively that basket collapse is acceptabie.

Mark IA fuel (1.25 wt% 235U enrichment) baskets have a central spacer to
exclude fuel from the higher reactivity space. The drop accident could offset
that spacer. The analysis shows that the spacer design is to allow only a
2-in. offset in the drop accident. At that offset, the upper tolerance for
the multiplication value is within acceptable limits.

An MCO was analyzed for misloading one canister of Mark IA fuel instead
of the lTower enrichment Mark IV fuel. For both intact fuel elements and
scrap, the results were within allowable limits for MCOs alone, in a cask, or
in the CSB.

For dry MCOs in the CSB, the reactivity is low. Only adding water can
increase the reactivity. Analysis of adding water and even misloading an MCO
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with one contingency of higher enrichment fuel does not exceed allowable
limits. The passage of an MCO from the MHM to the storage tube was analyzed.
For each material as reflector, the MCO was within 1imits for dry and flooded
conditions.

The analysis shows that for a third scrap basket in the flooded MCO in
its cask at the CVDF, the upper tolerance values are within allowable Timits.
Adding a third scrap basket is considered to be the worst contingency expected
for the CVDF.

6.5.2 Multicanister Overpack Drop

For the 100 g drop accident, the fuel assemblies are changed to rubblized
fuel. Cladding is assumed to remain in place metallurgically bonded to the
uranium scrap. Calculations have shown that the maximum reactivity remains
about the same with or without cladding; just the rod size and spacing
changes. The total uranium is conserved from before the drop. Under these
constraints, a rod diameter is used to maximize the reactivity of the rubble
model. For 0.95 wt%, 1.15 wt%, and 1.25 wt% enriched uranium metal, the size
and spacing optimize in such a way that the water-to-uranium volume ratio is
higher than would typically be expected in a packed debris bed; the optimal
packing fraction for scrap rods is on the order of 30% to 35%. The model uses
a conservative packing fraction of 0.40. Experience with random, packed beds
indicates that a packing fraction of 64% is more typical for irregularly
shaped pieces (Berryman 1983); using the more typical packing fraction drives
the lattice far below critical because of undermoderation.

MCNP calculations were performed that considered neutron absorption
provided by structural materials. These included the perforated stainless
steel baseplates, stainless steel baskets, and the central steel pipes in the
fuel baskets. After impact, the basket material was modeled as part of the
baseplate. The pipe was modeled as-is. The stainless steel basket material
and perforated baseplates were conservatively modeled as solid 0.38-in. plates
between the fuel in the baskets. The inside diameter of the fuel was assumed
to increase to 23.25 in. because the MCO restrains further radial expansion of
rubblized fuel.

MCNP results for a flooded MCO loaded with scrap are contained in
Table 6-13. In calculation plan b77, a1l of the rubble is assumed to be
1.15 wt% “°U enriched rods. The nominal k., is greater than the
0.945 allowable 1imit. The assumptions for this result are that the scrap is
optimally sized and spaced rods without cladding material present.

Calculation plan_140 includes the cladding material in the optimized
lattice. This calculation is below the 0.945 criterion at the upper 95%
confidence Tevel. This is representative of the k. of the MCO during a
transient phase — the MCO is in free fall after impacting and before
everything has come to rest. Credit may not be taken during this phase for
gravity compaction of the debris, and the debris pieces may be free to arrange
themselves into optimal spacing.
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Table 6-13. Analysis Results for Flooded Multicanister Overpack Shipping Casks Loaded with Scrap.
Calculation results®
Case ID ,3‘;;5 Cladding Pfaaccktionﬁ s?):;ﬁgb Other Std. 95% CI
(in.) Kets dev. '
plan b77 Mark IA No 0.2962 0.375 |QOptimal sized and spaced 0.9485 | 0.0027 | 0.9538
- rod fills basket
plan_140 Mark IA Yes 0.3011 0.375 |48 Mark IA fuel mass 10.9355 | 0.0031 | 0.9417
plan_l4] Mark IA Yes 0.4 5.54 48 Mark IA fuel mass 0.8366 | 0.0025 | 0.8415
plan_154 Mark IA Yes 0.4 0.375 {48 Mark IA fuel mass 0.9049 | 0.0026 | 0.9100
plan_b93 Mark IV No 0.3541 0.375 |54 Mark IV fuel mass 0.9661 | 0.0028 | 0.9717
plan_142 Mark IV Yes 0.3541 0.375 |54 Mark IV fuel mass 0.9536 | 0.0025 | 0.9587
plan_143 Mark IV Yes 0.4 3.37 54 Mark IV fuel mass 0.9159 | 0.0032 | 0.9223
plan_153 Mark IV Yes 0.4 0.375 (54 Mark IV fuel mass 0.9404 | 0.0031 | 0.9466
plan_155% | Mark IV Yes 0.4 0.375 |54 Mark IV fuel mass 0.9400 | 0.0012 | 0.9424

aMark IV type neglects tie rod at center, which excludes center assembly in array.

assevrbl‘i’es from seven central positions.
Spacing between top of scrap or rubble and the bottom of scrap or rubble in the basket above.

SThe limiting value for ke

should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

Same as plan_153, but four times the number of neutron histories were used to reduce the Monte Carlo statistical error.

CI = confidence interval.
MCO = multicanister overpack.

Mark 1A has a 6-in.-diameter steel insert, excluding
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Calculation plan 141 assumes a more realistic packing fraction of 0.40,
and that total uranium is conserved from fully loaded fuel baskets. The
debris height is only 40 cm in each fuel basket, leaving standing water above
this level. There is no debris assumed inside the 6-in. steel insert. This
is representative of the k., of the MCO after everything has come to rest,
and the debris has compacted and displaced water from the debris matrix, so an
undermoderated system exists. Case plan 141 is much Tower than Case plan_l40,
not only because of reduced moderation at the lattice level but because a
5.54-in. separation, filled with water (and the stainless steel baseplates),
is assumed between the settled rubble in each basket. This layering of rubble
and water provides significant neutronic isolation.

If the accident is severe enough, the axial positioning of the fuel
baskets cannot be ensured. Case plan 154 assumes that all the fuel baskets
have fallen down on each other, removing the water separation between the
rubbie-filled baskets. The k. is equal to 0.9100 at the upper 95%
confidence Tevel, still below the allowable limit of 0.945.

These analyses were repeated for MCOs containing Mark IV fuel. The
bottom half of Table 6-13 presents the results. In calculation plan b93, all
of the scrap is assumed to be 0.95 wt% “°U enriched rods. With all of the
five baskets loaded with optimally spaced scrap, the nominal k.. exceeds the
0.945 safety 1imit. The calculation assumes optimally sized anJ spaced rods
with no credit taken for cladding material. When the cladding material is
added in and the rod size is optimized for the total uranium in a full load of
54 assemblies, as in calculation plan_142, the value for k. drops to 0.95361
+ 0.0025 (0.9587 at the upper 95% confidence level). This is representative
of the k¢, of the MCO during a transient phase — the MCO is in free fall
after impacting and before everything has come to rest. Credit may not be
taken during this phase for gravity compaction of the debris, and the debris
pieces may arrange themselves into optimal spacing.

Calculation plan 143 assumes a more realistic packing fraction of 0.40,
and the k. is reduced to 0.9159 # 0.0032. The magnitude of the reduction in
ke¢¢ s less than for the Mark IA material because there is only about half as
much water isolation between rubble layers. If the fuel baskets now siide
down vertically so that there is no water between compacted fuel baskets
(calculation plan_153), the k. increases to 0.9404 + 0.0031, or 0.9466 at
the upper 95% confidence Tevel. This result is just slightly above the
0.945 safety limit. After recalculation using four times as many neutron
histories, the statistical error decreased. The new result was a k. of
0.93995 £ 0.00122, or a k. of 0.9424 at the upper 95% confidence level,
which does meet the 0.945 Timit.

Figure 6-20 shows the calculated k., of an MCO loaded with Mark IA
rubble, as a function of the central 6-in. pipe insert shifting offcenter. As
the insert shifts offcenter, rubble is assumed to fill in the void, thus
allowing the scrap to move to a region of the fuel basket of maximum neutron
importance (i.e., the center). This figure is for a rubble diameter of 24 in.
The calculated k., exceeds 0.945 at the upper 95% confidence level when the
offset exceeds about 1.5 in. The MCO design will limit the rubble to a
23.25-in. diameter. CASE3 and CASE3A presented in Table 6-4 for the normal
6-in. pipe central insert and a thicker insert, with a 2-in. offset, were
found to have values for k., of 0.916 and 0.938. The two cases also included
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1.25 wt% %% scrap in the top and bottom baskets rather than 1.15 wt% 25U
rubble in these baskets. The results show that the design of the insert must
restrain the Mark IA fuel material from the center region with an allowable
offset from the center line of 2 in. or less for the drop accident. The thick
insert will raise the reactivity, but not unacceptably.

Figure 6-20. k. Versus Insert Offset, A1l 1.15 wt% U Rubble.

1.00

0.98

0.92

4 6
SS Insert Off—Center Distance (inch)

|-® Loeffective ¥ k-eff+2sig & k-eff-2sig |

6.5.3 Mark IA Fuel and Scrap Loaded into Mark IV Baskets

This section and Table 6-14 present the effects of misloading MCOs with
fuel and scrap. Each MCO analyzed contained five Mark IV baskets fully
flooded and fully reflected by the cask steel and surrounding water. For the
CSB, this represents the contingencies of flooding and multipte misloadings;
for the CVDF, this represents multiple misloading contingencies. Because the
Mark IV baskets have a small central tie rod and do not have the central
15.2-cm (6-in.) stainless steel insert pipe, they are capable of holding
54 fuel assemblies, six more than the Mark IA baskets. The normal loading of
Mark IV MCOs is three central baskets containing intact Mark IV fuel and top
and bottom baskets containing Mark IV scrap with an enrichment of 0.95 wt%
25, One or more of these baskets is misloaded for each case in Table 6-14.
The MCO is in a cask that also is flooded between the MCO and the cask wall.

CASE7A in Table 6-14 (Figure 6-21) is for a single, flooded MCO
containing a normal Jload of Mark IV fuel, except that one central Mark IV
basket is filled with intact Mark IA fuel. The MCO is fu]]y reflected by the
steel of the cask and water surrounding it. The resulting k... is less than
0 9. Loading all three central baskets with Mark IA intact %ue] results in a

that is only slightly larger and still less than 0.9, which is less than
tﬁe allowable value. The last three cases show the degree to which misloading
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Table 6-14.

Flooded Multicanister Overpacks in Casks.

Analysis Results for Mark IA Fuel and Scrap Misloaded in

Basket contents by tier number®

Other details

Fuel

Calculation results®

File ID (fuel assemblies, o0
. N b d .
Tier 1 | Tier 2 | Tier 3 | Tier 4 | Tier 5 cgégsa;t;nzgage (in.) Kets g;e‘ Qi? 2
: eff
CASE7A | 0.95 wt% 54 54 54 9§95 wt% [ Flooded MCO and 23.00 ) 0.8872 | 0.0025 ] 0.8922
B3) scrap| Mark IV | Mark IA | Mark IV | %°U scrap|cask, 1 fuel :
] misToading
CASE7B | 0.95 wt% 54 54 54 Og95 wt% |Flooded MCO and 23.00 | 0.8928 | 0.0031 | 0.8990
3y scrap | Mark IA | Mark IA [ Mark IA U scrap |cask, 3 fuel
misloadings
CASE7C { 0.95 wt% 54 54 54 2%5.25 wt% | Flooded MCO and 23.00 | 0.9664 | 0.0030 | 0.9724
U scrap| Mark IV | Mark IV | Mark IV U scrap {cask, 1 scrap
misToading
CASE7D | 1.25 wt% 54 54 54 1.25 wt% |Flooded MCO and 23.00 | 0.9804 | 0.0029 | 0.9863
3By scrap | Mark IV | Mark IV | Mark IV | 3°U scrap [cask, 2 scrap
misloadings
CASE7 1.25 wt% 54 54 54 1.25 wt% [Flooded MCO and 23.00 | 0.9744 | 0.0034 | 0.9812
U scrap | Mark IA | Mark IA | Mark IA U scrap |cask, all baskets

misloaded

:Tiers are numbered from the top of the MCO.

The limiting value for keff shoutd be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

€l = confidence interval.
MCO = multicanister overpack.
0D = outer dimension. -
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Figure 6-21. Analysis Input Models CASE7 and CASE7A: Axial Geometry.
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scrap in the top and/or bottom basket, and fully misloading all baskets with
Mark IA fuel, raises the k. above the allowables. However, only 14 of the
54 or 48 fuel assemblies in a basket are loaded from a- slng]e K Basin
canister. Selecting and loading a single Mark IA canister instead of a
Mark IV canister is a contingency.

Only the K West Basin is allowed to have fuel enriched to greater than
0.95 wt% 2U. The K West Basin does not have a significant amount of sludge
on the basin floor, nor does the sludge contain a significant amount of
fissile material. So the misloaded fuel or scrap must come from a misloaded
or mislabeled canister. Because the canister was or1g1na11% filled with whole
fuel assemblies, the maximum enrichment would be 1.15 wt% In spite of
this, scrap is defined for this criticality analysis as opt1ma11y sized and
spaced rods of the highest enrichment found in a particular type of fuel.
Scrap originating from Mark IA fuel is therefore modeled as 1.25 wt% 2°U
rods. A single contingency was analyzed in which one fuel canister containing
Mark IA scrap, with the mass equivalent of 14 fuel assemblies, was
misidentified and handled as though it were 0.95 wt% 25y scrap. The mass
equivalent of 14 assemblies of 1.25 wt% 2*U rods was inserted into one of the
Mark IV scrap baskets in an otherwise normally loaded Mark IV MCO. The k.
at the upper 95% confidence level was 0.925, which is well below the a]]owab]e
t1imit of 0.945. Thus for a single cont1ngency, the flooded MCO in a cask
meets the double contingency principle. CASE7 (Figure 6-21) shows that for a
completely flooded and misloaded MCO with Mark IA fuel and scrap in all
Mark 1V baskets in a cask, the system exceeds the allowable safety 1imit, but
this case also exceeds the restraint of the double contingency principle for
multiple contingencies.

Figure 6-22 shows the k., for flooded MCOs loaded with Mark IV fuel in
the CSB array of storage tubas for a range of water densities between tubes.
The curve r1ses only marginally, to a maximum of 0.93 at a water density of
0.002 g/cm This figure shows that an infinite array of fuily flooded MCOs
Toaded with Mark IV fuel in the CSB array will be within allowable limits for
all values of interspersed moderation between the storage tubes.

6.5.4 Canister Storage Building

Table 6-6 has shown that the storage of dry MCOs in the CSB is
significantly subcritical. The only occurrence that could raise the
reactivity to a level of concern is to flood the MCOs. Putting an optimally
dense water mist between the tubes could further optimize the system. The CSB
has excluded a sprinkler system and has no other piped-in water, except
Timited piping for cooling the HCS. During staging and interim storage, the
MCOs are to be sealed. The storage tube plugs utilize dual elastomeric O-ring
seals. Flooding the MCOs is not considered credible. However, a still wet
MCO may be delivered to the CSB. The effect of flooding on reactivity is
calculated to show that even this event is within allowable limits. The
reactivity of moving an MCO in the MHM and in and out of the storage tubes
through the concrete floor is calculated. The effect of having a misloaded
MCO also is investigated.
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Figuré 6-22. Interspersed Moderation for Flooded Mark IV
Multicanister Overpacks in the Canister Storage Building.
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6.5.4.1 Multicanister Overpack in the Multicanister Overpack Handling
Machine. The MHM is modeled as a stainless steel cylinder with 10-in.-thick
walls. The MCO is drawn up into it from the cask delivered to the CSB. The
MCNP cases ocl.4 and ocl.5 in Table 6-6 analyzed the configuration of the
tight-fitting MHM around and above the MCO with concrete for the operating
floor below the normally configured MCOs toaded with the two types of fuel.
The upper 95% confidence interval values are 0.307 and 0.331, respectively,
for Mark IA and Mark IV fuel. This is a normal operation reactivity for dry
fuel. It is possible that an MCO could be delivered to the CSB without having
been dried. Case oc4.l in Table 6-15 analyzes the MHM model with Mark IV fuel
and the MCO flooded. The upper 95% confidence interval is 0.907 for the
contingency of a flooded MCO in the MHM; the reactivity is well within
acceptable Timits.

6.5.4.2 Multicanister Overpack in Transit through the Concrete Operating
Deck. The next operation at the CSB is to lower an MCO, which has been
removed from the transport cask, into a storage tube through the concrete
operating deck, modeled as 4-ft thick. This operation also would be carried
out when removing an MCO from a storage tube to move it to the HCS and when
returning it to a storage tube. MCOs are about 406-cm (160 in.) long, so part
of the MCO could be in the MHM, passing through the deck, and in the storage
tube. The problem is modeled by determining the MCO’s reactivity for each
reflective material independently. The reactivity effect of the MHM was
assessed in Section 6.5.4.1 and the reactivity effect of being in a storage
tube will be assessed below. The reactivity of an MCO normally loaded with
Mark IV fuel and scrap, while closely surrounded by concrete and with
stainless steel on the top (Table 6-15, Case ocl.7b), is 0.375 (high 95%
confidence interval value). This is the normally low reactivity for a dry
MCO. The value increases to 0.895 when the MCO is flooded, as shown in

Table 6-15, Case oc4.2. This case is slightly less than for the MHM result,
where the side and top reflection was 10 in. of stainless steel. The result
of the one contingency of the MCO being flooded during movement in the CSB is
that the reactivity is within the allowable of 0.945.

6.5.4.3. Vault Flooding. In Table 6-7, the reactivity of a fully loaded vauylt
modeled as an infinite rectangular array was 0.403 (Case ocl.3) for MCOs
normally loaded with Mark IV fuel and scrap. The lack of water lines in the
CSB, and the fact that the only access to the vault space between the storage
tubes is the two stacks that allow natural convection circulation to cool the
space, precludes water entry into the vault space between the tubes. However,
to show the conservative nature of the CSB, the contingency of water flooding
the vault is analyzed using the infinite array modei. The results are shown
in Table 6-16. Progressively filling the vault to a quarter full (the bottom
MCO is half submerged), and to half full (the bottom MCO is completely
submerged), lowers the upper 95% confidence level value to 0.380 and 0.374, as
shown in Cases o0c2.1 and oc2.2, respectively. Case oc2.8 has an even lower
value of 0.339 for the vault fully flooded (both MCOs submerged). The greater
the flooding of the vault, the greater the neutronic isolation of each storage
tuba. The progressive flooding of a vault decreases the overall reactivity of
the array.
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Table 6-15. Analysis Results for Multicanister Overpack Lowered Through
the Canister Storage Building Operating Deck.
Payload cluster Water density (g/cm’) Calculation results?®
File ID] Fuel type | Nymber of | Assemblies per _ Mo Betzﬁggssgggage K Std. | 95% CI
baskets basket interior outside MCOs eff dev. Kets
ocl.7b | Mark IV® |1 top 0.95 wt% 25U scrap| 0.0051 N/A 0.3708 | 0.0022 | 0.3751
3 middle {54 Mark IV
1 bottom |1.25 wt% 2% scrap
oc4.1 Mark IV¢ |1 top 0.95 wt% 20 scrap| 1.00 N/A 0.9016 | 0.0015 | 0.3311
3 middie |54 Mark IV
1 bottom |0.95 wt% 2%y scrap
0c4.2 Mark IV® |1 top 0.95 wt% U scrap| 0.0051 N/A 0.8892 { 0.0030 | 0.8952
3 middle (54 Mark IV
1 bottom |0.95 wt% *°U scrap

Srhe Limiting value for k
bP‘ICO being lowered through concrete floor.

°MCO stored in MHM.

CI = confidence interval.
MCO = multicanister overpack.

should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).
Concrete reflection on the side and bottom, steel refiection on top.
Modeled as having 10 in. of steel on top and sides, and a 2-ft-thick concrete floor betow.

0 AJY¥ G00-UYYS-INS-AS-4NH



90°500-+

§5-9

9661 ‘0 Jaquadsag

Table 6-16. Analysis Results for Canister Storage Building Vault Flooding.
Payload cluster’ Water density (g/cms) Calculation results®
File ID} Fuel type| yymber of | Assemblies per Moo Bettﬁggsszzgage K Std. 95% CI
baskets basket interior outside MCOs eff dev. Kot
oc2.1 Mark IV® [1 top 0.95 wt% 2V scrap| 0.0051 }1.00 0.3764 | 0.0016 | 0.3797
3 middle |54 Mark IV (Vault flooded .
1 bottom [0.95 wt% U scrap to one-gquarter
height)
0c2.2 Mark IV |1 top 0.95 wt% 2V scrap| 0.0051 |1.00 0.3711 | 0.0014 | 0.3740
3 middle |54 Mark IV (Vault flooded
1 bottom [0.95 wt% 2>y scrap to half height)
0c2.8 | Mark IV® |1 top 0.95 wt% U scrap| 0.0051 |1.00 0.3348 | 0.0020 | 0.3388
3 middle |54 Mark IV (Vault flooded
1 bottom [0.95 wt% 2*°U scrap to full height)
ocsb05 | Mark IV |1 top 0.95 wt% U scrap| 0.0051 |0.008 (Vapor) 0.3874 | 0.0008 | 0.3889
3 middle {54 Mark IV
1 bottom |0.95 wt% 23y scrap

a1‘he limiting value for l(eff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).
clnfinite square array.

Modeled using 10 x 22 x 2 array of MCOs in CSB storage tubes with concrete walls, floors and walls.
actual 10 x 22 x 2 hexagonal array of CSB.

€I = confidence interval.
MCO = multicanister overpack.

Fuel density corresponds to the
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A more effective way to increase the reactivity of an array of
undermoderated elements is to insert water as a vapor or mist between the
array elements. The infinite horizontal array model of. CSB storage tubes
containing two normally loaded MCOs was run with water densities from 0.0005
to 1.0 g/cm’ between the tubes. The MCOs were normally loaded with three
central baskets of intact Mark IV fuel assemblies and top and bottom baskets
loaded with Mark IV scrap. Figure 6-23 plots this data for internally dry
MCOs, and Figure 6-22 plots this data for internally flooded MCOs. The peak
“in reactivity occurs at 0.008 g/cm for internally dry MCOs. Case ocsb05
(Table 6-16) shows the results of the 10 by 22 by 2 hexagona] array model of
normally loaded Mark IV fuel in the MCOs with 0.008 g/cm” of intertube
moisture. The upper 95% confidence interval value is 0.389. This is about
0.03 less than the conservative infinite array model value. Thus, the actual
reactivity for the dry MCO in the CSB storage tube is highly subcritical.

The storage tubes are designed to be cooled by the natural circulation of
outside air through the vault space, from one stack to a stack of different
height. The relative humidity of ambient air is about 107, and fog has a
water content of about 107 g/cm3 A water content of 0.008 g/cm is saturated
steam at a temperature well above 100 °C (212 °F). Air with 50% relative
humidity at a temperature just below 100 °C (212 °F) has about
2.3 x 107 g/em® water. To have 0.008 g/cn? of water in the vault space is an
off-normal condition that assumes the air circulation is blocked, water is
added, and the MCOs have time to heat the air and water well above 100 °C
(212 °F). For dry MCOs, this water content will be used as a conservative
assumption in calculations. Figure 6-23 shows that at the lower water
densities of normal operat1ons, the reactivity of the storage vault will be
Tower by about 0.02.

Figure 6-23 also shows that for water densities greater than 0.008 g/cm3
in the vault, the reactivity drops to that for a single fully water-reflected
MCO. This section also showed that for water flooding of the vault space, the
reactivity was below 0.44. For this degree of subcriticality, even at optimum
intertube water density, no restriction on fire fighting would be necessary to
restrict water from the vault for criticality control. Although it should be
noted that neither fire fighters nor water used in firefighting in other parts
of the facility would have access to the vault space except though the
operating decks.

6.5.4.4 Flooding the CSB Storage Tube. Analysis results in Table 6-17 show
that flooding the 3.8-cm (1.5-in.) gap between the MCO and storage tube has no
significant effect on the reactivity of dry MCOs in the CSB storage tubes.
Comparing Cases ocl.3 and ocl.3b,- for hot steam in the gap, with oc2.11 and
oc2.11b, for full density water in the gap, shows all high 95% confidence
1nterva1 va1ues are between 0.40 and 0.42. Each pair of cases uses

0.0012 g/cm and 0.008 g/cm of water in the intertube space. Case oc2.14b
uses 0.008 g/cm intertube water density with the gap filled with half density
water and also shows 95% confidence interval values in the 0.40 to 0.42 range.
These cases modeled Mark IV fuel. Mark IA fuel is used in Cases oc2.10a and
oc2.10ba with full density water in the gap and the values are less, about
0.315. These results indicate that for dry MCOs, the possibility of fiooding
storage tubes in fire suppression is not a criticality concern.
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Figure 6-23. Interspersed Moderation for Dry Mark IV
- Multicanister Overpacks in the Canister Storage Building.
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Table 6-17. Analysis Results for Canister Storage Building Storage Tube Flooding.
Fue] Payload cluster Water density (g/cms) Calculation results®
. ue
File Ib type |Number of | Assemblies per MCo Between storage tubes K Std. | 95% CI

baskets basket interior and outside MCOs eff dev. Kets

o0cl.3 Mark IV® |1 top 0.95 wt% 2°U scrap | 0.0051 [0.0012 (vapor) 0.3841 | 0.0020 | 0.3880
3 middle |54 Mark IV »
1 bottom |0.95 wt% 235U scrap »

ocl.3b Mark IV°[1 top 0.95 wt% 2y scrap| 0.0051 [0.008 (vapor) 0.4114 { 0.0020 | 0.4154
3 middle |54 Mark IV
1 bottom |0.95 wt¥% 25U scrap

o0c2.11 Mark IVP |1 top 0.95 wt% °U scrap| 0.0051 |0.0012 (vapor) between | 0.4069 | 0.0018 | 0.4105
3 middle |54 Mark IV storage tubes
1 bottom {0.95 wt% °U scrap 1.0 outside MCOs

0c2.11b | Mark IV®[1 top 0.95 wt% >°U scrap| 0.0051 |0.008 (vapor) between | 0.4042 [ 0.0026 | 0.4093
3 middle |54 Mark IV storage tubes
1 bottom |0.95 wt% 25U scrap 1.0 outside MCOs

0c2.14b | Mark I¥° |1 top 0.95 wt% 2°0 scrap| 0.0051 [0.008 (vapor) between | 0.4109 | 0.0020 | 0.4150
3 middle |54 Mark Ig storage tubes
1 bottom [0.95 wt% 2°U scrap 0.5 outside MCOs

0c2.10a | Mark IA® |1 top 1.25 wt% 23U scrap | 0.0051 |0.0012 (vapor) between | 0.4021 | 0.0024 | 0.4069
4 middle |48 Mark IV storage tubes
1 bottom [1.25 wt% U scrap 0.5 outside MCOs

oc2.10ba | Mark IA®|1 top 1.25 wt% U scrap| 0.0051 [0.008 (vapor) between | 0.4008 | 0.0024 | 0.4056
4 middle |48 Mark Iyzs storage tubes
1 bottom [1.25 wt% “°U scrap 0.5 outside MCOs

aThe Limiting value for l(eff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

Infinite square array.

CI = confidence interval.
MCO = multicanister overpack.
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It should be noted that flooding a storage tube is considered a
contingency. The floor plug is double sealed, and water and water lines are
excluded from the vault operating floor and area. Some. unusual occurrence
would have to happen to bring water onto the operatlng floor and breech the
floor plug seals to the storage tubes.

6.5.4.5 Flooded Multicanister Overpacks. The possibility exists that an MCO
could be delivered to the CSB that had not been dried. A single wet MCO is
considered a contingency. Analysis results in Table 6-18 show that the entire
array of MCOs in the CSB could be wet and the facility would still be within
acceptable Timits. The model uses an infinite array of normally Toaded MCOs
with the internal nonmetal spaces filled with full dens1ty water. The first
two cases, 0c2.12 and oc2.12b, have 0. 008 g/cm3 water in_the storage tube and
intertube water densities of 0 0012 g/cm® and 0.008 g/cm’, respectively. The
MCNP results are 0.917 and 0.907. When full density water is put in the
storage tubes, cases 0c¢2.13 and oc2.13b with 0.0012 g/cm3 and 0.008 g/cm of
water in the intertube space, the results are lower, 0.884 and 0.890. These
results show that for flooded storage tubes and MCOs that are normally loaded
with Mark IV intact fuel in the center three baskets and with Mark IV scrap in
the top and bottom baskets, the reactivity is below the allowable limit of
0.945, with a margin of over 0.03 for multiple contingencies (i.e., all MCOs
flooded with and without all storage tubes flooded). Again, fire fighting
does not have to be restricted because flooding the MCOs and storage tubes
does not raise the reactivity of the CSB storage vault above allowable limits.

The entries in Table 6-19 all have flooded MCOs and storage tubes. The
model for the first two entries, plan_151 and plan 150, uses a fuel diameter
of 24 in., the MCO inside diameter, and the model for the next two entries,
csbl and csb2, uses 23 in., the basket diameter. The first two entries have
intact fuel and the last two have intact fuel in the center baskets and scrap
in the top and bottom baskets. A1l are normally loaded and have the sing]e
contingency of flooding. In three of these cases, the vault space also is
flooded. In all cases, the values for k., and the 95% confidence intervals
are below 0.92. For these conditions, the contingency of flooding raises the
reactivity, but not above allowable limits. The last three cases, csb3,
0c3.5, and oc3.6, present the results of more than two contingencies and are
included for understanding the consequences of gross misioading.

6.5.4.6 Multicanister Overpacks with Misloaded Fuel. Several MCNP
calculations have shown that the CSB is significantly subcritical even for
Toading Mark IA fuel and scrap in all the Mark IV baskets in all MCOs stored
in the CSB, as long as the MCOs are not flooded. The model has a 23.0-in.

fuel diameter, 1.25 wt% “>u scrap in the top and bottom Mark IV baskets,

54 Mark IA intact fuel assemblies in each of the three center Mark IV baskets,
and two MCOs vertically in an infinite array of CSB tubes. With all tubes and
intertube spaces dry, the k., standard deviation, and upper 95% confidence
values are 0.3787, 0.0017, and 0. 3821, respectively. If full density water is
added between the CSB tubes and inside the CSB tubes outside the MCOs
(interior of MCOs dry), the values decrease from loss of interaction to
0.3688, 0.0021, and 0.3731. Flgure 6-23 shows the upper 95% confidence level
for the range 1.0 to 0.0005 g/cm of water between the CSB tubes with the
MCOs' interiors dry. _The maximum value is less than 0.42 at an intertube
density of 0.008 g/cm3 of water. Even for flooding the CSB vaults, a
misloaded MCO is significantly less reactive than the allowed limits as long
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Table 6-18. "Analysis Results for Multicanister Overpack Internal Flooding.

Payload cluster Water density (g/cm3) Calculation results®
. Fuel
File ID ; Between storage
type Number of Assemblies per MCO ; Std. 95% CI
» baskets basket interior tubes and outside Kets dev. k
MCOs eff
0c2.12  [Mark IV® [1 top 0.95 wt% 2°U scrap 1.0 0.0012 0.9119 | 0.0025 | 0.9168
3 middle 54 Mark I¥35 .
1 bottom 0.95 wt% “°U scrap
0c2.12b [Mark IV® [1 top 0.95 wt% U scrap 1.0 0.008 0.9016 | 0.0027 | 0.9069
3 middle 54 Mark IV
1 bottom 0.95 wt% U scrap
0c2.13  |Mark IV° |1 top 0.95 wt% U scrap 1.0 ]0.0012 between 0.8782 | 0.0029 | 0.8840
3 middle 54 Mark I¥35 storage tubes
1 bottom 0.95 wt% “°U scrap 1.0 outside MCOs
0c2.13b [Mark Iv® |1 top 0.95 wt% U scrap 1.0 [0.008 between 0.8849 | 0.0026 | 0.8902
3 middle 54 Mark I¥35 storage tubes
1 bottom 0.95 wt% “°U scrap 1.0 outside MCOs

Ihe limiting value for k,¢¢ should be considered 0.945 to atlow for a code bias of -5 mk (see Section 6:6.3).

Infinite square array.

CI = confidence interval.
MCO = multicanister overpack.
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Table 6-19. Analysis Results for Normally Loaded Multicanister OVerpacks Flooded
in the Canister Storage Building.

Fuel Payload cluster Water density (g/cms) Calculation results®
. ue
File ID type* | Number of Assemblies MCO Between storage - K Std. 95% CI
baskets per basket interior tubes eff dev. Kot
plan_151 Mark IV 5 54 Mark IV 1.0 0.10 (heavy mist) 0.8645 | 0.0033 | 0.8711
plan_150 Mark IV 5 54 Mark IV 1.0 1.0 (full density) -| 0.8638 | 0.0035 | 0.8708
csbl Mark IV (1 top 0.95 wt% U scrap 1.0 [1.0 (full density) | 0.8716 | 0.0023 | 0.8762
3 middie |54 Mark 1V
1 bottom [0.95 wt% 23°U scrap
csb3 Mark IA|1 top 1.25 wt% 2°U scrap 1.0 1.0 (full density) | 0.8196 | 0.0020 | 0.8250
4 middle [48 Mark IA
1 bottom |1.25 wt% 2°U scrap
0c3.5 Mark IV|1 top 0.95 wt% 2°U scrap [ 0.0051 |.008 (mist) 0.4085 | .0021 | 0.4128
3 middle |54 Mark IV
1 bottom |54 Mark IA
54 Mark IV
0.95 wt% 2%y scrap
0c3.6 Mark IV]1 top 0.95 wt% U scrap 1.0 .008 (mist) 0.9108 | .0031 | 0.9170
3 middle |54 Mark IV i
1 bottom |54 Mark IA
54 Mark IV
0.95 wt% U scrap

Bnark 1V type has tie rod at center, excludes center assembly in array, but is much smalier than the Mark IA type with a é-in.-diameter steel
One-foot-thick concrete walls

insert that excludes seven central assemblies.

are modgled on four sides and the floor,

MCOs in a 10 x 22 square lattice with two MCOs at each storage tube.

The limiting value for keff shoutd be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

Cl = confidence interval.
MCO = multicanister overpack.
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as the MCO's interior is dry. This is true even for the multiple
contingencies (i.e., completely misloading each MCO in the CSB).  Figure 6-23
shows the results for an infinite array of MCOs, but here the MCO is flooded.
Multiple contingencies, flooding all MCOs, is subcritical. . The design of the
CSB exceeds the requirements of the double contingency principle.

Calculations have been done for a case of loading one K Basin canister of
Mark IA fuel into a Mark IV scrap basket, and for a case of loading one
Mark IV scrap basket in place of an intact fuel basket. One contingency is to
Toad an MCO with one too many scrap baskets of the correctly enriched
material. Scrap baskets are modeled as optimally spaced and moderated
material and are more reactive than baskets of intact fuel. The third scrap
basket is modeled next to the top scrap basket in the bottom MCO in a storage
tube. This puts three scrap baskets as close to one another as possible with
a single contingency. The results of the analysis are shown in Table 6-20.
The upper 95% confidence interval value is 0.417_for case oc3.1b, which uses
an intertube optimal water density of 0.008 g/cnP. The value is Jower, 0.397,
for case oc3.1, which uses an intertube water density of 0.0012 g/cm3. For a
second contingency, the MCO being flooded, the upper 95% confidence interval
Jjumps to 0.930, as shown for case 0c3.2. This result shows that for multiple
contingencies, the reactivity is still below allowable limits. The analysis
is conservative in that all tubes in the array have an extra scrap basket and
the array is modeled as an infinite array.

Another contingency is for a canister of Mark IA fuel to be misplaced and
mislabeied as Mark IV fuel in K Basins. This one c%nister is loaded into a
Mark IV basket, so a basket intended for 0.95 wt% 2*°U enriched scrap is
Toaded with the equivalent of 14 assemblies of 1.25 wt% 23 enriched scrap,
and the rest of the basket is loaded with 0.95 wt% 2°°U Mark IV scrap. Scrap
baskets are more reactive than intact fuel baskets, so this case would cover
other cases of a canister of Mark IA fuel in Mark IV baskets. The upper 95%
confidence interval value is 0.4165_ for case 0c3.3b, which uses an intertube
optimal water density of 0.008 g/cm’. The value is lower, 0.4013 for
case 0c3.3, which uses an intertube water density of 0.0012 g/cm’. For a
second contingency, the MCO being flooded, the high 95% confidence interval
Jjumps to 0'9253 as -shown in case 0c3.4, which has an intertube water density
of 0.0012 g/cm”. This result shows that for multiple contingencies, the
reactivity is still below allowable 1imits. The analysis is conservative in
that all tubes in the array have an extra scrap basket and the array is
modeled as an infinite array.

Figure 6-22 shows that the effect of water density between CSB storage
tubes raises the k. only 0.02 at most over a range of 1.0 to 0.0005 g/cm
Only the change caused by intertube water density is applied in this graph.
The addition of water does not pose a hazard to storage or movement of a
normally loaded MCO in the CSB.

6.5.5 Cold Vacuum Drying Facility
Contingency case reactivities for misloaded fuel in the flooded MCO and
transfer cask are shown in Table 6-21. Cases 1 through 4 are situations in

which the 1imit of two scrap baskets per MCO is assumed to be inadvertently
exceeded by the loading of a third scrap basket. 1In Cases 1 and 3, the
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Table

6-20.

Analysis Results for MCO Misloading. (3 sheets)

Payload cluster

Water density (g/cm3)

Calculation results®

File Fuel Numb f MCO t Betweisb Std. |95% CI
i) type umber o : storage es . h
» baskets Assemblies per basket interior| and cutside Kes dev. Ko
MCOs

0c3.1b | Mark IV°|Top MCO Top MCO 0.0051 0.008 0.4134(0.00180.4169
1 top 0.95 wt% 2% scrap o
3 middle 54 Mark IV
1 bottom 0.95 wt% 2%y scrap
Bottom MCO |(Bottom MC%
2 top 0.95 wt% U scrap
2 middle 54 Mark IV
1 bottom 0.95 wt% =% scrap

oc3.1 [Mark IV® {Top MCO Top MCO 0.0051 0.0012 0.39390.00150.3970
1 top 0.95 wi% 2*°U scrap
3 middle 54 Mark IV
1 bottom 0.95 wt% 2% scrap
Bottom MCO [Bottom MCQ
2 top 0.95 wt% =°U scrap
2 middle 54 Mark IV
1 bottom 0.95 wt% U scrap

0c3.2 | Mark IV®|{Top MCO Top MCO 55 1.0 0.0012 0.924810.0024 [ 0.9296
1 top 0.95 wt% “°U scrap
3 middle 54 Mark IV
1 bottom 0.95 wt% U scrap
Bottom MCQ [Bottom MCQ
2 top 0.95 wt% >y scrap
2 middle 54 Mark IV
1 bottom  |0.95 wt% U scrap
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Table 6-20. Analysis Results for MCO Misloading. (3 sheets)
Payload cluster Water density (g/cm3) Calculation results?®
File | Tuel | yumber of Mo | storege nib std. |95% CI
D type umber o ; storage tubes .
P baskets Assemblies per basket interior | and outside Kets dev. Kets
MCOs _
0c3.3b | Mark IV® Top MCO Top MCO 235 0.0051 0.008 0.4131]0.00170.4165
1 top 0.95 wt% U scrap -
3 middle 54 Mark I%S
1 bottom 0.95 wt% 7Y scrap
Bottom MCO {Bottom MCO
1 top 0.95 wt% 23U scrap mixed with
1 canister of 1.25 wt% Yy
scrap
3 middle 54 Mark 1y
1 bottom 0.95 wt% U scrap
0c3.3 | Mark IV® Top MCO Top MCO 215 0.0051 0.0012 0.397310.0019}0.4011
1 top 0.95 wt% “°U scrap
3 middle 54 Mark IV
1 bottom 0.95 wt¥% “°U scrap
Bottom MCO |Bottom MC%
1 top 0.95 wt% U scrap mixed with
1 canister of 1.25 wt% %
scrap
3 middle 54 Mark IV
1 bottom

0.95 wt% =°U scrap
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Table

6-20. Analysis Results for MCO Misloading. (3 sheets)

Payload cluster

Water density (g/cm3)

Calculation results®

FIe | bl ] yumber of MO | storacetub std. |95% CI
D type umber o : storage tubes .
» baskets Assemblies per basket interior| and outside Kegs dev. K.
MCOs
0c3.4b | Mark IVP Top MCO Top MCO 1.0 0.008 0.9207 | 0.0023 { 0.9254
1 top 0.95 wt% 3% scrap -
3 middle 54 Mark 1V
1 bottom  [0.95 wt% U scrap
Bottom MCO |Bottom MCQ
1 top 0.95 wt% U scrap mixed with
1 canister of 1.25 wt% 2%
scrap
3 middle 54 Mark IV
1 bottom 0.95 wt% =% scrap

aYhe Limiting value for keff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).
Infinite square array.

CI = confidence interval.
MCO = multicanister overpack.
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Table 6-21. Analysis Results for Flooded Multicanister Overpack Shipping Cask
with Misloaded Fuel in the Cold Vacuum Drying Facility.
c Fuel MCO Cask Number Misloaded Calculation results*
?Be File ID tuee water annulus | of scrap | scrap basket Comments std 95% C1
yp density | density | baskets location Kots dev. K

' eff

1 ocvd3.l | Mark 1A 1.0 1.0 3 Near end |Scrap basket |0.9040 |0.0028 |0.9097
limit exceeded

2 ocvd3.7 | Mark IA 1.0 1.0 3 Near center [Scrap basket 0.8918 {0.0035 |0.8988
limit exceeded

3 ocvd3.2 | Mark IV 1.0 1.0 3 Near end |[Scrap basket 10.9002 |0.0022 ;0.9046
tTimit exceeded

4 ocvd3.6 | Mark IV 1.0 1.0 3 Near center |Scrap basket [0.8966 [0.0028 |0.9021
1imit exceeded

*The limiting value for keff should be considered 0.945 to allow for a code bias of -5 mk (see Section 6.6.3).

€l = confidence interval.

MCO = multicanister overpack.
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misloaded scrap basket is in a position adJacent to an end scrap basket. In
Cases 2 and 4, the misloaded scrap basket is in a position closest to the
center of the MCO. For both Mark IA and Mark IV fuel, the reactivity is
greatest when the misloaded scrap basket is adjacent to an end scrap basket.
The upper 95% confidence level reactivity for misloaded scrap baskets adjacent
to an end scrap basket is 0.910 for Mark IA fuel (case 1) and 0.905 for

Mark IV fuel (case 3). These reactivities are below the criticality safety
Timit.

6.6 CRITICAL BENCHMARK EXPERIMENTS

This section provides justification and shows the validity of the
calculational method and neutron cross-section values used in the analyses.

6.6.1 Code Descriptions

Benchmark experiments are primarily used to confirm two aspects of the
neutron transport analysis tool:

e That the computer code has a sound treatment of the neutron
transport

¢ That the nuclear cross section database used in the transport code
is in agreement with the relevant integral experiments.

The MCNP computer code (Breismeister 1993) is used worldwide and has been
extensively tested with its ENDF/B-V-based cross sections. The code
development group at Los Alamos National Laboratory, where MCNP was developed,
also has a set of 25 calculational benchmarks that extensively test various
options within the code. These 25 benchmarks are used to confirm that new
versions of the code give exactly the same answer as before and that
executables for users at other sites give exactly the same answer. Hence, the
25 calculational benchmarks suppiement additional calculations that are made
on experimental benchmarks.

MCNP validation efforts specifically appropriate for low-enriched uranium
metal systems have been made that have covered N Reactor fuel elements in
water (Wittekind 1991, Wittekind 1992, Wittekind 1993) and low-enriched
uranium solutions (Wittekind 1994a).

The WIMS-E code (Gubbins et al. 1982) was used in this analysis to
illustrate trends while the detailed three-dimensional criticality
calculations were performed using MCNP. WIMS-E also has been extensively
validated against critical experimental data. Previous validation efforts
have covered low-enriched uranium metal billets (Erickson 1992,

Schwinkendorf 1985a, Schwinkendorf 1985b), Mark IA fuel assemblies and uranium
metal rods (Schwinkendorf 1992a), and Tow-enriched uranium solutions
(Schwinkendorf 1992b, Wittekind 1992).
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6.6.2 Details of Benchmark Calculations

MCNP has been tested extensively, but the focus here is on a series of
benchmark catculational comparisons (Whalen et al. 1991) to experiments that
were made at Los Alamos National Laboratory. The first and second series of
the comparisons in LA-12212, MCNP: Neutron Benchmark Problems .

(Whalen et al. 1991), were made to confirm agreement with experiments for
fixed source calculations. The third series was for comparison to critical
assemblies. These calculations included comparisons for fast neutron systems
(Godiva and Jezebel assemblies), for low-enriched uranium systems, for
graphite and water-reflected systems, and for interactive (array) units. The
powerful geometry features in MCNP were used to model these systems in detail.

The uranium metal rods validation included critical experimental data
from two sources. The first (Hellens and Honeck 1962) was for 1.0 wt%
ZBy-enriched rods and included measured boron poison effects. The published
results were in the form of bucklings, not critical masses or k.. In order
to compare WIMS-E results to the published results, WIMS-E resuits were output
as two-group lattice-averaged cross sections for each experiment, and an
analytical formula was used to calculate buckling for each case. WIMS-E
results compared very well with experimental results, both as a function of
water-to-uranium volume ratio and as a function of amount of poison added.
The second source {Kupinski _and Toffer 1970) contained data over a range of
rod outside diameters and 2°U enrichments (0.444-cm [0.175-in.] outside
dgameter to 7.62-cm [3.0-in.] outside diameter and 3.0 wt% 25y to 4.89 wt%
25Uy, These results were in the form of critical masses in spherical and
cylindrical geometry. Validations also exist for the earlier WIMS-D version
of the code in UNI-3486, WIMS Critical Mass Validation for 1.95 wt% and
3.85 wt% Uranium Billets (Schwinkendorf 1985a), which documents comparisons
with annular uranium metal tubes over a range of enrichments from 0.947 wt%
5 to 2.1 wty U,

6.6.3 MCNP Code

Agreement between MCNP and experiments for k., was within 1% for all of
the critical systems referenced in LA-12212 (Whalen et al. 1991). The MCNP
N Reactor fuel bias was determined to be -5 mk (Wittekind 1993). This means
that MCNP would calculate k., about 5 mk less than experimental measurements.
The MCNP low-enviched solution bias was determined to be -3 mk
(Wittekind 1994a). This means that MCNP would calculate k., about 3 mk less
than experimental measurements.

6.6.4 WIMS-E Code

WIMS-E (Gubbins et al. 1982) tends to follow critical experimental data
more accurately than WIMS-D but is still conservative. Therefore, it has been
the practice to neglect the imposition of a bias when using WIMS-E to
calculate k,, buckling, or cross sections that are input to a diffusion theory
code (to calculate idealized, finite dimensions). Inclusion of the bias would
reduce the degree of conservatism in the result.
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6.6.5 Results Of Rod And Cylinder Comparisons

Treating a random arrangement of scrap as a lattice of uranium rods in
water has been recently questioned. The question is whether a regular lattice
in cylindrical geometry will necessarily produce a bounding k, for any
arbitrarily shaped chunk of material. Will an explicit spherical lattice
optimize to a higher k,. If it does, then how would one bound irregular
Tattice geometries? These questions were addressed with a series of MCNP
calculations comparing a hexagonal rod lattice with a three-dimensional
lattice based on spheres arranged in a face-centered-cubic geometry. The
flss1onab1% material assumed was uranium metal with an enrichment equal to
0.95 wt% For both rods and spheres, a double parameter search was made
to find the max1mum‘k, (as the spacing was varied), as a function of uranium
chunk diameter. The results indicate that even though the maximum k, may
occur for slightly different diameters, the maximized value for k, was
essentially the same (well within the lo uncertainty in the calculation). The
use of rod lattices to model scrap is therefore considered to be appropriate.

6.7 SUPPLEMENTAL DATA

6.7.1 WIMS-E Calculations for k-Infinity of Fuel Scrap.Loads

Assuming uncontrolled geometry, broken fuel pieces may clump together in
such a way as to achieve optimal heterogeneity for self-shielding. If these
optimally sized fuel pieces become optimally spaced in water, maximum
reactivity will result. Previous analysis has shown what the minimum critical
masses are for various fuel assemblies, components, scrap, solutions, and
uranium billets for a set of ideal geometries, such as sphere or slab
(Schwinkendorf 1995). Fuel baskets loaded with scrap are assumed to have
their entire volume filled with optimal rods.

The variation in maximum lattice k, is shown in Figure 6-24 for 0.95 wt%,
1.15 wt%, and 1.25 wt% uranium metal rods in water. Each point plotted is the
maximum value for each part1cu1ar rod diameter (as the moderator— 0- uranium
ratio is varied). The maximum k, is equal to 1.092 for 0.95 wt% 2°U enriched
scrap.

If the rod optimization is redone with the cladding retained in the
lattice, the optimal k, is reduced somewhat, but not significantly. The
zirconium cladding is not a strong neutron poison, but it does displace
moderator. If the lattice is optimized with the cladding present, the optimal
spacing shifts to a higher value, retaining an optimal water-to-uranium ratio.
Figure 6-25 contains the results of this optimization. The maximum k, for
Mark IV scrap is now 1.0898, a reduction of only 3 mk from the older
optimization.
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Figure 6-24. Maximum k-infinity Versus Rod Outside
Diameter, Uranium Metal Rods in Water. '
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Figure 6-25. Maximum k-infinity Versus Rod Outside
Diameter, Cladding Material Conserved.
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In order to understand the degree of conservatism inherent in treating
broken fuel pieces as optimal scrap, additional calculations were performed in
which the scrap material was assumed to consist of non-optimally sized uranium
rods. These rods had a diameter equal to the radial thickness of a fuel
assembly's outer element and preserved the cladding in direct proportion to
the amount of cladding present in intact fuel. Only one typical rod diameter
was varied, and k, was calculated as the spacing is varied. Figure 6-26
presents these results. The thickness of the uranium in the Mark IV outer
element is equal to 0.40275 cm, so this was the diameter of the Mark IV scrap
assumed in Figure 6-26. The thickness of the uranium in the Mark IA outer
element is 0.3467 cm, so this was the diame er of the Mark IA scrap rods. The
maximum k, for the Mark IV scrap (0.95 wt% 2°U enriched) in Figure 6-26 is
1.077. This is more representative of what broken debris may be and indicates
how much conservatism is in the uranium metal optimal rod model (about 15 mk).
It is not clear that broken pieces would not clump together in an uncontrolied
geometry and thus behave neutronically as a larger piece of scrap. The
optimal scrap model must therefore be used for nuclear criticality safety
calculations.

Figure 6-26. k-infinity Versus Spacing
Smaller, Non-optimally Sized Rods.
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Additional conservatism exists in the assumption of zero fuel exposure.
N Reactor fuel stored in the K Basins has documented exposure distributions
for each key; these records are backed up by direct measurement performed
during the fuel segregation campaign in the early 1980s. Credit could be
taken for those keys known to have high burnup.
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The moderator-to-uranium volume ratio that optimizes reactivity is
probably higher than would exist in a randomly oriented bed of rubble (maximum
k, occurs for water-to-uranium ratios around two, which.is equivalent to a
fuel packing fraction of 0.33). Data exist that suggest that a more likely
packing fraction for gravel is in the range 0.40 to 0.45. If this is true,
WIMS-E lattice calculations indicate that the corresponding reduction in k,
may be on the order of 20 to 30 mk. If the constraint is made that the
packing fraction is equal to 0.40, then it is possible to redo the rod
optimization. For every rod diameter, the packing fraction of 0.40 determines
what the ggacing is. Figure 6-27 contains these results. The maximum k, for
0.95 wt% “°U scrap in Figure 6-27 is 1.078.

Figure 6—27f Maximum k-infinity Versus Rod Outside Diameter,
Volumetric Packaging Fraction = 0.40.
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6.7.2 Interspersed Moderation

As water moderation is decreased inside the MCO, the k. of the system
decreases rapidly, as shown in Figure 6-28. The k. is insensitive to
changes in water density in between MCO containers. As the water between MCO
containers is reduced (with water density held constant at 1.0 g/cm” inside
the MCO), the k., does not change significantly, compared with the 95%
confidence intervals of the results themselves. These results are shown in

Figure 6-29.
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Figure 6-28. Interspersed Moderation, Water Density
Variation Inside Multicanister Overpack. )
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Figure 6-29. Interspersed Moderation, Water Density
Variation Outside Multicanister Overpack.
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6.7.3 Rod Versus Spherical Geometry for Scrap or Rubble Model

This section shows that either spheres or cylinders can be used to find
the maximum reactivity by optimizing the size and spacing of the shape
selected. By inference, cylinders may be used to find the maximum reactivity
for rubble or scrap. That is the applicability of treating a random
arrangement of rubble, or scrap, as a pristine lattice of uranium rods in
water. The question is whether a regular lattice in cylindrical geometry will
necessarily produce a bounding k, for any arbitrarily shaped chunk of
material. The question that was actually checked is whether an explicit
spherical lattice optimizes to a higher k, than a cylindrical one. The
comparison between an optimized array of spheres and cylinders was addressed
with a series of MCNP calculations comparing a hexagonal pitch rod lattice
with an explicit, three-dimensional, lattice unit based on spheres arranged in
a face-centered-cubic geometry. The fissiopable material assumed was uranium
metal with an enrichment equal to 0.95 wt% ¢35y, For both reds and spheres, a
double parameter search was made to find the maximum k, (as the spacing was
varied) as a function of uranium chunk diameter. MCNP is not an ideal
computer code for applications of this nature. Trends that must be smooth
tend not to be because of the statistical nature of the code output. However,
WIMS-E does not have a lattice module for spherical geometry.

Theoretically, the two most important parameters in a lattice cell
problem are (1) the degree of self-shielding (how heterogeneous is the
chunk?), and (2) the neutron spectrum (how well moderated is the system, or is
the system overmoderated or undermoderated?). The degree of self-shielding in
the lattice unit will determine how effectively neutrons are born from fission
and then escape from the fuel in order to thermalize in the water.

The ability of neutrons to thermalize in water, in the absence of 38y
resonance absorption, is very important for low-enriched uranium metal
systems. Lattice calculations of k, are greater for optimal heterogeneous
systems because the thermalization of neutrons in the absence of strong
absorbers (i.e., ““U) increases the resonance escape probability, which is
one of the factors in the four-factor formula for k,. The degree of
self-shielding is quantified in neutron transport theory using the concept of
the mean chord length. The mean chord length, <R>, can be thought of as the
average distance a neutron travels through a heterogeneous chunk of material.
A simple formula for calculating the mean chord Tength (Duderstadt and
Hamilton 1976) is <R> = 4 x {(volume/area). For either a spherical or rod
Tattice, this becomes

4(rR2L)
27RL
= 2R
=D for a cylinder of length L.

<R> =
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4{4m3
3

<R>
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-;D for a sphere.

More refined methods exist for calculating an effective mean chord Tength
for more tightly-packed Tattices involve applying the Dancoff correction to
adjust for rod shadowing effects (Bell and Glasstone 1979). Because the
Dancoff correction becomes more important for more tightly packed lattices, it
is less important for the optimal lattices of concern for finding maximum
reactivity (spacing for optimal reactivity tends to be greater). However,
this discussion is presented to show approximately how spheres and rods
optimize to different diameters. These more sophisticated methods are already
built into WIMS-E (Gubbins et al. 1982), the lattice code used to generate the
results in this report.

If the degree of self-shielding is to be the same between the cylindrical
and spherical lattices, the mean chord length must be the same. This occurs
when the diameter of the cylinder is equal to two-thirds of the diameter of
the equivalent sphere, or the sphere diameter is 1.5 times the diameter of the
cylinder. Figure 6-30 presents the results of the MCNP calculations. Each
MCNP k., shown in Figure 6-30 was a maximum value, out of 10 MCNP
calculations that varied the spacing between either the rods or spheres. As
expected, the shapes of the two curves are different, but the lattice k, that
the two curves maximized themselves to is essentially the same (well within
the 2 o error of the calculation). It is interesting to note that this
maximum k, is very close to the value that WIMS-E maximized to for uranium
rods of the same enrichment (1.09226). The maximum k, was 1.09082 + 0.00265
for the cylindrical lattice, and 1.09189 + 0.00247 for the spherical lattice.
Finally, the sphere diameter that produces the maximum is about 1.5 times the
diameter that produces a maximum for the rods, as predicted by theory.

The foregoing discussion was intended to solidly establish that whether
random, irregularly shaped scrap or rubble is treated as rods or as spheres
makes no difference in the calculated value of the maximum reactivity of the
material.

By inference, it is now postulated that true irregularly shaped pieces,
assuming that they are optimally sized and spaced, will not be more reactive
than either the rod or sphere models. The rod and sphere comparison was in
excellent agreement with certain transport theory predictions, and hence
greater confidence may be put in the assumption that the primary factors that
have significance in determining unit jattice reactivity are the mean (or
effective) chord length and the degree of moderation. These factors are not
sensitive to the spatial details of the lattice geometry. Therefore, treating
scrap material using parametric calculational results obtained from a lattice
calculation, such as WIMS-E, is assumed to be valid.
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7.0 CONFINEMENT

The MCO represents the first confinement/containment boundary for the SNF
during storage. The MCO provides confinement when it is vented and
containment when it is sealed. The MCO is a single-boundary system that
serves the following uses during its lifetime: :

e The innermost SNF container as part of the transport shipping
packaging

e The process vessel for the SNF during cold vacuum drying and hot
conditioning of the SNF

s The container for the SNF during staging at the CSB

s The container for the SNF during interim storage at the CSB.

7.1 CONFINEMENT BOUNDARY

The confinement boundary for the MCO is composed of the MCO lower end
cap, the MCO shell wall, and the MCO shield plug.

e The lower end of the MCO is a machined cap made of 304L stainless
steel. A pocket at the bottom of the cap collects bulk water for
removal from the MCO. The minimum thickness for the lower end cap
is 1.3 cm (0.5 in.) where it is welded to the shell wall.

o The shell wall of the MCO is a 6l-cm- (24-in.-) outside-diameter
pipe section with a 1.3-cm- (0.5-in.-) thick wall section. The
shell is made of 304L stainless steel. The shell wall and lower end
of the MCO will be manufactured and leak tested before use at the
Hanford Site.

e The shield plug assembly includes the plug body itself and the
penetrations and devices necessary for interface to the process and
safety equipment. The devices at the end of the penetrations from
the interior of the MCO form a portion of the confinement boundary
for the MCO.

The MCO confinement and pressure boundary is designed and manufactured to
meet the intent of the standards in the Boiler and Pressure Vessel Code
(ASME 1995a), Section III, Subsection NB, with some exceptions. The MCO
design pressure is 1.0 MPa gauge (150 lb/in2 gauge) at 200 °C (392 °F). The
maximum temperature allowed after fuel is inserted into the MCO is 375 °C
(700 °F). The operating maximum temperature during hot conditioning is
Timited to 350 °C (660 °F) for the MCO vessel proper, with the SNF payload
design fuel dryout temperature being 300 °C (570 °F).
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7.1.1 Confinement Penetrations

Penetrations into the MCO are bored through the shield plug to the
interior of the MCO. The penetrations terminate on the outside of the shield
plug as ports, with devices and fittings that allow the MCO to interface with
process- and safety-related devices. Four devices are associated with the
penetrations: two process tubes and two pressure relief devices. Fittings
and covers that go over the devices offer additional confinement for the MCO.

The two process tubes are connected to ports on the external faces of the
MCO. These process tubes are used to introduce fluids into and remove fluids
from the MCO. The long process tube path has a nominal diameter of 1.3 cm
(0.5 in.); the short process tube has a nominal diameter of 2.5 cm (1 in.).
Both process tubes are protected by wire screens (2-mm mesh openings) on the
interior of the MCO to prevent targer particles from being moved out of the
MCO (Figure 1-9).

A bank of four HEPA filters inside the MCO filters exit gases during
vacuum drying and hot conditioning. The HEPA filters, which are not testable
after installation, are connected to a penetration in the MCO shield plug that
leads to an external pressure relief device that activates well below the
1.0 MPa (150 1b/1n2) design pressure. These HEPA filters serve to minimize
the potential for contamination spread if the MCO pressure relief device
actuates during staging at the CSB. These filters also are sized to bleed off
any gas buildup caused by possible radiotytic production of hydrogen and other
gases inside the MCO.

The pressure relief path is a nominal 2.5-cm (1-in.) path via the short
process tube with the rupture disk venting outside the MCO during
overpressurization. This path has to have a flow-rate capacity that keeps the
MCO pressure below the 1.0 MPa gauge (150 1b/1‘n2 gauge) limit.

7.1.2 Seals, Welds, and Closure

MCO confinement/containment is established by a combination of seals and
welds. The shell wall pipe and MCO bottom are joined by welding, and the
joint is inspected and examined before the MCO is loaded with fuel. The
shield plug penetrations are sealed during transport and during processes
through hot conditioning to keep the leakage rate of the penetrations to
acceptable levels. Sometime after hot conditioning, a single cover is placed
over the entire shield plug and welded to the MCO shell wall.

Two approaches to forming the closure of the shield piug to the MCO shell
were considered. The first type of closure is a circumferential weld around a
304L stainless steel shield plug joining the shield plug to the MCO shell
wall. Welding for this type of closure would be performed after the cask-MCO
had been processed at the CVDF. Helium would be used to test the leak rate
for this type of closure before the MCO was shipped from the CVDF to the CSB.
The second type of closure, which has been selected for use by the SNF
Project, is a mechanical closure where the shield plug is held in place by a
threaded Jocking ring containing jack bolts. The locking ring would be placed
into the MCO neck extension after the shield plug was inserted. Once
assembled, the eight jack bolts in the locking ring would be tightened down
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into the shield plug's back side to push the shield plug into the seal between
the MCO shell and the shield plug. This type of closure would be made before
the cask-MCO was transported to the CVDF. The seal is maintained during
thermal transients and drop accidents by developing and maintaining sufficient
preload through the seal. This type of seal system will be qualified early on
during the prototypic testing program and by analysis, and as a result, each
MCO may not need individual leakage rate determinations after loading is
complete at the K Basins.

The cask is fully prepared to accommodate either a welded or mechanical
closure as the MCO's outside dimensions and shape at the closure end are
essentially the same in both cases. Cask operations has taken on the task of
setting the shield plug into the MCO neck underwater in the load-out pit.
Selection of the mechanical closure means that cask operations would also
install the locking and lifting ring and tighten the eight jack bolts and
perform the cursory leakage rate test with the MCO and cask out of the basin
pool if needed. The mechanical closure has the advantage of relieving cask
operations of the installation of the shield plug restraint and seal to the
MCO shell that would be required for a welded shield plug.

At the CVDF selection of the mechanical closure relieves workers of the
tasks of welding the shield plug into the neck of the MCO, determining the
leakage rate of the weld, and dye penetrant testing. This is a savings of
approximately 14 hours in each MCO's cycle time of 66 hours through the CVDF.

At the HCS, either the welded or mechanical closure involves seal welding
of the MCO some time after the hot conditioning process has been completed and
gas evolution inside the MCO is at acceptable levels. In the case of the
mechanical closure, seal welding is accomplished by installing a cover cap
with rupture disk over the entire end of the MCO and performing the weld with
automatic welding equipment. In the case of the welded closure, seal welding
is accomplished by welding four smaller covers over the ports in the shield

plug.

7.2 REQUIREMENTS FOR NORMAL CONDITIONS OF STORAGE

The MCO confinement boundary is tested at various times and places to
ensure the leakage rate requirements are met. The MCO shell and bottom end
are leakage rate tested before the subassembly is loaded with fuel. The
mechanical closure system will be qualified for suitability and only a cursory
examination of the seal occurs at the K Basins after fuel loading and MCO
closing are complete. It is not anticipated that the eight jack bolts in the
mechanical closure will need retorquing while the MCO is in staging at the
CSB. . This is based on the tightness of the jack bolts after the prototypic
MCO had gone through five thermal cycles and vibration testing. The bolts
were tight after testing of the prototype was complete. Creep analysis of the
nearby metals in affected areas and around the mechanical seal can be
performed if needed. After staging and hot conditioning are complete and gas
evolution rates inside the MCO are at acceptable levels, a cover cap is welded
to the MCO shell over the top of the shield plug and Tocking and lifting ring.
The cover cap weld is volumetrically examined by ultrasonic inspection
equipment once the MCO is sealed and prepared for interim storage in the CSB
storage tubes.
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7.2.1 Release of Radioactive Material

During sealed interim storage in the CSB, the MCO has no penetrations
that are open for sensing or venting. The atmosphere inside the MCO is not
interacting with the atmosphere of the CSB storage tube. Release of
particulate material into the CSB storage tube is not probable during sealed
interim storage. The capability for pressure relief does, however, exist in a
pressure relief device as well as a rupture disk.

7.2.2 Pressurization of Confinement Vessel

Before storage .the MCO and SNF are conditioned. This process heats the
MCO and SNF to 300 °C (575 °F) under vacuum and decomposes most of the
compounds holding water and hydrogen. As a result, these pressurization-
producing materials, needed to create pressure by radiolysis, are minimized.
During storage, properly hot conditioned MCOs will not have excessive pressure
buildup from radiolysis of materials inside the MCO. Any unexpected gas
release from the MCO would go into the CSB storage tube, which is inside the
CSB building proper.

7.3 CONFINEMENT REQUIREMENTS FOR HYPOTHETICAL
ACCIDENT CONDITIONS

The MCO is usually stored in the CSB storage tube. This tube is fitted
with a shield plug. The operating deck of the CSB is surrounded by the above-
ground portion of the CSB's walls and by the roof. Thus, under long-term
storage, confinement is provided by the MCO and by the storage tube. The CSB
is designed to withstand the loads imposed by Hanford Site hazards (e.g.,
tornadoes, seismic events) as well as to mitigate or prevent accidents such as
MCO drops into the storage tubes.

7.3.1 Fission Gas Products

Fission product generation and release during each step of the proposed
process the MCO will be subjected to is discussed in WHC-SD-SNF-TI-033
(Cooper 1996a).

7.3.2 Release of Contents

The MCO is fitted with a pressure relief device. This device is designed
to release at about 1.0 MPa gauge (150 1b/in? gauge). It has a throat of
approximately 2.5 cm (1 in.) leading to the interior of the MCO. Because the
MHM cannot accommodate a high flow rate release, the MCO will be fitted with
an orifice plate after the pressure relief device to limit the release rate
from the MCO into the MHM and CSB storage tubes. This Tower release rate will
allow CSB systems and the MHM to handle the release and prevent the spread of
contamination. Also a lower release rate from the MCO will sweep less of the
particulate inventory up in the release stream, leaving more of the
particulate inside the MCO.
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8.0 OPERATING PROCEDURES

The SNF Project is not yet to the point where specific handling
procedures can be drafted and evaluated with any degree of accuracy.
Therefore, the processes associated with shipping cask and MCO movement, from
initial fuel loading in the K Basins through long-term storage in the CSB, are
described here on a facility-specific basis. Much of the detail presented is
subject to change. By including sufficient detail to enable the reader to
understand the process as it currently exists and as it relates to each
facility, the need for continued reference to the facility SARs may be
precluded. As the facility-specific procedures are generated, they will be
referenced in this section and, if appropriate, included as appendixes. The
facility-specific information, once generated, will supersede the information
presently contained in this section.

8.1 CURRENT K BASIN PROCESS DESCRIPTION

Current K Basin activities involve the safe storage and handling of fuel,
sludge, radioactive debris, and contaminated debris. The following fuel
storage and handling activities are performed:

Inspecting fuel storage racks and canisters
Operating fuel handling tools and equipment
Moving fuel and IXC transfer casks

Pumping sludge

Removing debris.

AT1 N Reactor fuel elements in the K Basins are stored in canisters. The
canisters are stored in racks that provide a unique storage location for each
canister and, more importantly, serve to keep the fuel in the canister in a
critically safe configuration. Fuel handling tools and equipment are used to
load fuel elements into canisters, seal and insert chemicals into the
canisters, and move the canisters around in the basin. Casks are used for
shipping fuel canisters and spent basin water treatment resins out of the
basin. Fuel stored in unsealed canisters is the major source of sludge on the
K East Basin floor. Sludge pumping equipment is used to clean the fuel
storage pool floor and is presently used only in the K East Basin. Both
basins have significant accumulations of sludge in the sand filter backwash
pits. The sludge present in the pits accumulates from periodic backwashes of
the sand filter, which is part of the basin skimmer system.

8.2 K BASIN FUEL REMOVAL PROCESS DESCRIPTION

Handling of the MCO begins at the CSB when a new, open, MCO shell is
loaded into an empty transport cask. During transport to the K Basins, a
protective cover prevents the interior and exterior of the MCO from being
contaminated with foreign materials. At or prior to activities at the
K Basins, the cask-MCO is unloaded from the conveyance, and the locking and
1ifting ring is test-threaded into the MCO neck to check fit-up and then
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removed. This operation minimizes the potential for threading problems later
in the load-out pit. The cask-MCO is then placed in the load-out pit and
prepared for fuel loading. y

The SNF Project provides the basis for modification of the K East and
K West Reactors' fuel storage basins and facilities to enable the retrieval,
cleaning, reracking, loading, and removal of the SNF, as well as removal of
the sludge. The K West Basin's fuel removal operational readiness review
includes all modifications and upgrades required to accommodate the necessary
operations for SNF removal.

The K Basin Fuel Retrieval System will be used to retrieve fuel and
package it in MCO baskets in preparation for loading into the MCO. Fuel will
be retrieved from the basin in accordance with campaign letters that implement
an overall plan for fuel removal. These campaign letters will provide the
control necessary to ensure the proper fuel is removed in the proper
sequences. The campaign Tetters also provide controls to keep the special
nuclear material classification below a category 2 for each MCO.

Fuel will be moved, using the K Basin monorail cranes, from the basin
storage locations to a storage area near the fuel retrieval equipment in the
west bay of the basin. Gas pressure will be relieved and the canister caps
will be removed from the sealed canisters before cleaning the fuel. Fuel
canisters will be loaded into the Fuel Retrieval System's primary cleaning
machine for cleaning and for Toosening stuck fuel. Following cleaning, the
canisters will be discarded and the fuel will be inspected, as necessary, to
ensure it is acceptably clean. If necessary, fuel elements will be cleaned in
a secondary cleaning station.

Fuel scrap will be loaded into MCO scrap baskets. Intact fuel elements
will be loaded into MCO fuel assembly baskets. Operational controls will
ensure the fuel is loaded into the correct MCO basket type and that the proper
amount of fuel is Toaded into the MCO baskets. Filled baskets will be moved
to the MCO basket queue to await preparation for loading into the MCO. The
MCO basket queue can hold 10 MCO baskets.

In the loading queue the MCO basket is prepared for placement into a new
shipping cask-MCO. MCO baskets are moved manually from the loading queue to
the modified south load-out pit in the basin. A loading funnel is put into
the neck of the MCO to prevent damage to the MCO closure surfaces during the
loading of the fuel baskets. This step may be performed before the cask-MCO
is put into, and flooded in, the load-out pit. The MCO basket is inserted
into a cask-MCO using a modified monorail and a new hoist. After the fuel
level has been shown to be acceptabie, the loading funnel is removed from the
neck of the MCO.

The shield plug assemblies and the long process tubes are stored at a

warehouse in the 100 K Area until the components are needed at a basin.

A shield plug assembly is brought into the load-out pit area, and the shield
plug assembly is prepared for installation while the MCO is underwater in the
load-out pit. The shield plug is attached to the hoist rigging, and the long
process tube is attached to the shield plug. Water-level equalization
apparatus, which will be used to adjust the water level inside the MCO once
the shield plug is in place, also is attached to the shield plug. The shield
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ptug is then swung out over the submerged MCO containing the SNF payload, and
the Tong process tube is inserted into the top basket's axis. The shield plug
assembly is slowly lowered down and into the MCO's neck. Once shield plug
insertion is complete, the cask-MCO is raised up out of the water, the water
Tevel inside the MCO is adjusted to the proper level, and the water-Tevel
equalization apparatus is removed from the shield plug. Necessary .
decontamination steps will occur at this time.

The rest of the mechanical closure assembly, including the previously
tested locking ring, is installed into the neck of the MCO and the jack bolts
tightened. The mechanical closure system will be a qualified closure joint
for the MCO. Under normal conditions, the mechanical closure also allows the
MCO, once flooded, to be fairly easily downloaded into the basin pool.
Downloading might be accomplished in the event of dropping the MCO into the
cask, loading fuel for transfer to another basin, and failing the leakage rate
test.

The cask-MCO is prepared for movement by the load-out area's crane. The
K East and K West fuel transfer bay cranes are rated for 30 tons. They will
be used to support the transfer of approximately 100 casks-MCOs, per basin,
per year, for 2 years. The 1ifted loads will be at or near the rated capacity
of the existing cranes. One of the strategies for improving safety and
operability is providing improved load-out basin transfer area bridge cranes.
The current bridge cranes were constructed in the 1950's. They are being
modified to meet the requirements of the SNF mission using the developed SNF
strategy. Planned modifications include an auxiliary hoist and radio remote
control for hoist and travel movement.

The cranes position the cask-MCO assembly between the basin load-out pit
areas and the transportation staging area. The cask-MCO assembly is placed in
the jmmersion pail to minimize possible contamination. The immersion pail
which fits around the cask-MCO, is sealed, and a positive pressure maintained
across the basin water and cask boundary. The immersion pail attached to the
cask-MCO is set on the floor of the south Toad-out pit during fuel basket
loading. The cask-MCO fully loaded with SNF weighs approximately 30 tons.

A new 1ifting fixture is attached to the crane and the cask-MCO is moved
from the load-out pit to the transportation trailer.

The basis for classification of each of the process elements is the
safety evaluations that contain the hazards analysis. The hazards analysis
looked at the process steps, potential hazards, causes, consequences, safety
features (engineered and administrative), inventory at risk, consequence
category, frequency category, and reviewers remarks.

Associated hazards and hazard classifications can be found in the
K Basins modified SAR.
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8.3 COLD VACUUM DRYING FACILITY

8.3.1 General Facility Description

The CVDF will receive loaded MCOs from the K Basins. The CVDF.is a new,
stand-alone, modular structure Tocated in the Hanford Site 100 K Area. The
site selected for the CVDF is to the southwest of Building 165 KW, the Power
Control Building, and 105 KW, the Reactor Building. This site is close to all
required utilities and within the inner security boundary. The new facility
is located near the path the fuel transport truck will take leaving the 105 KW
Reactor Building and is close to rail lines that may facilitate future removal
of waste. .

The CVDF contains five process bays (including one empty bay) within a
single-story, pre-engineered metal frame and concrete panel building
containing a second-level mezzanine. Attached to the process bays is a
single-story, pre-engineered metal building that encloses administrative rooms
and change rooms. The exterior skin of the building is a mixed use of precast
concrete panels and insulated metal panels. The CVDF will be constructed in
accordance with the Uniform Building Code (1CBO 1994) and DOE Order 6430.1A,
with egress requirements conforming to NFPA 101, Safety to Life from Fire in
Buildings and Structures (NFPA 1991). The recommended conf1gurat10n of the
CVDF requires a building footprint of approximately 1, 300 m? (14,400 ft? ) for
the process bays and support areas and 280 m’ (3,000 ft ) for administrative
and change rooms.

Each process bay is designed as an enclosure for an MCO cask transporter
without the tractor attached. Operational space necessary to meet the
functional requirements of the CVDF is included. Process bay construction is
designed to provide separation and confinement within each bay. The pre-
engineered metal building system has a bay width of 9 m (30 ft) and a rigid
steel frame system that has a nominal width of 18 m (60 ft). The height of
the process bay is nominally 9.75 m (32 ft), which is dictated by the manned
access required at the working level of the shipping cask, the crane access
required to remove the cask 1id, and the physical requirements for all the
process equipment.

Each process bay provides ground space for the following items:

e A cask transporter, without the tractor attached (a safety-related
confinement zone)

e Personnel circulation and functional space around the cask
transporter

s Seismic restraint hold-down devices for the cask-MCO, if required
s Vacuum drying system equipment and pump assemblies

e Access to the working level of the cask and transporter
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* Radiological control between the process bay and the access corridor
(operators change clothing and are monitored for radiological
contamination before being admitted to the access corridor)

¢ Bridge crane access for removal of the cask 1id and maintenance on
equipment

e Auxiliary services, including inert gas, and pneumatic and
electrical power

e A cabinet for supplies.

Access to the working level of the cask is accomplished using a mezzanine
level with space for the following items:

e (Connections from the vacuum drying system to the cask-MCO

e Heating, ventilating, and air conditioning (HVAC) equipment and
electrical panels

e Jib crane and slot hood assembly.

The process bay support area serves as a differential pressure zone
between the controlled process bay and the uncontrolled circulation corridor.
Functional requirements for each process bay support area include the
following:

e Seating space for two allowing for dressing and undressing with
special work permit clothing

e Storage for clean special work permit clothing
e Storage for dirty special work permit clothing
* Space for personnel contamination monitor equipment.

Access throughout the process portion of the building is accomplished
using a corridor that is contiguous with the main change room for radiological
control of access-egress between the administrative and process areas.

Support rooms off the corridor include a decontamination room, swipe count
room, process water tank room, miscellaneous materials storage room, and
equipment storage room.

The administrative area controls personnel access into the CVDF process
bay area and provides space for lunch-conference room, quality assurance
functions, shift manager, health physics technician and radiation monitoring,
control room, electrical-telecommunications room, fire riser room, change
rooms and rest rooms, and access-egress control and personnel control
monitoring of the process bays.

The HVAC system for the CVDF consists of one HVAC supply system for each
process bay, one for the corridor area, and one for the administrative Area.
Each supply system operates independently but interfaces with the building
control system. The process bay HVAC system is a constant volume
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recirculating system with two-stage HEPA filtration in the return air system.
Each bay incorporates a local slot hood that continuously exhausts a portion
of the air from the bay area. Air exhausted through slot hoods in each bay
combines into a single system and is then filtered through a two-stage HEPA
plenum. Partially redundant exhaust fans, running in parallel, direct the
exhaust air to the stack. Each bay also has a general exhaust system that is
used to maintain design pressures. This general exhaust combines with the
corridor exhaust system.

The access corridor area HVAC system is a constant volume once-through
system. Air is ducted to the access corridor and support rooms. Air supplied
to the access corridor is transferred to the material storage room and change
rooms. The change rooms will maintain a positive pressure with respect to the
process bays. Air in the corridor support rooms, the controlled rooms in the
administrative area, and the general exhaust from the process bays is
exhausted to a separate two-stage HEPA plenum. A separate set of partially
redundant exhaust fans, running in parallel, directs the exhaust air to the
stack.

The administrative area is served by a packaged unit with chilled water
cooling and electric heat. Air is recirculated through the administrative
area, and an economizer is used to reduce energy costs. Air from the rest
rooms and shower areas is exhausted to the outside.

The electrical system will provide power distribution, lighting,
grounding, and lightning protection for the CVDF and its equipment and
instruments as required. Normal power will be provided with a grounding
system to ensure safety to personnel and equipment, to provide a connection to
earth for transformer neutral, to provide a discharge path to ground for
lightning and surge arresters, and to provide a reference point for electronic
systems.

Normal power will be provided by extending an existing 13.8 kV primary
circuit from existing poles adjacent to the site. Using fused cutouts and
tightning arrestor, the existing overhead circuit will be converted to an
underground circuit to supply the new building's pad-mounted transformer. All
underground primary conduit will be concrete encased. Secondary power at
277/480 V will be routed into the building through underground conduits.

Power will be distributed by a free-standing, metal-enclosed switchboard.

Uninterruptible power (one 50 kVA, 480 V to 208/120 V) complete with
battery packs, battery disconnect switch and circuit breaker, maintenance
bypass cabinet, and computer power center will be provided to ensure safety-
related critical systems have continuous power supplied during and after a
design-base accident.

8.3.2 Cold Vacuum Drying Facility Process Description
The sequence of actions that are required to occur in the CVDF between

the time that an MCO is ready for shipping from the K Basins until the process
bay is ready to receive another MCO can be summarized as follows.
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Receiving Activities. The basin workers notify the CVDF control
room that a shipment is ready. CVDF workers in the control room
select a bay and notify the truck driver, who.drives to the CVDF and
positions the transporter in front of the bay door. The bay door is
opened and an exhauster trunk attached to the truck's exhaust pipe
so that diesel fumes do not enter the CVDF. The truck backs into
the bay and locates the transporter. :

Preparation Activities. Once the MCO has been accepted, the trailer
is secured and the tractor is disconnected, and driven out of the
facility.

Receiving .Inspection and Acceptance Activities. Receiving
inspection activities are performed to verify that the MCO is
properly labeled so that special nuclear material accountability is
maintained; to verify that there is no removable contamination on
the exposed surfaces of the cask; and to assay the radiation field
in the vicinity of the cask and MCO top where workers will be
present. Decontamination and resurvey occur if contamination is
found.

Process Setup Activities. After the cask-MCO assembly is secured
and determined to be free of contamination, radiation monitoring
instrumentation is attached to the transporter work platform and
activated; water hoses are attached to the cask ports; the cask 1id
is removed and replaced with a cask process 1id; an overhead boom is
swung in that carries a local exhaust hood and the process
connection spools; and the process hoses are attached to the MCO top
ports.

Processing Activities. Process activities include heating the MCO
to the drying temperature (the water is left in order to obtain
effective heat transfer to the materials inside); draining the water
from .the MCO; executing a sequence of purge and evacuation cycles;
verifying dryness by means of pressure rise test; backfilling with
helium; helium leak checking; and ultimately, cooling the cask. Al
these operations are run from the control room.

Postprocessing Examination. After processing the MCO temperature is
raised to 75 °C (167 °F), held at this temperature for 6 hours, and
monitored for the gas generation rate. After a successfuil
examination, the cask-MCO are cooled to 25 °C (77 °F). The
postprocessing examination will encompass a 12-hour period (which
envelopes the nominal CVDF to CSB transport window).

Postprocessing Activities. Postprocessing activities are the
reverse of the preparation activities. The process hoses are
disconnected; they are to be handled as contaminated items (ends are
bagged). The boom is swung out of the way. The water in the
annular space between the cask and the MCO is drained. The cask top
is placed, sealed, and the annular space dried. Helium is injected
into the annular space. Instruments are removed from the
transporter. The tractor arrives and is connected to the
transporter. The transporter is released and driven away.
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8. Bay Restoration Activities. Cleanup work required to prepare the
bay for the next MCO includes mopping the floor, changing filters,
changing out and cleaning up contaminated spools, and calibrating
equipment.

8.3.2.1 Vacuum-Gas Purge System. The function of the vacuum/gas purge system
is to remove the bulk water from the MCO and to dry the SNF under vacuum using
a cycle of evacuation and inert gas backfill and purge stages. There will be
one vacuum-gas purge system for each of the process bays. The final product
will be a dried MCO that has been backfilled with inert gas. The vacuum-gas
purge system will be required to interface with the monitoring and control
system to allow for computer control of the MCO during all stages of the
drying operation.

8.3.2.2 Multicanister Overpack Temperature Control. The MCO-cask temperature
control system maintains the MCO at the proper operating temperatures during
all stages of the MCO drying process. This includes heating the MCO during
vacuum drying, and cooling the MCO after vacuum drying. The temperature
control system pumps water at various design temperatures through the annular
space between the MCO and the cask at a rate of 75 L/min (20 gal/min) and a
design pressure of 140 kPa (20 1b/in%). During the vacuum drying phase of the
operation, the temperature control system maintains a continuous operating
temperature for a period of not more than 2 days per drying operation. After
vacuum drying, the temperature control system cools the MCO and cask down to
an acceptable temperature for shipping. The temperature control system
interfaces with the monitoring and control system to allow for computer
control of the MCO during all stages of the drying operation.

8.3.2.3 Liquid Handling System. The Tiquid handling system provides a Tocal
point of collection for the process liquids in each of the process bays.
Liquids are pumped from the collection system in each bay to a 19,000-L
(5,000-gal) central Tiquid holding tank. This liquid will be transported by
tanker to another facility for final treatment and disposal. The liquid
handling system interfaces with the monitoring and control system to allow for
computer control during the drying process.

8.3.2.4 Monitoring and Control System. The monitoring and control system is
designed as a fully-integrated control system that provides not only process
control but data acquisition and management. The system uses digital
signaling between a distributed network of programmable logic controllers and
driver software, which can be handled by personal computer-sized hardware.
Each Tocal personal computer has a view screen with dynamic graphical display
to show the change in the operating parameter. A1l personal computers allow
total access to all systems so redundancy is achieved if a computer becomes
inoperative. Access to the level of control can be programmed into the
software of the control system so that only authorized personnel may operate
the system. A television camera located in each process bay and outside
viewing the truck area entry allows control room personnel to view the
operation. A television screen is situated near each personal computer
control station.

8.3.2.5 Solid Waste Disposal. Solid waste is generated during the course of

normal operation within each of the process bays and the other areas of the
facility. This waste includes, but is not limited to, HEPA filters, liquid
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handling system filters, smears from various health physics technician
surveys, decontamination rags, plastic hose end and boom covering bags, and
rags and wipes from general process bay cleanup. These items, and other
similar types of potentially contaminated solid waste, are placed into a
designated drum in each bay. When drums are full they are monitored to
determine waste class and placed in a temporary storage area in the facility.
The drums are picked up by others for treatment and/or disposal.

8.4 CANISTER STORAGE BUILDING

The CSB is located in the 200 East Area of the Hanford site. The CSB is
a hazard class 2 facility that consists of three equally sized below-grade
concrete vaults, with total approximate dimensions of 55 m x 50 m x 15 m deep
(180 ft x 165 ft x 48 ft deep), covered by a concrete operating deck. An
above-grade steel operating area structure is located above the vaults.
Support functions and equipment are housed in a smaller building at the north
side of the operations building. The reference elevation of the facilities at
the top of the operating deck is 216 m (709 ft) above mean sea level. The
basemat is nominally 1.7 m (5 ft 6 in.) thick; its surface elevation is
203.2 m (666 ft, 9 in.). The distance from the surface of the basemat to the
underside of the operating deck is 11.4 m (37 ft, 3 in.). The exterior walls
and air inlet and outlet pienums are 1.4 m (4 ft, 6 in.) thick. Interior
partition walls between vaults are 0.9 m (3 ft) thick.

Only heavy, thick concrete structures are below grade: the interior and
exterior vault walls, the intake and exhaust plenums, and the basemat. The
northernmost vault (vault 1) will be equipped with tubes to provide storage
for MCOs. The MCO storage vault is cooled by natural convection through a
dedicated inlet and exhaust air stack and plenum. Based on SAR assumptions,
thermal analysis indicates that the maximum air temperature inside the vault
is 56 °C (133 °F) coincident with a steady-state intake air temperature of
46 °C (115 °F). The storage tubes are supported from the basemat of the vault
and are accessed through shield plugs in the operating deck. The safety
classification of the CSB vault structure is covered on pages 3-7 and 3-8 of
WHC-SD-HWV-PSE-001, Hanford Waste Vitrification Plant Canister Storage
Building Preliminary Safety Analysis Report Addendum (WHC 1994), which
designated all of the structures contained in the below-grade or vault package
as safety class.

Fully isolating vault 1 from vaults 2 and 3 provides sufficient shielding
to permit personnel to install storage tubes in vaults 2 and 3 at a future
time while vault 1 is operating. The total activity is given as 310,798 Ci
for one MCO. The source term is driven primarily by alpha emitters. Based on
SAR assumptions, shielding analysis indicates that the dose rate at the base
of the intake stack is less than 0.05 mrem/h, and in the adjoining below-grade
vault, the dose rate is less than 0.4 mrem/h.

The MCO storage tubes are provided with stainless steel expansion bellows
to permit unrestricted thermal growth of the storage tube, accommodate
differential movement of the operating deck in relation to the basemat slab,
and seal the operating area from the vault. Tube plugs provide shielding and
are equipped with double elastomeric seals. The tube plugs are recessed into
the deck and extend slightly below the deck level at elevation 214.5 m (704
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ft). The weight of the tube plugs rests solely on the storage tubes. The
tube plugs are provided with venting and reinerting connections and HEPA-
filtered relief devices. Tube plugs have locks to prevent loss of confinement
should an MCO rupture disk burst. Tube plug covers protect the tube plug
connections and devices and are flush with the operating deck. The tube plug
covers have vents for plug relief valves.

Tube base assemblies are affixed to the basemat and the storage tubes are
inserted into the tube base assemblies. The tube base assemblies have
provisions for convective cooling to ensure that the temperature at the
basemat slab will not exceed the 66 °C (150 °F) concrete temperature limit.
The basemat slab embeds serve as alignment and horizontal seismic restrain
points for the storage tube base assemblies. As described in Section 3.4,
"Accident Analysis,"™ the hazard analyses determined that the below-grade
portion of the CSB is safety class.

A 1.5-m- (5-ft-) thick, standard, reinforced concrete operating deck
structure forms the at-grade portion of the CSB. The operating deck and other
operations areas are enclosed in a steel building. The operating deck
contains numerous through-thickness steel sleeves (floor embeds) that receive
the storage tubes and floor plugs for both the MCO and the MCO overpack
locations in vault 1 and that provide a location for the tube plug cover
plates in vault 1 or embed cover plates in vaults 2 and 3. Vault 1 contains
220 storage tubes, each capable of staging or storing two MCOs, plus 6
additional storage tubes to accommodate MCO overpacks. Each storage tube will
contain an impact absorber to mitigate the consequences of a dropped MCO. The
storage tubes are safety class, and along with the impact absorbers, they are
designed to withstand all credible DBAs (WHC 1996b). The impact absorber is
designed to prevent the breach of the storage tube and the MCO.

MCOs are transported from the CVDF in shielded casks and received into
the operating area at the northwest corner of the CSB. Upon arrival at the
CSB, the cask containing the MCO is unloaded by a gantry-type receiving crane.
The crane is used to transfer the casks from the truck to a below-grade
service station at the north end of the operating area. In the service
station the cask 1id is removed and the MCO is prepared for storage.

The MCO is then prepared for staging and placed in the MHM. The MHM
contains an on-board confinement system to mitigate against the effects of an
accidental drop of an MCO during placement in a storage tube. Maintaining the
inerted gas environment in the MCO during transport from the service station
to the storage tube will be ensured by the inert gas system on the MHM. The
MHM is designated safety significant for its confinement function. The MHM is
designed to maintain the atmosphere around the MCO inerted and the pressure
inside the MHM cask negative with respect to the operating area.

Initially the MCOs containing SNF are staged in an inerted condition in
the storage tubes. The MCOs are sealed with a safety-class rupture disk and a
non-safety class pressure relief device. The SNF contained in the MCO is
prone to hydrogen gas generation from radiolysis of bound and free water and
from metal oxidation reactions. The hydrogen concentration must be maintained
below the lower explosive 1imit. Although the storage tube is inerted, it is
expected that the tube plug seals will permit some slow exchange of storage
tube atmosphere with the operating area. To ensure that the gas concentration
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will be kept out of flammable range, the storage tubes are evacuated
periodically and reinerted. These operations are performed on a routine basis
depending on observed hydrogen generation rates during staging. Tube purge
and vent carts are provided to facilitate these hydrogen-related storage tube
operations. Equipment on the carts can detect airborne radioactivity and
dangerous concentrations of hydrogen in a sampled tube. Upon determining that
the tube atmosphere is acceptable, cart equipment evacuates the tube and
exhausts it into the operating area through HEPA filters. The storage tube
then is reinerted to a slightly positive pressure. Tube purge and vent carts
are designated safety significant to maintain an inerted atmosphere around an
MCO. They are designed to safety significant criteria to prevent the hydrogen
concentration in the storage tubes from reaching the lower explosive limit.

If the pressure inside a tube rises above 60 kPa gauge (9 1b/1'n2
gauge), the tubes begin to vent to the operating area through a relief valve
and HEPA filter in the tube plugs. Excess hydrogen generation is one cause
for a rise in pressure inside the tube. The tube plugs are designed to
maintain acceptable Teakage tevels and to vent only when over pressure in the
tube occurs. The storage tube and the concrete plug above the tube are safety
class and have been designed to remain intact and functional when subjected to
a design basis earthquake. The tube plugs are designated safety class to
control the ingress of air or egress of inerting gases to acceptable levels.

The MHM transfers the MCOs from the tubes to the HCS and returns them to
the CSB storage tubes for sealed storage. Eventually, the MCOs containing SNF
will be processed in the HCS. Upon completion of hot conditioning, the MCOs
will be sealed and will then be stored in the CSB.

8.5 HOT CONDITIONING SYSTEM

The HCS is housed in an annex to the CSB. The HCS removes residual
chemically bound water and metal hydrides from the fuel in the MCOs. The
process minimizes the potential for subsequent pressurization of the sealed
MCOs by removing constituents that can change phase to a gaseous state under
storage conditions.

Hot conditioning of the fuel inside the MCOs takes place in one of six
ovens, each located in a process pit below the CSB Annex operating deck. The
ovens are essentially thermos bottles heated by forced convection air flow
provided by support skids on the operating deck. The MCO is placed inside the
oven, being supported by the stepped collar on the MCO. An insulating cover
is placed over the top of the MCO.

The process pit provides secondary confinement and the process pit covers
serve as supplemental radiation shielding. The covers have been designed with
an integral inner plug. The MHM removes the inner plug of the cover to place
the MCO inside the process oven and then replaces the inner plug, mimicking
the cycle that the MHM goes through when an MCO is placed in or retrieved from
a CSB storage tube. This allows the MHM to move the MCO into the process
furnace while maintaining secondary confinement of the MCO.

To allow access to the top of the MCO for process line hookup, a portable
enclosure is placed over the process pit. The process pit cover with its
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integral plug is then temporarily opened to allow access to the top of the
MCO. During the period while the process pit covers are opened, .secondary
confinement includes the process enclosure. A remote manipulator inside the
process enclosure is used to attach process lines to the MCO and to remove
them, and to service equipment under the process trench cover.

A process equipment module associated with each oven contains the
convective heating and cooling supply system. Heated (up to 350 °C [575 °F])
or cooled air is supplied to the process furnace. The process module also
contains a vacuum pump, process gas recirculation blower, and inert gas purge
system to facilitate process offgas handling. Process 1ines that connect the
process equipment module and the oven run below floor level in a trench. The
thick steel plate that covers the trench provides shielding from any potential
particulate or condehsed volatile radioactive materials in the Tines. The
process lines have a cold trap and metal HEPA filter contained within the
process trench.

The oven is insulated by a vacuum jacket that is supported by a vacuum
pump on the service modules. A service module contains an exhaust fan and air
cleaning equipment for the air in the process pits and trenches. The exhausts
pass through air cleaning equipment before being discharged from the facility
through a stack.

The radiation exposure associated with making and breaking the MCO
connections, and with changing the in-trench HEPA filters and cold trap, is
such that supplemental shielding is required to keep the operator exposure
ALARA. Furthermore, the connections are made a few feet below the floor level
where manual reach is awkward. Therefore, the portable process enclosure is
used for these operations. It provides shielding and contains a hoist and
remotely operated manipulator. The hoist is used to handle the process pit
cover and the manipulators are used to make and break the MCO connections.
The MCO is designed to support remotely manipulated connections and valves.
The enclosure is ventitated so that it provides secondary confinement while
the MCO's top is exposed and while the MCO ports are serviced.

After hot conditioning has been completed, the final closure is made
while the MCO is still in the oven. The new cover cap is welded to the MCO
shell and is designed to mate with the MHM grapple. After the MCO has been
backfilled with an inert cover gas and sealed, the MHM returns it to a CSB
storage tube for dry interim storage until a suitable long-term repository can
be established. Once conditioned, an MCO is not expected to need venting
during long-term interim dry storage at the CSB.
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9.0 ACCEPTANCE CRITERIA AND MAINTENANCE PROGRAM
9.1 ACCEPTANCE CRITERIA

8.1.1 Visual Inspections and Nondestructive Examination

The fabrication specification for the MCO (WHC 1996b) describes the
examinations to be performed by the fabricator of the MCO. The final closure
weld for the MCO is a field weld that will be completed and examined by Duke
Engineering and Services Hanford, Incorporated, personnel. The fabrication
specification requires the fabricator to submit a written manufacturing plan
and schedule, and to submit written and approved examination procedures and
reports for buyer approval. The drawings appended to the fabrication
specification (WHC 1996b) identify the welds to be examined and the type of
examinations to be performed, and the specification text identifies the
acceptance criteria. These requirements are presented below.

Personnel performing nondestructive examinations shall be qualified in
accordance with NB-5520 or NF-5520, as applicable, SNT-TC-1A, and
ANST N45.2.6. Only individuals qualified for nondestructive testing levels I,
I, or III may perform nondestructive testing. Personnel qualified at level I
shall not interpret the results of an examination or make a determination of
the acceptability of an examined part. Examinations shall be performed in
accordance with Section V, Articles 2, 6, 7, and 9 for radiographic, Tiquid
penetrant, magnetic particle, and visual methods, respectively.

A1l welds made by the fabricator shall be visually examined in accordance
with the requirements of NB-4424 and NF-4424 as required. These requirements
specify that welds that fail to meet the requirements will be repaired as
necessary and re-examined.

The weld joining the cylindrical shell of the MCO to the bottom forging
is a full-penetration circumferential weld that is to be examined by
radiography, with acceptance determined according to the criteria of NB-5320
of the Boiler and Pressure Vessel Code (ASME 1995a), and by liquid penetrant
examination, with acceptance determined according to the criteria of NB-5350
(ASME 1995a). Defects in weld metal detected by these examinations will be
repaired and the repair examined in accordance with NB-4450.

Welds in the fuel baskets and associated support structures shall conform
to the requirements of NF-4000 for class 1 plate and shell-type supports.
Some welds require liquid penetrant examination, with acceptance determined
according to NF-5350. Defects in weld metal detected in these examinations
shall be repaired and the repair examined in accordance with NF-4450.

The weld joining the cylindrical shell to the collar is a full-
penetration circumferential weld. Examination shall be by radiography, with
acceptance determined according to NB-5320 (ASME 1995a). Defects in weld
metal detected in these examinations shall be repaired and the repair examined
in accordance with NB-4450.
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The MCO and shell assembly welds will be radiographically examined, and
the mechanical closure assembly, except for the actual production Helicoflex
seal, will be hydrostatically tested at the fabricator's plant. These main
structural parts of the MCO assembly outside of the shield plug penetrations,
ports, connectors, and port covers will have no known exceptions to the Boiler
and Pressure Vessel Code (ASME 1995a), Subsection NB.

The cover cap portion of the MCO will have two exceptions to the Boiler
and Pressure Vessel Code (ASME 1995a), Subsection NB: the seal weld likely
will be volumetrically inspected by ultrasonic means rather than by
radiography, and pressure testing likely will not be done.

9.1.1.1 Pressure Tests. The mechanical closure and shell assembly will be
hydrostatically tested then helium leakage rate tested as an assembled unit at
the fabricator's plant. While at the basin load-out pit, the assembled MCO,
with the shield plug and Tocking and 1ifting ring installed, will have the
eight jack bolts torqued down. As this will be a qualified assembly, the goal
is to make only a cursory leakage rate determination at the K Basins. If this
goal is not met, leakage rate testing will have to occur either at each basin
or at the CVDF.

9.1.1.2 Leakage Rate Tests. After joining the bottom forging to the shell,
the welded assembly shall be helium Teakage rate tested in accordance with
Section V, Article 10, Appendix V of the Boiler and Pressure Vessel Code
(ASME 1995a) to meet the intent of ANSI N14.5-1987, For Radioactive
Materials — Leakage Tests on Packages for Shipment (ANSI 1987). The leakage
rate test shall be performed by installing a test head on the top end of the
shell and using a pressure difference of 0 1 MPa (1 atm2 The maximum
acceptable leakage is 1 x 107 “ standard cm’/s (6.1 x 10 in3/s).

Leak testing of the MCO shield plug will be performed in stages. After
installation of the shield plug connections (i.e., quick connectors, HEPA
filter, and rupture disk), the quick connectors and rupture disk shall be
helium leak tested in accordance with the Boiler and Pressure Vessel Code
(ASME 1995a), Section V, Article 10, Appendix V. The leak test shall be
performed by internally pressur121ng the connections to a test pressure of
69 kPa to 103 kPa (10 to 15 1b/in®). _The maximum acceptable leakage is
1 x 10™ standard cm’/s (6.1 x 10 in%/s) for the connectors and the rupture
disk.

After installation of the ring joint gasket and bolted blind flange for
each of the connections (except the rupture disk), the entire shield plug
assembly shall be tested in accordance with the Boiler and Pressure Vessel
Code (ASME 1995a), Section V, Article 10, Appendix V. The leak testing shall
be performed by installing a test hood/box on the top end of the shield plug
and subjecting the connections to a test pressure differential of 0.1 MPa
(1 atm). The max1mum allowable total leakage is 1 x 10° 7 standard cm’/s
(6.1 x 10° 9 in /s) if required.

The long and short process tube assemblies (i.e., pipe, fittings,
strainer, and closure plate) shall be leak tested in accordance with
Section V, Article 10, Appendix I, of the Boiler and Pressure Vessel Code
(ASME 1995a) after 1nsta11at10n in the shield p1ug Pressure for this bubble
test shall be 69 kPa to 103 kPa (10 to 15 1b/in? }. The acceptance standard is
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that there shall be no continuous bubble formation. If the acceptance
standard is not met, the leak shall be located and repaired, and .the assembly
shall be tested again to the same acceptance standard. -

The MCO shall be leak tested in the fabrication shop after the shield
plug has been inserted, the locking ring installed, and the jack bolts
tightened. The assembled MCO is then tested by hydrostatic means.

9.1.2 Components

9.1.2.1 Valves and Rupture Disks. Rupture disks will be accepted based on
the ND requirements .(ASME 1995a).

Acceptance criteria for valves are yet to be determined.
9.1.2.2 Gaskets. Acceptance criteria for gaskets for the mechanical closure
of the MCO have not yet been determined.
9.1.3 Shielding Integrity

The shield plug is the only MCO component that provides a specific
shielding function. Tests or dose rate measurements to characterize
performance of the shield plug are not required. The codes used for the
shielding analysis are identified in Chapter 5.0.

9.1.4 Thermal Acceptance

Thermal test requirements have not yet been determined.
9.2 MAINTENANCE PROGRAM

9.2.1 Subsystem Maintenance

The MCO subsystems do not require maintenance.

9.2.2 Valves and Rupture Disks

Maintenance requirements of the plug valves are expected to be minimal.
Removal of the plug from the shield plug body is not expected unless the valve
is damaged during operations.

Rupture disks do not require maintenance. Replacement of rupture disks
would Tikely occur if the disk were actuated in service.
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10.0 RADIATION PROTECTION

10.1 ENSURING THAT OCCUPATIONAL RADIATION EXPOSURES
ARE AS LOW AS REASONABLY ACHIEVABLE

10.1.1 Policy Considerations

The MCO design, in combination with other equipment and facilities,
incorporates features to provide radiological protection and control and to
support the basic philosophy of reducing radiation exposure levels to ALARA
values. The MCO design takes into consideration the planned inspections,
handling, and repair of the MCO. Design of the MCO was performed in a manner
consistent with HSRCM-1, the ALARA Program (WHC 1995), and 10 CFR 835
requirements.

10.1.2 Design Considerations

Careful consideration has been directed towards designing the MCO to
ensure the best possible radiological control features are incorporated and
that occupational radiation exposure from MCO operations will be ALARA. The
MCO needs to effectively reduce radiation exposure levels and also to perform
its intended purpose efficiently. The MCO design utilizes connections that
provide for remote manipulator operation or connection via long-handled tools
to minimize the time during which a worker's hands are in proximity to the MCO
shield piug. Sealing the MCO mechanically results in personnel dose rates of
195.6 mrem-person per MCO at the K East Basin and 117.6 mrem-person per MCO at
the K West Basin. These dose rates presume a 1 in 100 mechanical repair
ratio. For a total campaign of 400 MCOs, split equally between the two
basins, a total personnel dose of 62.6 rem-person is spread out over the
2-year period.

Radiation shielding features have been incorporated into the MCO design.
The MCO shield ptug shields workers against gamma rays and neutrons emanating
from the inside the MCO. This shielding will achieve an average dose across
the top of the shield plug of 0.3 mSv/h (30 mrem/h) on contact (within 5 cm
[2 in.]) for the average MCO fuel material to be handled. This value includes
radiation streaming between the MCO shield plug and the MCO shell and around
penetrations. For the worst-case fuel to be handled in the MCO, the average
dose across the top of the shield plug on contact (within 5 cm [2 in.]) will
not exceed 1.0 mSv/h (100 mrem/h). By reducing the average intermittent
radiation dose rate level to 0.3 mSv/h (30 mrem/h) for very brief "hands-on"
operations, the extremity dose is minimized while maintaining a practical and
efficient design requiring minimal maintenance. The MCO design also has been
influenced strongly by the desire for Tow maintenance, which translates into
Tess radiation exposure overall for plant operations.

The MCO design allows for the fuel to be downloaded back into the
K Basins should the MCO be leaking, defective, or damaged. The MCO shell
design includes a flat floor and a small liquid collection sump at the bottom,
and features and devices to facilitate the loading and stacking of the baskets
within its storage cavity.
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10.1.3 Operational Considerations

The MCO design provides lifting devices for the MCO shell and shield plug
so 1ifting equipment can be used for safe lifting and handling of the MCO
components and loaded MCOs. Hands-off handling of MCOs with 11ft1ng devices
will be a key feature in reducing overall radiation exposure.

Facility-specific operating procedures and training will have a primary
focus on safety and radiation control (and ALARA). Controlling radiation
exposure depends on the careful coordinating of handling operations and the
minimizing of residence time in radiation dose fields. Management emphasis on
radiation protection and ALARA in team-building situations such as procedures
development and training will help reinforce the appropriate safety culture
and ALARA awareness for MCO operations.

10.2 RADIATION PROTECTION DESIGN FEATURES

Design of the MCO also has been driven by the need for a high-integrity,
high-reliability container. The sealed MCO will maintain a maximum total leak
rate (all Teak paths) of 1 x 107 standard cm’/s (6.1 x 1077 1n3/s) during
operations to remove fuel from the K Basins (after sealing the MCO), and
during transfer, transport, and interim fuel storage, as required. The fully
assembled MCO will retain fuel elements and fuel fragments (greater than
2 mm).

The exposed surfaces of the MCO will be smooth to the greatest extent
practicable to minimize imperfections and facilitate ease of decontamination.
Corners and other features that could coliect contamination have been
minimized to decrease contamination potential and to facilitate
decontamination. Also, the MCO pressure relief strategy incorporates an
internal bank of four HEPA filters.

10.3 ESTIMATED ONSITE COLLECTIVE DOSE ASSESSMENT

Planned MCO operations on a facility-specific basis will be reviewed to
determine potential onsite dose estimates associated with major functions such
as storage, handling, maintenance, or inspections. Facility-specific
operations will factor estimated dose rates into overall facility operations
and radiation protection management. Detailed dose assessments will be
performed outside the scope of this topical report to facilitate appropriate
operational planning activities.
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11.0 MULTICANISTER OVERPACK ACCIDENTS

The MCO is the primary container for SNF from packaging in the K Basins
through Tong-term interim storage at the CSB. The MCO functions as a
container during transportation of the SNF, as a process vessel during
conditioning of the SNF, and as a storage container. Throughout its lifetime
the MCO may be subjected to a variety of challenges from accident conditions.
Except for a postulated release of the water drained from the MCO during cold
vacuum drying, all accident scenarios culminating in radioactive releases to
the environment involve a breach of MCO containment.

WHC-SD-TP-SARP-017 (WHC 1996d) describes and analyzes potential accidents
affecting the cask-MCO package during transportation from the K Basins to the
CVDF, and from there to the CSB. The Safety Analysis Report for Packaging
(SARP) shows that the package will not lose its ability to contain the SNF
material in the event of a vehicle accident or fire (WHC 1996d). It alseo
quantifies the maximum transport time to ensure the package's internal
pressure cannot rise to levels that will breach the package containment during
transport.

Hazard analyses for the cold vacuum drying process, for receiving,
staging and storage at the CSB, and for the hot conditioning process
identified credible accident initiators and sequences (WHC 1996a, WHC 1996e,
WHC 1996f). A binning process revealed categories of accidents from which
bounding scenarios for each facility were chosen. Descriptions of the hazard
analysis and bounding accident selection for each facility are in the
facilities' safety analysis documents (WHC 1996a, WHC 1996e, WHC 1996f).

The hazards analyses identified classes of accidents that, in general,
are common to more than one phase of the process. These classes are MCO
overpressurization and rupture disk relief, mechanical challenges to the MCO
boundary (crane drops and impacts from other objects), hydrogen deflagration
or detonation, and rapid oxidation of the nuclear fuel.

It is necessary to leave full development of the accident scenarios, and
evaluation of the potential for exposure of humans to hazardous releases, to
the facilities' safety analyses. MCO initial conditions at the commencement
of an accident vary with the process stage. Therefore, the sequence of
physical phenomena driving the release is unique at each stage.

Estimates of radiological and toxicological consequences to onsite and
public receptors depend in part on meteorological conditions that are specific
to the location at which the release occurs. Therefore, no estimates of
accident results are made here. Instead, the general accident types, and
analyses and conclusions that may be useful for developing the facilities'
accident analyses, are presented.

11.1 SAFETY PHILOSOPHY FOR THE MULTICANISTER OVERPACK
The MCO has the primary containment function for the SNF throughout the

process cycie. Therefore, the SNF Project is committed to providing a robust
vessel that will withstand all credible challenges to that function.
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The design basis is that the MCO will be shown to survive all credible DBAs
without a catastrophic failure. In this case, catastrophic failure is taken
to mean any breach of the MCO besides relief device actuation or process line
breaks. Therefore, scenarios that postulate catastrophic breach of the MCO
are considered as beyond DBAs.

The containment function of the MCO has been designated safety-class.
Hazard analyses identified credible event sequences that could challenge the
structural integrity of the MCO (WHC 1996a, WHC 1996e, WHC 1996f). The forces
that could provide this challenge during an accident may be external or
internal to the MCO. The following DBA scenarios involve external forces:

e For the CVDF

- Tipping the shipping cask, with the MCO inside, from the
trailer

Truck collision with the MCO-cask-trailer system

1

External pressurization
e For the CSB

- Sideways movement of the MHM while an MCO is part way in or out
of the tube

- Drop from the MHM or receiving crane into the cask
- Drop from the MHM to the bottom of the tube
- Drop from the MHM onto an MCO already in the tube.

For each of these scenarios, analysis shows that the MCO will not fail
when subjected to the forces involved or the need for measures to protect the
MCO from these forces has been identified (WHC 1996a, WHC 1996e). For the
Tatter case, effective protective measures will be included in the system
design. SSCs designed to perform this protective function would also be
designated safety class.

Internal forces that could challenge the MCO integrity beyond actuation
of the pressure relief device are the pressure pulse from a hydrogen
detonation and pressure rise from a runaway fuel oxidation reaction.
Therefore, the path forward process is designed to prevent occurrence of the
physical conditions that could allow either event to occur.

11.2 MULTICANISTER OVERPACK ACCIDENT SOURCE TERM

The objective of accident analysis is to demonstrate that facility design
adequately protects people and the environment from uncontrolled release of
hazardous materials. Once the spent fuel is packed in the MCO at the
K Basins, the MCO provides primary containment for the material, so a release
scenario must postulate breach of the MCO boundary.
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The spent fuel and associated particulate material constitute the
hazardous contents of the MCO. Particles of the product of uranium corrosion,
as well as other components of canister sludge, will remain on fuel surfaces
and in crevices even after the fuel is washed. Additional oxide will form as
exposed uranium metal reacts with air or water during transportation and
processing. .

Prevention of an MCO catastrophic breach precludes uncontrollied release
of the fuel to the environment. Therefore, the dominant contributor to the
radiological and toxicological release is the portion of the MCO particulate
inventory that can become airborne and leave the MCO with the MCO gases. The
material at risk for release is therefore taken to be the estimated bounding
particulate content.of the MCO. An estimate of the maximum amount of
particulate that could be in an MCO after packaging, transportation, cold
vacuum drying, and hot conditioning is provided in WHC-SD-SNF-TI-023, Bounding
Particulate Contents of a Multicanister Overpack (Pajunen and Cowan 1996).
The analysis shows that no more than 300 kg (660 1b) of particulate would be
associated with fuel in an MCO that is packed with four baskets of fuel
assemblies and one basket of fuel scrap.

The accident analyses assume that the particulate material in the MCO has
the physical properties of uranium oxide. Data from characterization of
sludge taken from open canisters in the K East Basin and from closed canisters
in the K West Basin will be used to validate whether this assumption is
conservative.

The bounding source term used for the accident analysis was based on data
for the fuel in the K East and K West Basins given in WHC-SD-SNF-TI-009
(Willis 1995). That document defines an inventory for safety analysis based
on selecting high-burnup Mark IV fuel, the fuel type that results in the
highest estimated dose to people exposed to the material, and then treating
all the fuel in the basins as high-burnup fuel. Nuclear accountability
records gave the basis for the quantity, exposure variation, and decay time
variation of the stored fuel. The radionuclide inventory was estimated from
these data.

The radioactive inventory assumed for the MCO is the inventory associated
with 270 high-burnup Mark IV fuel assemblies. The MCO will contain finely
divided particulate material associated with the fuel. As noted, this
includes particulate left on fuel surfaces and in crevices after fuel washing
and racking into the MCO, with expected increases in oxidation products
following cold vacuum drying, staging, and hot conditioning. The current
baseline for the maximum theoretical quantity (for safety basis) of
particulate material in the MCO is 300 kg (660 1b) (Pajunen and Cowan 1996).

The particulate inventory of the MCO dominates the airborne release. It
is expected to be similar in makeup, and radionuclide content, to the sludge
found in the canisters in the K Basins. Because the canister corrosion
products have not yet been characterized, the analyses assume that the
available particulate material contains the same radionuclide content as the
fuel.

The SNF is primarily uranium metal, which is known to have toxicological
effects. Plutonium and other heavy metals are present in smaller quantities.
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It is not expected that the toxicological consequences of the release of these
substances would require mitigating features beyond those required by the
radiological doses.

The dose per unit material inhaled is the value for the total committed
effective dose equivalent. The relative contribution of each nuclide to the
total composite dose was calculated using the GENII computer code -

(Napier et al. 1988). The committed effective dose equivalent for a 50-year
dose commitment period was calculated using the code's worst-case solubilities
library (Huang 1996). This is the most conservative dose conversion factor
library used by GENII.

The major radiation exposure pathway for the identified accidents is
inhalation of radioactive material. Although there could be dose
contributions from the groundshine and submersion pathways, the dose from the
other pathways contributes less than 1% of the total dose for the
radionuclides of interest. Therefore, the dose from groundshine and
submersion are not included in the radiological dose calculations.

Potential doses from the ingestion pathway are not considered because
DOE, state, and federal emergency preparedness plans in place limit ingestion
of contaminated food in the event of an accident. The primary determinant of
exposure from the ingestion pathway is the effectiveness of public health
measures (i.e., interdiction) rather than the severity of the accident itself.
The ingestion pathway, if it occurs, is a relatively slow-to-develop pathway
and is not considered an immediate threat to an exposed population in the same
sense as the inhalation pathway.

Table 11-1 shows the results of the radiclogical analysis of the K Basins
fuel and the corresponding committed effective dose equivalent per gram of
respirable release. Only those isotopes contributipg more than 0.1% to the
inhalation dose are reported, except for the gases °H and *°K. Those two
isotopes are included because their release pathways and release fractions can
be significantly different than the isgtopes primarily bound in the solid
matrix. Isotopes of plutonium, **'Am, °*Cm, and *°Sr constitute 99.6% of the
total inhalation dose. The relative contribution from the remaining nuclides
is minor 1n comparison. The specific dose for the safety analysis inventory
is 4.3 x 10° Sv/g (4.3 x 10° rem/q) .

11.3 BOUNDING ACCIDENTS FOR THE MULTICANISTER OVERPACK

Preliminary hazards analyses for each of the SNF facilities and processes
identified credible accidents that could result in release of radioactive or
toxic material from the MCO. The preliminary hazard analyses revealed some
classes of accidents involving the MCO that are common to more than one of the
‘processes. These include MCO breach caused by structural challenges, MCO
overpressure and rupture disk relief, runaway fuel corrosion reaction, and
hydrogen deflagration or detonation in the MCO.
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Table 11-1. Radiological Analysis of K Basins Fuel (Combined
Basin Inventories Decayed to January 1, 1995). -

Committed effective dose
Radionuc]ide A(cctii/vMiTth) equiva]iennttakpeer unit
Sv/g (rem/g)

o 3.57 E+01 3.3 E-05 (3.3 E-03)
By 5.39 E+02 3.0 E-05 (3.0 E-03)
sy 7.84 E+03 1.6 E+01 (1.6 E+03)
Oy 7.84 E+03 7.0 E-01 (7.0 E+01)
e 1.08 E+04 3.3 E+00 (3.3 E+02)
28py, 1.71 E+02 6.7 E+02 (6.7 E+04)
29py 1.58 E+02 7.0 E+02 (7.0 E+04)
240py, 1.28 E+02 5.8 E+02 (5.8 E+04)
2py, 9.25 E+03 7.6 E+02 (7.6 E+04)
2lpn 3.58 E+402 1.6 E+03 (1.6 E+05)
e 5.36 E+00 1.4 E+01 (1.4 E+03)
Total 4.3 E+03 (4.3 E+05)

*1.0 ci = 3.7 x 1070 gq.

MTU = metric ton of uranium.

The preliminary hazard analysis process is a systematic examination of
the planned activities involving the SNF as it moves through a facility.
A multidiscipliinary team examines each planned activity at a facility to
identify and record potential off-normal or accident-initiating events. The
process identifies potential consequences of the event, and suggests design
features and administrative controls to prevent or mitigate the consequences.
Qualitative estimates of the consequence severity and the frequency of the
initiating event are recorded.

Grouping of the identified accidents provides a means for choosing
scenarios whose consequences bound the rest. Detailed analysis of the
accident progression, unmitigated by any active design features, estimates the
bounding airborne release for radiological and toxicological consequences to
collocated workers and to the public. These estimates become the basis for
selecting facility design features to protect receptors from unacceptably high
exposure to the released material. Design features identified to provide this
protective function are designated safety class if their primary purpose is to
protect the public or safety significant if they are needed for protection of
the collocated worker.
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The MCO is the primary confinement/containment vessel for the SNF and
associated particulate corrosion products. Its additional function is to
maintain the SNF in a subcritical geometry. Prevention of nuclear criticality
is a safety-class function. Based on the assumption that an uncontrolled fire
in the dry fuel could occur if the fuel were exposed to unlimited quantities
of air, and that the consequences of such a fire would provide unacceptably
high doses to the public, the project has committed to preclude conditions
that would permit such exposure. A catastrophic failure of the MCO could
allow unlimited air to reach the fuel. Therefore, the fuel containment
function of the MCO is a safety-class function. The MCO is designated safety
class for both these functions.

Other safety-class or safety-significant design features, such as
limiting particulate release, are facility specific and are not discussed
here. The following sections discuss classes of accidents that involve the
MCO and are common to the various facilities. The accident initiator, initial
conditions, and some physical parameters that affect the accident's progress
may be different depending on where the accident occurs. However enough
similarities exist to allow for a generic treatment of the accident analysis.

Where appropriate, estimated release quantities from the MCO are given.
Ultimate calculation of dose consequences to receptors depends on passive
facility features to mitigate the reiease to the environment and on the
location of the maximum receptor with respect to the facility. Therefore the
calculation of dose consequences, and comparison with acceptance criteria, are
reserved for the safety documentation for the individual facilities.

11.3.1 Multicanister Overpack Mechanical Damage from Impacts

Accidents that challenge the structural integrity of the MCO through
external impacts are of two types: MCO drops or falls and external objects
hitting the MCO. Design criteria for the MCO require that it retain its
ability to contain the fuel and maintain subcritical configuration of the
contents for all normal, off-normal, and credible accident events. Therefore,
for all credible drops, falls, or impacts from external objects, analysis must
show that these two design functions of the MCO are maintained.

At various stages in the process, the MCO, with its load of SNF, will be
hoisted and lowered with cranes and transported by truck from one facility to
another. After loading at the K Basins, it will be 1ifted, in its shipping
cask, onto a flatbed truck trailer and fastened in place. The MCO will remain
in the cask, on the trailer, during transport to the CVDF, during cold vacuum
drying, and during transport from the CVDF to the CSB.

When the transport arrives at the CSB, an overhead crane will hoist the
cask with the MCO inside it from the trailer and lower it into the receiving
pit. After servicing, the MHM will hoist the MCO out of the cask, carry it to
its designated vault location, and Tower it into a storage tube. After 2 to
5 years of staging, the MHM will again 1ift the MCO from the tube, transport
jt to the HCS Annex, and place it in the hot conditioning oven. After
processing, the MHM will move the MCO back to its storage tube and place it
for long-term interim storage.
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The MCO could be dropped from the crane during any of the Tifting
operations. In addition, the effect of tipping the cask off the truck, or
tipping the trailer with the cask attached to it during a transportation
accident, must be addressed. Impacts from external objects that must be
considered include MHM movement while the MCO is partially in a storage tube,
drop of one MCO onto another already in a storage tube, impact from a design
basis tornado missile, a transportation vehicle collision accident, and fiying
debris from other accidental occurrences, such as unsecured depressurizing gas
storage bottles. Design analyses are required to show that the MCO will
survive its containment/confinement and noncritical configuration functions
when subjected to any of these challenges, or the facility design must include
features to preclude the event.

11.3.1.1 Multicanister Overpack Drops. The MCO crane drop scenarios include
the following:

e MCO inside the transportation cask

- While placing the loaded MCO-cask on the transport trailer (MCO
and cask filled with water, maximum center of mass drop 9 m
(30 ft) to reinforced concrete.

- While moving the MCO-cask from the transport trailer to the CSB
receiving pit (maximum center of mass drop 93 m (30 ft) to
receiving area floor)

- While ptacing the MCO-cask in the receiving pit (maximum center
of mass drop 9 m (30 ft) or less into receiving pit)

* MCO alone

- While 1ifting the MCO from the cask in the receiving pit
(maximum center of mass drop 6.6 m (21.5 ft) into the cask);
speed at impact is regulated by hydrostatic effects)

- While moving the MCO to its storage tube, or between its tube
and the HCS Annex (maximum center of mass drop 2.4 m (8 ft) to
the operating deck floor)

- While inserting the MCO into, or removing it from, a storage
tube with no other MCO already in place (maximum center of mass
drop 13.5 m [44 ft] to the bottom of the tube)

- While inserting the MCO into, or removing it from, a storage
tube with the lower MCO already in place (maximum center of
mass drop 9.5 m [3]1 ft] to the top of the Tower MCO).

Design analyses in Appendixes A, B, C, and D show that the MCO
containment and internal configuration functions will survive the bounding
drop scenarios. The free fall into the tube, either to the tube bottom, or
onto another MCO, was analyzed assuming an impact limiter was in place at the
bottom of the tube.
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11.3.2 Multicanister Overpack Pressurization

Internal processes in the MCO will generate gases and release them to the
MCO atmosphere. Fuel corrosion reactions and nuclear decay processes are the
primary sources of gas generation. Whenever there is not an open flow path
for communication of the MCO's atmosphere with the atmosphere of its
surroundings, there is a potential for pressure buildup in the MCO.

Water is the important component of the MCO's contents from the
perspective of gas generation. Water is the oxidant for the fuel corrosion
reactions in the absence of free oxygen. The primary product of these
reactions is hydrogen gas. In addition, the nuclear radiation field
dissociates water into hydrogen and oxygen gases.

Process design will minimize the poteptial for pressurizing the MCO to
its design limit (1.0 MPa gauge [150 1b/in® gauge]) by minimizing the amount
of water available to participate in fuel corrosion reactions and radiolytic
processes. However, there is a large uncertainty in the ability to predict or
measure the quantity of water that will be left in an MCO. Therefore, the MCO
will have overpressure relief when it is not directly vented to its
surroundings. Before the hot conditioning process is accomplished, a relief
valve with an upstream filter will ensure that the internal pressure remains
below the MCO design pressure. A rupture disk, set to break at 1.0 MPa gauge
(150 1bsin? gauge), is the ultimate protection against MCO breach caused by
overpressure. After hot conditioning, it is possible for the relief valve to
be disabled, and then the rupture disk will provide the only pressure relief
on the MCO.

Rupture disk relief caused by MCO internal pressurization is an accident
condition that has been identified for the CVDF and the CSB. The bounding
scenario is a blowdown from 1.0 MPa gauge (150 1b/in2 gauge) to atmospheric
pressure. During the blowdown, MCO gases containing entrained particulates
will Tleave the MCO and can enter the surrounding environment.

The inventory at risk is the 300 kg (660 1b) safety bounding case of
particulate material in the MCO available for release. A garticu]ate release
fraction for an MCO blowdown from 1.0 MPa gauge (150 1b/in° gauge) to
atmospheric pressure was estimated. Resuspension rate parameters for fuel
assembly baskets and a scrap basket in the MCO were estimated using calculated
flow velocities through the fuel baskets and experimental data for particulate
resuspension. Calculation of the mass flow from the MCO breach during the
blowdown provided the basis for estimating flow velocities over the fuel
surfaces and estimating the duration of the event.

An MCO will contain five or six baskets of SNF stacked one above the
other. The baskets will have perforated plate bottoms to facilitate draining
and gas flow during processing. Most of the baskets will contain whole fuel
assemblies resting vertically on their ends. They are arranged in a matrix in
the basket with spaces between them. There will be a maximum of 54 fuel
assemblies in a fuel basket. Some baskets will hold broken fuel pieces,
ranging in size from half a fuel element to 0.6-cm (0.25-in.) pieces. In
these scrap baskets, the fuel pieces will be randomly distributed and are
modeled as a bed of rubble. There will be, at most, one scrap basket in an
MCO.
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The standard equations for compressible flow and choked flow were
employed in a simple computer simulation to calculate the flow behavior during
the blowdown. The following key MCO assumptions were used in the analysis.

¢ The area of the MCO rupture disk orifice was taken to be
3.2 x 10 m?, corresponding to a 0.25-in.-diameter hole. . The flow
Toss coefficient for the opening was 1.27, to account for a sudden
contraction, friction losses, abrupt turns, and a sudden expansion.

e The MCO gas was assumed to be hydrogen, and the MCO free volume was
r.om

e The temperature of the MCO gas was taken to be 75 °C throughout the
event.

The standard compressible flow equation (Daily and Harleman 1966) gives

where

mass flow rate (kg/ 9

flow area (3.2 x 107

loss coefficient (1. 27)

density of the gas (kg/m)

gas pressure (Pa)

ratio of specific heats for a gas (1.4 for diatomic gases, 1.667 for
monatomic gases).

< v RX>=

During the biowdown, pressure and gas density change with time.

The maximum free stream velocity past the fuel was calculated from the
mass flow rate.

W
MAX ;;7;

where

A; = the f]ow area through a cross section of a fuel basket (0.14 m’
[224 in ])

A was taken as the difference between the cross-sectional area of the
MCO and the total cross-sectional areas of 54 fuel assemblies. This equation
applies to the upper portion of fuel loaded in the uppermost position. The
free stream velocity is zero at the bottom of the MCO and increases linearly
along the height of the MCO.
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The gas velocity through the interstices in the scrap basket was
estimated by observing that the free stream flow would be further restricted
by passing through the smaller cross-sectional area available in the scrap
basket. Using a void fraction, e, of 0.5 for the scrap, and assuming the
maximum free stream velocity from the fuel basket for the gas as it enters the
scrap basket, the interstitial velocity in the scrap basket, V,, is given by

VMAX
e

vV, =

i

The maximum possible interstitial velocity corresponds to a scrap basket
in the uppermost position in the MCO. The maximum free stream velocity in a
fuel basket was found to be 0.16 m/s. MCO blowdown for this case was
estimated based on the calculated blowdown period for a 500-L gas volume
provided in WHC-SD-WM-CN-079, MCO Blowdown Release Fraction (Kummerer and
Plys 1996). Using a ratio of the new volume (1,000 L) to the original volume
(500 L), the blowdown was estimated to be approximately 110 seconds. For this
analysis, a 10% uncertainty factor was applied and the particulate release was
determined on the basis of a 120-second MCO blowdown period. WHC-SD-WM-CN-079
(Kummerer and Plys 1996) also shows MCO pressure, gas temperature, and gas
velocity transients during blowdown.

Data from measurements of particle resuspension rates in low air flow
over surfaces were examined to provide a resuspension parameter for the fuel
surfaces and the scrap basket. Report SR-0980-5, Experimental Studies of
Resuspension and Weathering of Deposited Aerosol Particles (Reynolds and
STinn 1979), measured resuspension of InS particles from a surface in
horizontal flows between 2 and 8 m/s. The particle mean diameter was 3 um,
and the particulate mass concentration on the surface was 10°° g/cm{

The relationship derived from the data gives the following

A=7.4x101y>%
where

N
U

resuspension rate parameter (1/s)
free stream velocity (m/s).

The resuspension rate parameter, A, was calculated from measured
experimental parameters and is defined as follows:

M
XAt

A=
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where
M = resuspended mass
A, = surface area
X = particulate mass concentration on the surface
t = time the surface is exposed to the airflow.

The maximum air velocity of interest in the MCO is well below the flows
used in the experiments. Extrapolating the experimentally derived
relationship for A to the calculated MCO flow velocities gives

A=7.4x10" (0.16)>%
= 2.6 x 1075
where
A = the resuspension parameter.
Using the experimentally derived resuspension rates, the airborne release

fraction can be estimated by multiplying the resuspension parameter by the
duration time of the blowdown. It is conservatively assumed that A = 10*/5.

ARF =A t

-6
107 120 s
S

i

1.2 x 107,

This approach represents a departure from the pressurized powder models
presented in DOE-HDBK-3010-94, Airborne Release Fractions/Rates and Respirable
Fractions/Rates for Nonreactor Nuclear Facilities (Mishima 1994). It is an
attempt to provide a model that more closely represents the physical
configuration of the MCO system while still providing adequate conservatism.
Key uncertainties involved in the approach, and conservative assumptions used
to address them, include the following.

s Uniformly distributed flow across the MCO cross section is assumed.
Flow splits would be Tikely to cause higher flows at the periphery
with lower velocities through the fuel baskets so that entrained
particulate would be lower than assumed by the analysis. Additional
conservatism is provided by increasing the assumed airborne release
fraction to the Tower limit of the experimental data taken at 2 m/s
(6.5 ft/s) air velocity.

o The data are reasonable for a scrap basket with 6-cm- (0.25-in.-)
diameter particles that resemble gravel. The resuspension parameter
is 1ikely to be much higher for a smooth surface. However, surfaces
in the MCO bearing corrosion products are expected to be rough.

Data from "Initial Correlation of Particle Resuspension Rates as a
Function of Surface Roughness Height" (Sehmel and Simpson 1975) show
that an increase of about 3 orders of magnitude could be expected
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for smooth surfaces, but the low end of the data still corresponds
to a velocity of 2 m/s or greater, so a value of 10*/5.15 taken to
bound the case. .

e At present, no quantitative assumption can be made about the
expected particle mass concentration, x, on the fuel surfaces.
However, concentrations greater than the 107 g/cm experimental
condition are anticipated. Greater values of x would give lower
values for A. Therefore, the experimental data are judged to bound
the SNF from the standpoint of surface particle mass concentrations.

e The expected MCO particulate may display different suspension
characterijstics than the material used to generate the experimental
data. As characterization data on fuel particulate become
available, the conservatism of using these data will be confirmed.

The respirable fraction is conservatively taken to be 1.0 because the
experimental data are based on particles largely in the respirable range.
Additional conservatism is introduced into the calculation by neglecting
redeposit of particles by impaction caused by turns and bends in the gas-
particle flow path, particularly as the flow passes through the scrap basket.

With the maximum particulate loading of 300 kg (660 1b) per MCO on
arrival at the CSB, the estimated inventory released is

(1.2 x 107)(300 kg) = 3.6 x 1072 kg.

11.3.3 Hydrogen Deflagration/Detonation Internal
to the Multicanister Overpack

Hydrogen combustion inside the MCO must be prevented to protect its
safety-class functions for containment of fuel.

Hydrogen gas will be produced in the MCO primarily from the corrosion of
uranium, radiolysis of water, and degradation of uranium hydride. The primary
source of hydrogen in the MCO is water. Before and during cold vacuum drying,
significant quantities of water are avajlable in the MCO. The cold vacuum
drying process is designed to minimize the quantity of water in the MCO before
staging or storage in the CSB. However, there is a large uncertainty in the
ability to predict or measure the quantity of water that will be left in the
MCO. It also is difficult to predict the quantity of hydrogen in the form of
metal hydrides that will be available for release.

It is assumed that whenever the MCO is not vented to its environment,
significant quantities of hydrogen will accumulate in the MCO gas space. If
oxygen is available to react with the hydrogen, an explosive mixture may
result. Five volume percent oxygen in a mixture of hydrogen with other gases
is considered the lower limit to support a sustained reaction. Energy sources
as low as those produced by sparks from metal striking against metal, or
static sparks, can ignite flammable hydrogen-oxygen mixtures. Therefore, it
is assumed that ignition sources of sufficient energy exist in the MCO.
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The high likelihood of hydrogen and ignition source presence in the MCO
gas space leads to the conclusion that oxygen must be eliminated.to prevent
conditions for ignition. Therefore, the MCO will be purged and backfilled
with inert gas, probably helium, during transport, staging and storage.

In the CSB, the secondary confinement structures (storage tube and MHM) around
the MCO will likewise be filled with inert gas. There are also plans to inert
the HCS process enclosure, ovens, and trench. ’

The preliminary hazard analyses conducted for each facility (WHC 1996a,
WHC 1996g) identified potential accident conditions that could allow air to
enter an MCO containing a significant proportion of hydrogen. Analyses
indicate that the internal geometry of the MCO may allow for transition to
detonation if a detonable mixture exists in the MCO. Uncertainties in
important parameters for estimating hydrogen generation rates make it
difficult to ensure that the gas mixture will not be in the detonable range,
so it is assumed that a detonation would occur if oxygen is present.
Therefore, facility designs will incorporate systems to prevent oxygen ingress
to the MCO when process conditions may have allowed hydrogen buildup.

Radiolysis of water will produce oxygen as well as hydrogen in the MCO.
This radiolysis of water to produce oxygen and hydrogen is the only identified
source of oxygen in a pressurized MCO. Irradiation of metal oxides and
organic compounds which may be part of the fuel particulate has not been
identified as a source of measurable oxygen. In an effort to define the key
parameters contributing to the presence of oxygen in the MCO, as well as how
the availability of this oxygen may be limited, an extensive study is being
conducted. An unvented MCO in staging or storage in the CSB may accumulate
oxygen as well as hydrogen, leading to a flammable or explosive mixture. If
enough exposed fuel surface is available, the oxygen produced by radiolysis
will react with the uranium, producing more hydrogen, but making the oxygen
unavailable for further reaction ("gettering").

Oxygen consumption rates for uranium metal in dry air were reviewed.
Significant uncertainties in the literature rate data exist. The data in
WHC-SD-SNF-TI-020, Spent Nuclear Fuel Project Recommended Reaction Rate
Constants for Corrosion of N Reactor Fuel (Cooper 1996c), show a wide scatter
at the planned temperatures (70-100 °C) for CSB fuel storage. An alternative
rate equation proposed in WHC-SD-SNF-ER-014 (Fryer et al. 1996) differs from
that in WHC-SD-SNF-TI-020 (Cooper 1996¢) by a factor of 10. Bounding
evaluations of oxygen getter performance were based on WHC-SD-SNF-TI-020
(Cooper 1996c) as this correlation provides conservative estimates of reacting
surface area requirements. A range of rate equations was used in a
probabilistic assessment of getter requirements.

A rationale for establishing the minimum effective area of exposed metal
fuel based on the amount of uranium reacted was developed. The minimum
effective uranium surface area is based on the corrosion rate of uranium in
water at basin conditions to oxidize 1 kg of uranium over the fuel storage
lifetime. The minimum area, computed based on the oxygen, free water rate
equation in WHC-SD-SNF-TI- 020 (Cooper 1996c), is 1,330 cm /kg of fuel oxide
formed. For the bounding MCO, the minimum uranium metal area that can
generate 145 kg of fuel particulate is 193,000 cmé.
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The temperature of uranium in the MCO is dependent upon the power level
of the MCO and the CSB inlet air temperature. The reaction rate .is very
sensitive to temperature. The increased fuel temperatures for the maximum
heat generation MCOs more than offset the increased radiolytic production of
oxygen due to the higher source term. Additional analysis would be needed to
better define the minimum acceptable temperatures for oxygen consumption as a
function of the MCO heat load position in the CSB, and the seasonal variation.
For maximum oxygen removal efficiency, increasing the MCO temperature at the
CSB would be necessary. Substitution of argon as the inert gas to fill both
the CSB tube and the MCO increases the MCO internal temperature but this
effect may not be sufficient to increase oxygen consumption rates to meet the
maximum oxygen generation rate at bounding conditions.

For "gettering" to be successful, the oxygen taken up into the uranium
must be equal to the generation from radiolysis. This has been expressed as a
simplified steady state equation and evaluated for a range of input
conditions. A probabilistic model arrived at a probability of 0.996 that no
detonable mixture would be observed in an MCO without adding uranium getter or
providing facility features to enhance gettering. This probability is above
the 107¢ level, which is considered to be necessary before the event can be
considered incredible; the 0.996 probability of no flammable mixture in any
given MCO indicates that fewer than two MCOs would be expected to required
oxygen removal. The results of a very conservative point value analysis show
that, depending on the backfill gas in the MCO, 0.75 to 2 years is required
for radiolytic oxygen to build up to 5%. Several options exist that would
preclude development of flammable mixtures. The gettering analysis shows that
if the CSB vault air temperature is maintained above 40 °C, oxygen removal by
reaction with the existing uranium surface of the fuel is sufficient to
preclude the potential for having a flammable mixture. MCO storage
temperature control would be required to bound all possible combinations of
environmental conditions and conservative assumptions.

Development of an MCO monitoring scheme either during processing or
storage would provide an alternative to storage temperature control. Through
a detailed inspection program, the status of each MCO could be monitored to
assure that no hydrogen combustion would occur. The inspection requirements
could than be modified as MCO specific data are collected.

As a final alternative, analysis efforts could be continued. Although
time consuming, there is confidence that given enough information regarding
characterization, corrosion product mass, and water content, analyses would
confirm the ability of the current design to preclude a flammable atmosphere.
1f a credible case relying on oxygen gettering cannot be established, the MCOs
will require venting during staging and storage.

11.3.4 Fuel Ignition

Fuel ignition is defined as a rapidly accelerating fuel corrosion
reaction. The reaction generates heat and the reaction rate increases with
temperature. If the heat is not dissipated efficiently, surrounding areas of
fuel react and the temperature rise accelerates. Spontaneous ignition of
uranium fuels in air has been observed at processing facilities.
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Both the oxygen and the water in air will react to oxidize uranium metal.
The reaction with water is more energetic than that with oxygen. . Therefore,
the potential for fuel ignition is greater in moist air. atmospheres.

In the CSB, the potential for fuel ignition will be precluded by 1imiting
air ingress rates into the MCO in the case of a rupture disk or process line
break. In the CSB, the initial condition for the accident scenario 'is dry
inert gas in the MCO gas space. Preliminary analysis has shown that if the
openings for ingress of air are limited to the equivalent of one or two
1.3-cm- (0.50-in.-) diameter holes, the reaction is oxidant limited and will
not accelerate to ignition. This analysis needs to be verified with the
current baseline MCO assumptions.

It is not as easy to preclude a fuel ignition event in the cold vacuum
drying or hot conditioning facilities. Until the cold vacuum drying process
is completed, the MCO atmosphere will contain significant amounts of water
vapor. A process upset could allow the fuel temperature to rise in the
presence of moisture, providing conditions for potential fuel ignition.

During hot conditioning, air ingress into an MCO that is at process operating
temperatures could initiate ignition. Detailed analyses of the potential for,
and effects of, a fuel ignition event in the MCO will be covered in the safety
documentation for those facilities because the initial conditions for the
event are significantly different in each case. Mitigation of these events,
if required, is the responsibility of the facilities.

11.3.5 Thermal Transients

A number of scenarios have been identified that could allow the MCO shell
to exceed its design temperature or design rate of temperature change limits.
These include, among others, a failure of temperature control during hot
conditioning and a loss of vault convective cooling during staging or storage
in the CSB. Exceeding the design temperature of the MCO does not, of itself,
lead to an MCO breach and release of any of the MCO contents. The issue is
whether a degraded MCO is likely to continue to perform its expected functions
for its lTifetime. The effects of exceeding the MCO design temperature and
rate of temperature rise criteria on the MCO's ability to fulfill its
containment function over its 40-year lifetime must be fully assessed. This
assessment includes evaluating the response of the MCO systems relied upon to
maintain confinement to the temperature transients postulated in accident
scenarios at the facilities and during transport. The analysis is the basis
for establishing criteria for continued MCO service after an off-normal or
accidental temperature excursion. Additional detail is provided in
Chapter 4.0.
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12.0 TECHNICAL CONTROLS AND LIMITS

12.1 INTRODUCTION

This chapter identifies the necessary and sufficient set of system Timits
that will form the basis for developing the Timiting conditions for operation
(LCO) and surveillance requirements needed to establish the safety envelope
for MCO-related operations. MCO-specific operating controls, limits, and
supporting bases will be developed from this information and from facility-
specific analyses. Actual controls will be in the facility technical safety
requirements.

Facility-specific LCOs and surveillance requirements will be established
for MCOs in the SARs, operational documents, controlled manuals, and technical
specifications for each SNF Project facility that will process and handle the
MCO. Operating controls and limits, when established, will include analyses
of the bases and descriptions of anticipated surveillance requirements. MCO
operating controls and 1imits include, as appropriate, both technical and
administrative matters that are important to safety (e.g., spent fuel
loadings, operating variables, or components). In addition, operating
controls and 1imits address the attainment of ALARA levels of releases and
exposures.

12,2 SYSTEM LIMITS

System Timits are those 1imits that are not directly surveillable but
that are key to ensuring safe MCO performance. Each system limit will
correspond to one or more LCOs, either in this report or in the facility-
specific SARs.

12.2.1 Multicanister Overpack Temperature System Limits
The MCO temperature limits are based on three considerations: the fuel
melt Timit, the steel 1imit, and the sealed MCO pressurization Timit. These

Timits are summarized in Table 12-1. The following discussion presents these
limits and develops the bases for the limits.

Table 12-1. Multicanister Overpack Temperature System Limits.

. i1 Safety .
Parameter Applicability Timit Basis

Fuel A1l times 725 °C Lowest fuel structural
(1,337 °F) |material eutectic formation

MCO thermal limit A1l times 375 °C 52 °C margin from ASME
(700 °F) limit

MCO thermal limit Seated MCO 200 °C System pressure-related
(392 °F) limit

MCO = multicaenister overpack.
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Eutectics between uranium and iron and between zirconium and iron occur
at 725 °C (1,337 °F) and 950 °C (1,740 °F), respectively. It is .not necessary
that uranium be molten to form these eutectics. In principle, the
interdiffusion of iron and uranium can lead to 1iquid formation even when both
pure metals remain solid. Whether the physical contact between uranium and
iron in the MCO can be intimate enough to lead to eutectic formation is
doubtful in an MCO. MNonetheless, since 725 °C (1,340 °F) is well beyond the
temperatures the MCO is expected to experience, there is merit in using this
lower temperature as a system limit to further protect the MCO from damage.

The maximum steel boundary temperature is 375 °C (700 °F). This is
appropriate based on the MCO boundary, which is constructed of 304L stainless
steel in accordance .with the intent of the Boiler and Pressure Vessel Code,
Section III, Subsection NB (ASME 1995a). Selection of 304L stainless steel
effectively 1imits the maximum temperature to 427 °C (800 °F) since L grades
exhibit lTow strength in higher temperature ranges. The 375 °C (700 °F) limit
was chosen to add an additional margin to the code 1imit. The Boiler and
Pressure Vessel Code (ASME 1995a) case N 47 extends the rules of Subsection NB
(ASME 1995a) to temperatures above 427 °C (800 °F), but this case does not
permit construction using 304L stainless steel.

The most restrictive temperature Jimit is 200 °C (392 °F) at the outer
MCO pressure boundary when sealed and pressurized to 1.0 MPa gauge (150 1b/1’n2
gauge).
12.2.2 Multicanister Overpack Pressure System Limits

The MCO pressure limits are based on the specific design selected and the

capabilities of 304L stainless steel in this design. These limits are
summarized in Table 12-2.

Table 12-2. Multicanister Overpack Pressure Limits.

Location or Applicability Limit Basis
feature
MCO pressure Temperature at or below 1.0 MPa gauge Design 1imit
boundary 200 °C (392 °F) (150 1b/1in° gauge)
MCO pressure Temperature above 200 °C 0.5 MPaZgauge Design Timit
boundary (392 °F) and at or below (75 1b/in® gauge)
375 °C (700 °F)

Note: This table is derived for HCS process use with the MCO under exclusive process supervision
by HCS personnel. HCS is the only system allowed to exceed the 132 °C (270 °F) skin/containment boundary
temperature limit of the MCO.

HCS = Hot Conditioning System.
MCO = multicanister overpack.
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12.3 LIMITING CONDITIONS FOR OPERATION

Table 12-3 identifies the LCOs and surveillance requirementS that
establish the safety envelope for the MCO.
12.4 DESIGN FEATURES

The following design features are of special importance to each of the
physical barriers and to maintenance of safety margins in the MCO:

e The MCO pressure boundary, including penetrations, seals, and plugs

* The MCO béskets, including features required for criticality control
and structural integrity during collisions or drop accidents

e The MCO plug shielding capability
e The MCO oxygen gettering capability.
Design Timits include the MCO transient 1imits noted in Table 12-4.
The cycle limits and rate of change are carried forward from the
performance specification. Following an analysis for cyclic operation and
testing, Jjustification for a different cyclic 1ife may be available.
12.5 ADMINISTRATIVE CONTROLS

Administrative control incorporates the control of design changes,
compliance with process parameters, and quality assurance controls.

e The use of the Engineering Change Notice process ensures MCO design
configuration control and the evaluation of change impact on all
operational phases.

e The use of technical procedures ensures that process parameters are

controlled within defined 1imits and that specified environmental
conditions are maintained.
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Table 12-3.

Multicanister Overpack Operating Controls and Limits.

(2 sheets)

Specification
or limiting

surveillance

condition for Applicability Objective Action requirement Bas?s
operation
Max imum 26,825 kg Determined’ upon Avoid exceeding | If the total mass Measure the mass of Total mass of the cask and MCO
fuel mass (15,050 Lb) loading the MCO mass limits for |exceeds the limit, each tier's basketload [ combination to be Llifted by the crane
before transfer cranes reload the basket to [of fuel before must be less than the K Basins' 30-ton
from the K Basins meet the limit, insertion in the MCO. |crane limit, as well as less than
subsequent facilities' crane limits.
This limit preserves the free volume
of an MCO at 0.5 m” (134 gal),
ensuring that the analyses of
pressurization for an MCO are valid.
This limit ensures the total decay
heat for each MCO remains below the
835 W maximum (plus appropriate
margin) assumed in analyses.
Initial Pressure limits Established as the | Avoid If this pressure is Monitor immediately MCO pressurization analyses rely upon
pressure to be established [as-left pressure overpressuriza- | exceeded, vent the before sealing or knowing the initial conditions before
by TSRs for the each time an MCO tion MCO and reestablish shipping. sealing, Significant excess pressure
cask transporta- is sealed or the initial condition could result in MCO pressure exceeding
tion system, the shipped to another the design timits.
CVDF, the CSB, subproject or
and the HCS facility
Gxygen As-left oxygen Determined Preclude 1f the oxygen limit Measure before sealed |Oxygen will be generated by radiolytic
concentra- | concentration immediately before | hydrogen is not achieved, closure. decomposition of surface water over
tion when MCO is sealing deflagration ptace the MCO in a the MCO storage lifetime. Hydrogen

sealed is <4%, or
lower limit to be
established by

TSRs for the CS8

during long-term
storage

safe condition by
purging and
reestabtishing an
acceptable
concentration.

will be released by both chemical
reaction and radiolysis. It is likely
that all oxygen and most hydrogen
created will react with the residual
exposed uranium. This limit ensures
that the oxygen concentration will not
exceed the lower explosive Llimit,
precluding a deflagration of the
oxygen~hydrogen mixture. This
precludes failure of the MCO from
acute pressure loading.
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Table 12-3.

Multicanister Overpack Operating Controls and Limits.

(2 sheets)

Specification
or limiting
condition for
operation

Applicability

Cbjective

Action

Surveillance
requirement

Bases

Pressure
relief

Pressure relief
up to 1.0 MPa 2
gauge (150 Lb/in
gauge)

Process points
where the MCO is
sealed, at staging
or interim storage
at the CSB

Preclude high-
pressure
(>1.0 MPa
{>150 Lb/in
venting and
unacceptable
release and dose
consequences

21)

Reptace the MCO
rupture disk and
pressure relief valve
if they are not
verified as
fabricated and/or
operable by the
vendor according to
applicable SNF
Project manufacturing
specifications.

1f the cover flange
is found to be in
place when sealing of
the MCO is required,
remove the flange.

Verify that the
rupture disks and
pressure relief valves
are manufactured
and/or operable by the
vendor according to
applicable SNF Project
manufacturing
specifications upon
receipt from the
vendor.

Verify that rupture
disk and pressure
retief valve are not
disabled by a cover
flange.

MCO release scenarios for design and
sizing of safety systems are based on
release at a maximum pressure of

1.0 MPa gauge (150 Lb/in“ gauge).
Increase in the pressure results in
more significant releases.

Fuel type

Mark [A fuel may
not be placed in
a Mark 1V basket

Determined during
fuel loading
operations wWithin
the K Basins

Control
criticality

1f an inappropriate
configuration is
identified, do not
load the fuel into
the MCO.

Verify correct basket
and fuel loading
during fuel retrieval.

Critically safe geometry within the
MCO is maintained within the MCO
assembly by design. The MCO shell is
critically safe for loading with

Mark IV fuel and the basket design is
critically safe for Mark IA fuel.

Even though a criticalty safe geometry
may be maintained with two scrap
baskets loaded into the MCO, the
timitation on totalt particulate
material mandates that no more than a
single scrap basket shall be placed in

CSB
CVDF
HCS
MCOo
SNF
TSR

Canister Storage Building.
Cold Vacuum Drying Facility.
Hot Conditioning System.
multicanister overpack.

spent nuclear fuel.

technical safety requirement.

any MCO for either type fuel.
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Table 12-4. Multicanister Overpack Transient Limits.

Location Applicability Limit, Basis
MCO pressure Temperature up to <20 cycles at 75 °C | Design limit
boundary 375 °C (700 °F) and (165 °F)

pressure up to 0.5 MPa <5 cycles at 375 °C
gauge (75 1b/in* gauge) (700 °F)

MCO pressure
boundary

A1l thermal transients

Rate of change
<100 °C (180 °F)
per hour

Design Timit
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13.0 QUALITY ASSURANCE

Quality assurance requirements will be applied to all aspects of the MCO
design, fabrication, inspection, testing, handling, shipping, storage, and
documentation. These requirements shall form a part of procurements, letters
of instructions, and statements of work used as guidance for subcontractors,
vendors or suppliers, or other agencies performing activities affecting the
quality of the MCO.

The MCO is the one element that is common to all phases of the SNF
Project. The MCO is present from initial fuel loading through ultimate
disposition. Therefore, the MCO is subject to those quality assurance
requirements that are associated with each phase of the overall process.
Specifically, the MCO must meet the quality assurance requirements associated
with design, fabrication, K Basins activities, transportation, and each of the
facilities in which the MCO will be processed or stored.

13.1 DESIGN

The design agent must execute quality assurance programs that provide the
following assurances:

o. Assure performance requirements and design criteria are established,
documented, and clearly understood

e Assure studies, analyses, and design decisions are fully documented
o Assure design meets performance requirements and design criteria
e Assure design is complete, adequate, and properly documented

e Assure traceability to the requirements of the contract technical
specification is maintained.

13.2 FABRICATION

The seller is required to have an acceptable quality assurance program
that shall be in effect throughout the fabrication, assembly, and testing of
the MCO. The seller's quality assurance program shall apply to all components
except as discussed in Sections 13.2.1.3 and 13.2.1.4. This program shall
meet the applicable requirements of 10 CFR 71, Subpart H, and of Title 10,
Code of Federal Regulations, Part 830, "Nuclear Safety Management," Subpart A,
and Section 830.120, "Quality Assurance Requirements" (10 CFR 830). The
quality assurance program must be accepted by the buyer before procurement of
materials and fabrication is begun.

The MCOs should be fabricated in accordance with a quality assurance
program meeting the minimum requirements of NHF-S-0548 (currently a draft) and
subject to review and approval. Each component of the MCO is determined to be
safety class, safety significant, or general service (non-safety significant).
The attributes of the component that must be checked also are determined.
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Table 13-1 summarizes the various components, their functions, safety
classification, and failure consequences.

Quality records shall be directly traceable to an item; therefore, unique
identifiers, as well as purchase order numbers, are required for items and
components. The fabrication data package should include as-builts,
nonconformance reports, certified materials test reports, hydrostatic test
reports, nondestructive examination reports, and qualification and
certification reports. An approved shipping and handling plan or procedure
should also be specified.

13.2.1 Procurement of Category A Materials

Category A materials shall be procured from a suppiier or manufacturer
whose quality assurance program has been surveyed and/or audited by the seller
to ensure the program meets the applicable requirements of 10 CFR 71,

Subpart H. Quality assurance programs meeting the requirements of the Boiler
and Pressure Vessel Code (ASME 1995a), Section III, NCA-3800, or the
applicable requirements of ASME NQA-1 (ASME 1994) are an acceptable basis.for
these surveys and audits.

13.2.2 Procurement of Category B Materials

The following four methods are acceptable for procuring category B
materials.

1. Procure material from a supplier or manufacturer holding a current
ASME Section III Quality System Certificate (Materials).

2. Procure material from a supplier or manufacturer that has been
surveyed and audited in accordance with the requirements of
10 CFR 71, Subpart H.

3. Procure materials from any supplier or manufacturer and perform all
the examinations and tests required by the material specification.
The seller shall prepare and supply a certified material test report
stating that the material meets all the requirements of the
specification.

4., Procure material from an 150-9000 certificate holder.
13.2.3 Procurement of Category C Materials

Category C materials shall be procured from any source. A certificate of
conformance shall be provided for all materials and items.
13.2.4 Procurement of Category "Not Important To Safety" Materials

Materials "not important to safety" shall be procured from any source.
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Table 13-1. Multicanister Overpack Component Safety Designation.
(2 sheets) :
System/c nent function ss¢ Failure consequences
t4 ompol designation q
Multicanister overpack components
Shell Contain and protect SNF sC Release of radioactive contents
that could exceed offsite
exposure limits; loss of double-
contingency protection against
nuclear criticality accident
Shield plug Contain SNF, protect personnel sc? Release of radioactive contents
that could exceed offsite
exposure limits
Locking and Lifting Maintain pressure on main seal, sc? Release of radioactive contents
ring plus bolts allow for Lift of loaded MCO that could exceed offsite
exposure Limits
Cover cap Seal MCO after hot conditioning sC Release of radicactive contents
that could exceed offsite
exposure limits
Mark IA baskets Maintain Mark IA SNF elements sC Loss of double-contingency
and scrap in a critically safe protection against nuclear
configuration criticality accident
Mark IV baskets Contain Mark IV SNF elements GS No release consequences
and scrap
Primary rupture disk Protect MCO pressure boundary sC Overpressurization of MCO
resulting in an uncontrolled
release that could exceed offsite
exposure limits
Plug valves Process ports to accommodate ss? Inability to process the MCO;
gas flows in support of MCO release of radioactive materials
processing into the environment that exceed
exposure Limits
Process internal Maintain most radioactive solid ssb Release of radioactive materials
filter materials within the MCO from the MCO; pressure buildup
within the MCO; loss of defense-
in-depth protection for release
of radicactive materials
External HEPA filter Allow MCO to be stored in a ss? Release of radicactive
vented configuration at the contaminants into the storage
surrounding atmospheric tube; pressure buildup within the
pressure MCO; loss of defense-in-depth
protection for release of
radioactive materials
Long process tube Remove bulk water, introduce ss? Inability to remove water from
gases during processing, and MCO; inability to introduce gases
reflood, if necessary to process MCO; prevent
processing that puts the MCO into
a safe configuration
Short process tube Remove water before shipping to sc Failure of rupture disk to
CVDF; connect to rupture disk relieve internal MCO pressure;
as vent path, backup process inability to remove water before
exit shipping to CVDF
2-mm process tube Keep particles > 2 mm in ss Particles larger than 2 mm may
screens diameter in the MCO leave the MCO
Port covers Seal ports during handling, ss? Damage appliance undgr the cover;
transport, and storage; protect release of contents into
appliance under port cover environment; possibly prevent
processing to put the MCO into a
safe configuration

SARR-005.13

December 30, 1996



Table 13-1.

HNF-SD-SNF-SARR-005 REV 0

Multicanister Overpack Component Safety Designation.

receptacle

the baskets and the MCO loading
system

(2 sheets) :
System/ nt Function ss¢ Failure consequences
ys tem/compone! ncti designation eq
Seal Seal MCO shield plug to shell sC Release of contents into
surroundings that could exceed
exposure limits
Orifice plates Regulate gas flow from the MCO ss? Unregulated rate of gas release
from the MCO
Process relief valve Allow gases to teave MCO at a ss? Pressure buildup within the MCO
pressure below safety-class resulting in venting through
pressure relief device setting rupture disk
Guard plate on shield Protect internal MCO process 13 Potential damage to filter, short
plug filter, short process tube, ard process tube, and screen
2-mm screen
Bottom impact limiters | Protect MCO during drop in CSB SC Loss of MCO contents
tube
Intermediate impact Protect MCO during drop in CSB sC Loss of MCO contents
Limiters tube
Basket grapple Provide an interface between SS Drop of fuel basket resulting in

spilled fuel within the basin

24ill be downgraded to general service after cover cap is installed.
bMay have a safety-class designation for up to 1 year after MCO loading.

CVDF
GS
HEPA
MCO
SC
SNF
Ss
SSC

[T I )

SARR-005.13

Cold vacuum Drying Facitity.
general service (i.e., non-safety significant).
high-efficiency particulate air (filter).
multicanister overpack.

safety class.

spent nuclear fuel.

safety significant.

structure, system, and component.
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13.3 QUALITY CONTROL

13.3.1 Examination Point Program

An examination point program shall be prepared and included in.the
seller's manufacturing plan and submitted for approval. This examination
point program shall include a description of all examination points and hold
points.

13.3.2 Subcontractor Quality Control Procedures

The seller's and the seller's subcontractor's quality control procedures
shall include the use of fabrication travelers or other process control
documents. Fabrication travelers shall reference or describe the procedures
used in accomplishing the tasks, the examination, the test requirements, and
any examination hold points. Fabrication travelers shail include hold and
witness points for review by the buyer.

13.3.3 Dimension Control

A1l dimensions, as indicated on the referenced design drawings, shall be
measured and documented in accordance with the seller's examination
procedures.

13.3.4 Access to Facilities for Quality Control

The buyer and the owner, or the owner's authorized agent, shall have full
access to the seller's or the seller's subcontractors' facilities for
reviewing progress and determining acceptability of quality control
activities.

13.3.5 Access to Facilities for Quality Assurance

The buyer and the owner, or the owner's authorized agent, shall have full
access to the seller's or seller's subcontractors' facilities for auditing the
implementation of the seller's quality assurance program and for performing
quality control surveillance of the MCO. Any findings resulting from audit or
surveillance of the seller's or subcontractors' facilities shall be addressed
and promptly corrected to the buyer's, owner's, or the owner's authorized
agent's satisfaction.

13.3.6 Nonconformance

Nonconformances with purchase documents, drawings, approved procedures,
or material requirements dispositioned as "repair" or "use-as-is" shall be
submitted to the buyer for review and approval prior to implementation. The
accepted nonconformance disposition shall include a technical justification
provided by the buyer.
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13.4 QUALITY REQUIREMENTS FOR SHIPPING RELEASE
The MCO shall not be shipped until the following requirements are met.
e All tests and examinations have been performed.

e The MCO final documentation package is complete and apprerd by the
buyer's quality representative.

The seller shall notify the buyer two weeks before his intended shipping
date and allow the buyer sufficient time before shipment to review the
documentation package. The documentation package shall be complete and final
before it is submitted for review, including documentation of the final
performance tests. The buyer reserves the right to witness repetition of any
or all of the final performance tests, and the pressure test, after the MCO
and its documentation packages have been completed.

13.4.1 Certificate of Compliance

With the final documentation package, the seller shall submit to the
buyer, a certificate of compliance to this specification and the design
drawings. As a minimum, the certificate shall include, but not be 11m1ted to
the following information:

e Purchase order number

e Procurement specification and design drawing numbers, including any
approved changes, and nonconformances applicable to the equipment

e A certificate by the person who is responsible for the seller's
quality assurance function

e Provisions for the signature of the buyer's quality representative.
The buyer's signature is to indicate an agreement that the equipment
and its documentation are ready for shipment, it does not constitute
acceptance by the buyer.

13.5 PROCESS AND STORAGE FACILITIES

For the specific facilities, the MCO will fall under the quality
assurance program identified in the SAR for each facility. The commitment to
NRC equivalency may impact these quality assurance programs and result in
different criteria than are required in other phases of the SNF Project.

The specifics of the quality assurance program to be followed and the
applicability of various codes and standards may be found in the facility
SARs.
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13.6 TRANSPORTATION
The quality assurance requirements to be followed during all stages of

transporting the MCO are contained in the SARP. Specific instruction
regarding when the SARP requirements apply is contained in the SARP.
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APPENDIX A
MULTICANISTER OVERPACK BUCKLING
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ICF KAISER HANFORD
DESIGN ANALYSIS Revision 0
PageNo. 1 of 3
Client Westinghouse Hanford K Basin SNF Project Date: 02/15/96
Subject:  MCO Elastic Buckling Evaluation Orginator : L. L. Hyde

Checker : D. M. Chenault

ELASTIC BUCKLING OF THE MCO

Analyze the elastic buckling capability of the Multi-Canister Overpack (MCO) shell
with and without internal pressure. Determine the vertical drop acceleration which
this capability allows.

Reference: Structural Analysis of Shells, E. H. Baker, et. al., R. E. Krieger
Publishing Company, Huntington, N. Y., 1981

In accordance with Section 10-3 of the Reference the elastic bucklmg stress of an
initially straight moderately long cylinder, at 2000C is,

Modulus of Etasticiy, E=26610°2
m
ol . Ib
Material Yield Stress, F y= 17600-—
in?
Material Poissons Ratio, r:=03
MCO Shell Thickness, t:=0.5-in
" L 24in-t .
MCO Shell Mean Radius, R :—2- R=11.75in
1
Buckling Stress Coefcient, Commet . C_=0605

Buckling Correiation Factor, 7:=.73 for, % =235
Buckling Stress, 6, =1C c~%—t
¢ =500098 l—bz >> Fy
n
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ICF KAISER HANFORD -
: DESIGN ANALYSIS Revision 0
K . PageNo. 2 of 3
Client: Westinghouse Hanford K Basin SNF Project Date: 02/15/96

Orginator : L. L. Hyde

Subject: MCO Efastic Buckiing Evaluation
. Checker : D. M. Chenault

ELASTIC BUCKLING OF THE MCO (cont'd)

If the MCO shell is treated as a simply supported cylinder 160 inches long, the Euter
column elastic buckling stress is,

L :=160-in

2 2
o R
9 Euler -= "2‘E (") e

CEwer=707925- 2 s g
L in?

Since Rit << 700 the influence of internal pressure is negligible on the abave
calculated elastic buckling stress but it does influence the effective compressive
stress. .

The allowable compressive stress in the MCO shellis limited to Fy when the
internal pressure is zero and becomes Fypwhen it has an internal pressure of

150 psi.

b

pi=150.22 Fy=17600—

.2 m

n

=F. 4+ PR - B
FW‘-FY+H Fyp=19363-—

n

Find the vertical acceleration of the MCO shield plug and shell weights
which will produce yielding in the shell ’

Area of shell,

= un?
A =3691n

Density of 304L, [ :=0429»£
i
Length of shield plug, lp 21240
Length of shelt, 1 sh T 160-in- | P
A-4 December 30, 1996
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ICF KAISER HANFORD
| Revision 0 )
DESIGN ANALYSIS PageNo. 3 of 3
Client: Westinghouse Hanford K Basin SNF Praje(;t Date: 02/15/96
Subject: MCO Elastic Buckling Evaluation . Orginator : L. L. Hyde

Checker : D. M. Chenault

ELASTIC BUCKLING OF THE MCQ (contd)

. 2
Weight of MCO shield plug, wpl“g:u-(miz) HpBs  Wopg=1574b

Weightof MCOshell,  * shell * Al sh¥ss W shety = 158410

Allowable vertical accelleration when the internal pressure is zero,

Fy A
" yhsh =
"mco"ﬁ‘—' 8co =206 g
plugt Vshell

Aliowable vertical accelleration when the internal pressure is 150 psi,

o oo FyAs
mco* =
Wotug* W shell moo =226 0
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- ~ MCO DROP STATIC ANALYSIS
INTRODUCTION

This is a follow-up analysis to Bob Winkel's ANSYS analysis of the MCO drop for the purpose of
evaluating the potential of a breach of the MCO while inside the shipping cask. In the analysis
described below, a somewhat different approach is adopted for the following 4 cases: -

1. The gap between baskets and MCO is 3/8 in and the internal pressure is zero,
2. The gap between baskets and MCO is 1/8 in and the internal pressure is zero.
3. The gap between baskets and MCO is 3/8 in and the internal pressure is 150 psi,
4. The gap between baskets and MCO is 1/8 in and the internal pressure is 150 psi.

ANALYSIS APPROACH

For each of the above 4 cases, ABAQUS 5.4 is used to analyze a 20-inch length of the MCO as
an axisymmetric cylindrical shell subjected to a uniform axial load at the upper node to simulate
the impact force from a possible drop. Nine integration points are used along the thickness of each
of the 100 shell elements. The choice of using shell elements is justified by the small ratio of
thickness (0.5 inch) to radius of curvature of the shell (11.75 inches at mid-thickness). Large
deformations and plasticity effects are also considered. For all 4 test cases, 2 gap of 0.5 inch is
assumed between the MCO and its containing cask. The baskets and the cask are assumed to
™ provide rigid and frictionless surfaces. In order to improve convergence of this nonlinear contact
\é} problem, 2 uniform axial displacement is ramped from 0 to a maximum of 2 inches (corresponding
t0 a maximum relative displacement of 14.5 inches between the top 12-inch plug and the bottom
3~ inch base). It is assumed that there are no initial imprefections.

RESULTS

Figure 1 shows a deformed MCO configuration at the end of the load step (i.e. after the 2 inch
top displacement is achieved) for case 1. The nodes 22 and 65 shown on this figure are the
locations of the maximum principal plastic strains. Locations of maximum principal plastic strains
(at the extreme outer and inner fibres) were identified by examination of the plastic strain
summary at the end of the strain tables printed out on the *.dat ABAQUS output file. Figure 3
provides additional insight into the accumulation of plastic strains at these points where one
observes node 22 undergoes plastic straining before node 65 until node 22 contacts the cask wall
at which point the build up of plastic straining at this node virtually stops, and plastic straining
continues at node 65 until it contacts the cask wall. It is also observed that this plastic strain
component is practically the same at the inner and outer fibres. This "kinking" deformation mode
propagates along the full length of the MCO. As a result, the MCO can tolerate forces in excess
of 700g as shown in Figure 2.

The same conclusion can be drawn from the trends in Fxgures 4, 6, and 7 for cases 2, 3, and 4,
respectively.
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CONCLUSION

While monotonic hardening of the MCO is observed under perfectly axisymmetric conditions,
with no breach under 700g, 2 more accurate and conservative analysis is recommended where a 3-
D model is considered with an initially imperfect configuration and a concentrated load since
buckling is essentially a 3-D nonsymmetrical phenomenon.

Questions can be addressed to Michel (Mike) Dib.
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APPENDIX B
MULTICANISTER OVERPACK STORAGE BASKET ANALYSIS
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APPLICATION FOR PERMISSION TO USE COPYRIGHTED MATERIAL

To: Mr. Frederick Parker Date: January 7, 1897

Permission is riqueétcd to reproduca the following copyrighted matarlal from:
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a report for the Spent Nuclear Fue! Projact. However, permmission to use this

information forany and all reports essociated with the Spant Nuclesr Fual
Projact al the Hanford Site is requested.

Estimated publication date:

Inltiat publications should be completed by the end of 1989, A granf of permission to
use the above described matedsal would be Interpreted to extend o any updates or
revisions to Spent Nuclear Fus! Project documents.

Manager seeking permission:

Mr. L. J. Garvin lil, Regulatory Programs, Spent Nuclear Fue! Project

Fluor Danle! Northwest
!
AN ~
L %éawin i Date
Application approved by:
Name:Mp. Frederick Parker . Date: )/ ro/ 777

Oompany Name and Address:_Ear) WM. Jorgensen Compény
"3050 East Birch Streat
Brga, CA 02821
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To: Mr. Timothy Hérdin Date; January 7, 1997
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'Manager seeking parmission:

Mr. L. J. Garvin Jll, Regujatory Frograms, Spent Nuclear Fuel Project
Fluor Danls! Northwest
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Ll gérvin il Dafe

Application approved by::
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2150 Shoftuek Ave ., Sui 00
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ICF KAISER HANFORD Revcion 0
DESIGN ANALYSIS PageNo. 1 of 50
_Client: Weslinghouse Hanford K Basin SNF Project Date: 09/13/96
Subject: MCO Storage Baskels Qrginator ; L. L. Hyde

Checker : D. M. Chenault

EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

ftis credible to postulate that the MCO can be dropped vertically and that the unit could then
fall in a side slapdown manner. Thus, a vertical impact followed by a lateral impactis a
possible design accident. It must be assured this condition does not violate the criticality
control measures of the design which are: 1) the pipe is not crushed; and 2) the pipe does not
shift laterally more than two inches.

The Cask/MCO drop analyses included in the MCO Topical Report show the following results:

1) Worst orientation 30 foot vertical drop of cask onto concrete with MCO inside
* Drop on corner of cask lid
* MCO modeled without internal baskets or fuel
* Mass of baskets and fue! lumped on MCO shield plug
* Resulting in MCO acceleration of 113 g

2) 13 foot vertical drop of MCO onto steel plate
* Representing fall back into the cask
* No air piston effect with the cask considered
* 6 Mark 1A baskets, fully loaded with fuel, included in MCO model
* Resulting in acceleration of MCO and bottom basket of 116 g
* Resulting in accelerations of the next to bottom basket of 15 g, the upper
basket of 17 g and the intermediate baskets of 25 g

It can be hypothesized that since the 13 foot drop of the MCO resuited in an acceleration of
116 g of the bottom basket and a much lower acceleration for the remaining baskets, the
same action would occur if the baskets had been included in the 30 foot cask drop model.
The loading from the bottom basket is reacted directly into the MCO bottom closure, while
those of the upper 5 baskets are reacted by the six support rods (on the perimeter of the
basket baseplate) and by the center pipe.

Prior to performing the accident condition drop analyses, 35 g (heaviest baskets) to 50 g
(lightest baskets) were specified for the MCO internals. The loading from the bottom
basket is reacted directly into the bottorn of the MCO. However the center pipe of this
basket, along with the six support rods, must react all of the loading from the five upper
baskets. Since the drop condition analyses are showing the average vertical accelerations
of these five baskets is less than the 35 g specified, evaluate the center pipe for 35 g.

A preliminary design incorporated a center pipe for both the Mark 1A storage and scrap
baskets of 6 inch Schedute 120 pipe (6.625" OD x 0.562" wall) along with six 1" diameter
support rods, Evaluate the capability of this design first and then investigate alternates.

SARR-005.APB B-3 . December 30, 1996



SARR-005.APB

. HNF-SD-SNF~SARR-005 REV 0

ICF KAISER HANFORD v
DESIGN ANALYSIS
~Client:  Westinghouse Hanford K Basin SNF Project

Subject: MCO Storage Baskets

Revision 0
PageNo. 2 of 50
Date: 09/13/96

Orginator : L. L. Hyde
Checker : D. M. Chenault

/
EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

Axial Buckling Analysis of the Center Pipe

Consider the center pipe to be a pinned end columh‘as shown. Ris assumed the
baskets provide no lateral support. Find the allowable load of the column under an

axial load and under a distributed axial load as shown.

Mack-Up Mark 1A & Mark IV, and SK-1-80210, "K-Basin

Lp :=143-in  (from bottom of shield ptug)

= in2
Ap—10.7 in’

—Y :
Reference: Drawings SK-1-80208 "K-Basin SNF Storage Basket
i SNF Storage Scrap Basket Mock-Up Mark 1A", (undated)
Center Pipe for Mark 1A Basket—(8" Sch 120)
i
“p I =225
P = L2 in
{ -~ .
0D :=6.625in
I Uall 7 0.562:in
1 LR Y] 2
p A, .-;-[om - (0D~ 24 )]
%

I ;:l-[OD‘— (OD' 2"\\'3]!)‘]

E =266 105.3’;

m

at 400°F

The column end fixity coefficient for a concentrated axial load is,

and for a uniformly distributed load is,

2
n-EA
The Euler concentrated Perti=cg zp
buckling load is, LP
p

- it
1,=49.61"in

r,=2.15-n

c, =1

cg:=1.87

P ot =636918-1b

et
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

Axial Buck\ivng Analysis of the Center Pipe

PEA P
The Euter distributed ) JURET Py = 1191037 1b
buckling foad is, L P 2
p

The baskets are designed to the intent of the ASME B&PV Code, Subsection NB (NB-3133),
and Appendix F (F-1331) which limits the maximum allowable compressive stress in cylinders
and tublular products as follows:

0.125-t .
Factor A is defined as, ::—-“ﬂ
0.5-0D
Factor B is defined as, B :=8340 + 2720-log( A-100) for 304L SS at 4009F
when 0.10> A > 0.01,
B =9228 B = 9780 maximum
. ) b JU
The allowable stress is, S allow = 1,5~El»—Z S allow = 13842 =
in in’

The allowable compressive load is, P et SA LS P

p allow =148175-lb <<====

crit

In addition to the center pipe the baskets are supported by six (6) 1" diameter rods located
symmetrically about the baseplate circumference. The rods are attached {o the baseplate
and cantilevered upward from it.

The length of the rods is, lr =19.125-in
and the diameter,
4
. N 1 wdy
The buckling load ofthe rod is, ¢ :=— 12—
4 64
TEl,
P rod =G = P g = 88081k

T
Three of the rods will carry the vertica! load initially until their allowable load is exceeded
then the remaining rods will start to pick up load until eventually all six react the load

P rods 6P rod P rods = 52849 1b

Each basket holds 48 Mark IA fuel elements which weigh 39.71 Ibs each. The basket
weighs approximately 150 ibs, so the total weight is, Wip 1=2055-1
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

The Mark IA fuel baskets are stacked six high within the MCO as shawn. Verticat
loads resulting from vertical accelerations of each basket are reacted by the six 1"
rods of the basket directly below. When the a basket loading exceeds the capability
of these rods (Pyqgs) the center pipe takes the additional load. Assuming the baskets
are accelerated uniformly find the maximum vertical acceleration (a) which they may
experience without exceeding the structural capability of the center pipe (Peip)-

#1 Let the load of each basket be the weight of the basket tmes
the acceleration and the reaction be the capability of the
#2 six rods and the load in the center pipe. Then the load in the
pipe from basket #1 for an acceleration of 'a’ will be,
#3
#4 a:219.56
#5 =
Pp=Wpa-P g P =-12654 ‘b
#6 .=0.
similarly for the other baskets, Py=0b
PyE2(Wiga)-Proge- Py P, =27542-b
373 (Wypa)-Prog-Py- Py 'P3 =401961b
474 (Wiga)-Poge-P - Py-P; P4 =40196 b
5=5(Wiga)-Prog= P~ Py-P3-P, P ¢ =40196-1b

Ppipe :=P1+P2+P3+P4+P5

P pipe = 148130 ~~Pegy

This shows that the 6” Schedule 120 center pipe combined with six 1" diameter support rods
incarporated into the preliminary design will support a vertical acceleration of 19.5 g before the
allowable stress of the pipe is exceeded. Since this is less than 35 g investigate alternatives,
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

The minimum required wall thickness () of a 6" nominal diameter center pipe to sustain an
average vertical acceleration of the upper five baskets of 35 g is: ’

a:=35

Pp=Wpa-Prgs P =190761b
Pyi2(Wiga)-Proge- Py P, =71925"1b
Py =3 (Wiaa)-Progs-Py-Py Py =71925-b

P g4 (Waa)-Proge-Py-Pa-Py P4 =71925b
Pyi=5(Wyna)-Prog-Py~Py-P3-Py P =719251b
Ppipe:=Pl+P2+P3+P4+P5 Ppipe=306776'"’

The minumum wal! thickness required for a 6 nominal diameter pipe is:

Assume B = B, 5, = 9780 B:=9780
- b _ Ppipt:
S allow ._1.5»B~'—2 Ap Sy
in allow

. 2 4
Cyvall .—-2--(OD— op?-2.A

~Ap Uyea = 1:235 %0
Check value of B,
0125,
e wall B :=8340 + 2720-log(A-100) B =10158
0.5-0D

Since B > Bpay the assumption used for B was correct

Thus, with six 1.00" diameter support rods, a 6.625" OD center pipe with a 1.235" wall is
required. Since this appears excessively thick and it not a standard section investigate
increasing the diameter of the support rods.
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

If the six support rods around the perimeter of the baseplate are changed from 1" to 1-3/8"
diameter then the wall thickness of a 6” nominal diametei center pipe required to sustain an
average vertical acceleration of 35 g of the five upper baskets is,

For, d_:=1.375-in the rod load is controlled by Code allowable stress instead of buckling,

Pg ::%d}s allow P g =217831b
and for the six rods, P rods 26P rod or, P ods = 13070016
a=35
Py EWaa- P P, =-587754b P :=0Db
p2;=2.(wm.,)_pmds-1>1 P, =13150-1b
p3:=3}(\vm-a)_r’md5_r’l-p2 P3=71925-1b
p4;:4.(WIA.3)_PmdS-P1-P2-P3 P4 =719251b
p5;:5.(WLA.,)_pmds_Pl-Pz_P3_P4 P5=71925"1b
Ppipe =Py+Py+P3+Py+Pg Ppipc"223925']b

The minumum wall thickness of a 6" nominal diameter pipe required is:

Assume B is, B :=9739
- Ib _ Ppipe
S allow = 1‘5~B~‘-—2 A .--S———
in allow

op- Jop?-fa
P

Cwvall ::5' vl = 0.866 in

Check value of B,

wall
0.5.0D

0.125-1
e B :=8340 + 2720-log( A- 100) B =9739

Since B equals the assumed value the calculatéd thickness is correct
Thus, with six 1-3/8" diameter support rods a 6.625" OD center pipe with a 0.866" wall is

required to sustain 35 g and conform to the intent of the ASME Code. A 6" nominal diameter
double extra strong {6"-Schedule XXS) pipe with a wall thickness of 0.864" is adequate.
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

SUMMARY

To sustain an average vertical acceleration of the upper § baskets of 35 g requires:

A. A 6.625" outside diameter center pipe with a 1.235" thick wall and six
1.00" diameter support rods, or

B. A 6.625" outside diameter center pipe with a'0.866" thick wall (6"-Scheule XXS)
and six 1-3/8" diameter support rods.
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

Evaluate weld of center pipe to basket baseplate.

gi:r;ter The diameter of the 6" nominal pipe is, OD :=6.625-in
ol , The length of a single filet wetd is, 1, °=n-0D
‘ The area of a single fillet weld is, Aw =(0.707 x{, ) x |,
I where l is the weld thickness
lower §
Baseplate eld |

The shear stress in the weld is, Ss=P/A,
where P is the load in the center pipe

The maximum load in the center pipe occurs at the bottom basket and is due to
the upper five baskets. The load from the bottom basket is reacted directly into the
bottom of the MCO. For a 6”-Schedule XXS pipe with 1-3/8" supports rods the load
is (see page 6),

P :=228925-1b

The allowable shear stress for the weld, in accordance with Appendix F of the ASME
Code, is 42% of the material ulimate stress (S,;). For 304L at 400°F,
5, 25870022
in?

" The required thickness for a single fillet weld is,

:=._1__-——P——— ty=0631'in <====

0707 1, (0428 )}

Note that this thickness may be distributed between the upper and
lower single fillet welds as dictated by the design. For example,
with a 3/16" upper weld the lower weld may be 1/2".
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

Since the required fillet welds are large and could result in warping of the baseplate,
investigate an alternate configuration for this attachment. The amount of welding can
be reduced if the center pipe is fitted into "socket” in the baseplate, as shown.

(;enler Determine the required height'h' of the ledge in the
ipe baseplate which will resist the maximum {oad of the
cenler pipe
h PSR S h=0.446in
Baseplate 0D-(0.42:5 )

Since the baseplate is 3 inches thick, machine the socket 2 inches deep leaving
h = 1", The weld must only transmit the load from the one baseplate into the
pipe (71,925 Ibs). A partial penetration butt weld half the center pipe wall
thickness, as shown, will be adequate.
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

Evaluate the Outer Retaining Ring at the bottom of the basket baseplate

To provide the required load transfer between the fing and support rods of the
next lower basket, without introducing eccentricities, the ring must be in full
contact with the rod. Thus the ring must be 1.375" wide. Find the thickness
required to support the maximum rod load of 21,783 Ibs. as given on page 6.

The worst case is the ring spanning one.of the 2.580"
diameter fue! element holes at the perimeter of the
2.580" dia. baseplate with the 1.375" support rod loading in the

‘ hole center of the span as shown
Q dorthe e a s .
1.375" dia Consider the ring a simply supported beam with a span
rod Ring equal to the length of the chord it subscribes in the 2.580"

diameter hole at the rings mid-depth

2580/2
e
L:
L

1.3751/2

1375 2,550
2 2

0

2- (2

L=2281"in

Due to relative flexibility of the ring in bending compared to the support rod axial
stiffness the fod load will peak at its outer edges so the loading configuration will be,

" P:=21783-1b
N 1315,
P2 P12 The maximum bending moment in the ring
A——‘[————\lﬂ' 2 occurs at mid-span and is,
L A(‘: _13%5 '375-in) M =4936-inb
2 2

The allowable bending stress (F},), for 304L, in accordance with the ASME Code,

Appendix F,is 2.4 x 1.5 x S
s, :=15900-2  at4000F Fp, 224158 Fy =57240-2

m.-l = at b S24:1.5-8 b —

mn n

The required thickness of the ring then becomes,

’ 6M .
1. PR P t . =0_6]3-|n <o==ss
8 [13754nFy, g

Fabricate the ring from 1-3/8"
wide by 5/8” thick.stock
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

Evaluate the Retaining Bars at the bottom of basket baseplate

The fuel elements are retained in the baseplates by bars which are welded to the bottom.
Each bar spans several holes of the baseplate and it welded between each hole. ltis
conservative to analyze these as simply supported beams uniformly loaded by the weight of
the fuel element. -

Conservatively, assume the length of the span is the hole diameter plus 1/4",
1y :=(2.580 + 0.25)-in

The weight of the Mark 1A fuel element is, WA =397
or for the required 35 g acceleration, Wp=35W) 8
The bending moment in the bar is, My, :=%~WA~1 b

The bars are 1/4” wide. Find the required height of the bar,

By, =0.454+in

bar

Fabricate the bars
from 1/4" x 112" stock

Find the length of end welds (},,) fequired, assuming 1/8" fillets

The allowable shear strength (Sg) is 42% of the ultimate tensile strength (),

5,:=58700- 2 at4000F thus,  S,:=0425, or 5 =24654-2
.2 s 2
m m
1
lw
>Va

w::—]— 1y =0319-in
(OJOT—fm)»S s
8

Weld the bars with a single 1/8" fillet 3/8" long or double 1/8" fillets 3/16" long on
each side of each hole, i.e., place two welds on the bar between holes, one adjacent
to each hole. The weld of the bars to the rings should be the same size.
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

Evaluate the weld of the outer ring to the baseplate, assume 1/8" fillet weld
The bars are spaced 1.375" on the ring which has a 22.375" OD, thus the weld
requirement is l, per space.

The length of perimeter is, Pr:=n22375.in Pr=703¢in
The tota! length of weld required is, Liw = . Ly =16.3in
1.375-in

1" long 178" fillet welds spaced at 4" on the circumference are adequate

Evaluate the weld of the inner ring to the baseplate, assume 1/8" filtet weld
y f
The inner ring, which has an OD of 8.187", interrupts five bars so must carry
- the loading from these

The length of the perimeter is, Pri:=x8.187in Pri=2572-in

The total length of weld required is, i =2(5 ) 1iwi =3.2¢in

Six equally spaced 1" long 1/8” fillet welds are adequate
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Analyze the Mark 1A Fue] Basket Center Pipe for Lateral Loading

The center pipe of the baskets supporting the Mark IA fuel has the requirement that
it can not move laterally more than two inches, for purposes of criticatity control,
when subjected to a lateral acceleration of 50 g flightest basket). During a lateral
acceleration the pipe will be loaded by a portion of the fue! elements in the basket.
This foading will induce a local deformation in the pipe as well an overall beam type
bending deformation. To check this local deformation analyze a section of the pipe
as a ring and, to check the overall deformation, analyze the pipe as a beam
supported by the baseplates of the baskets. ’

Consider a section of the pipe as a ring with the weight of eight fue! elements
in a 300 sector acting on the it. Apply a cosine distribution of this load on
the pipe as shown.

Note: Use the pipe wall thickness determined for Alternate B since if it is adequate
the larger thicknesses determined for Alternates A and C will be adequate also

P oD P 6.625:in t il = 0-864-in
N
=)
=/ 9Imax =L -
A A R Py (OD p-! \\'all)
p

Weight of the Mark 1A fue! elementis, Wii=39.71-1b

Applying the weight of eight fuel elements on a 30° sector gives gy, ©f,

. 8Wy
Q max T
max : 9 max

=152
mn

3
2Ry cos(8)’ &
Jo

Applying this same qu,,y over a 180° sector of the pipe as shown above will
then resultin a total load on the ring (pipe) of,

2
P :=qmax-Rp- cos(0)" & 2:P=522'1b
0

2-P

or,
48w

-100 =274 percent of the tota! basket load
f
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Analyze the Mark IA Fuel Basket Center Pipe for Lateral Loading (cont'd)

Reference: Rings and Arcuate Beams, A. Blake, Aerojet General
Corp., Product Engineering, January 7, 1963,

0:20,.05.n. 5% M 1(8) :=P-R ;(0.6366-0-sin(8) + 0.7958-cos(0) - 0.9053)
B:=.53,.55-7.2 M 5(B) :=P'R (0.1592-cos(g) - .0947)
0 M0
deg inlb
o] [ 323
o B
18] [651)
27] [a5.] My(8)
36| [198 _inb
15| [ 82 |
54 [ 36 |
63| [59.9]
72'{ 76.2
81 1812]
50| [71.1]
1.5708
8
M(B)
inlb
[71.1
[89.9
1081
1254
1415
155.7
167.9
1777
184.9
1893
1908

34159
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Analyze the Mark |A Fuel Basket Center Pipe for Lateral Loading (cont'd)

Maximum Radiai Displacement;

Unsupported length of pipe (max), L pF 23-in

Lot ol
E:=26610° @ 4000F 1= Pl
in? 12
mn
0:20
3
‘Rp . <0902 6
u) =P [0.5570.0:5in(8) + (09382 - 0.1592.07)-cos(0) - 0.9053]  u, =6237-10° “in
w
Bi=n
R .3
g =L ((0.0795.5 - 0.2500)-sin(p) + 0.0681-cos(§) + 0.0947) Uy =5043-107 vin
Sl
Maximum bending stress in pipe wall, Bi=n

M
2 SMAD

=-3333.12
b 0 fp=-3333 "

2
plwall

The allowable bending siress per ASME Section lll Appendix F is 150% of 2.4 x S,

52159002 at4000F,
2
m

15 Ib
= (2.4 = 40—
Fp % (245m) Fy, =57240 =
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Analyze the Mark IA Fuel Basket Center Pige for Lateral Loading (cont'd)
The overall beam bending deformation is,

I :=£3»[0D gt - (0D 5= 2]

@pyL? ~
ub:=_5_<___"_ uy, =4.684:10° -in
384 EIly

The total lateral deformation of the center pipe when subjected to the maximum
lateral acceleration is,

(v +up)50=0003+in  <<< inch limit of criteria

‘

The longitudinal bending stress in the pipe is,

oD
_1.(2.p).L P
£, =8 P2 5 £, =374
b'___—l———‘ b
b

|z

w

<<< Fb
inl
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EVALUATION OF THE CENTER PIPE OF MARK 1A STORAGE AND SCRAP BASKETS

- RECOMMENDATION

The preliminary design requires that the basket baseplates separate from the center pipe before
the basket reaches its maximum vertical acceleration in order to limit the load in the center

pipe to below the ASME Code allowable stress. While this is theoretically achigvable, the
criticality requirements imposed on the Mark 1A basket center pipes make it difficult to control
this separation load in practice. (Note: This is not a concern for the Mark IV baskets which do
not have any criticality requirements.) Additionally, for the postulated accident scenario of side
slapdown subsequent to a vertical drop there exists uncertainty in predicting the configuration
of the laterat support these separated baseplates provide the center pipe as well as the
magnitude and distribution of the lateral loading on the center pipe. To address these concerns
it is recommended the combination of the center pipe and the six support rods be designed to
resist the maximum vertical acceleration prior to reaching their allowable stress. itis further
recommended the design accommodate the 35g vertical acceleration invoked by the MCO
Performance Specification.

To accomplish this it is recommended the center pipe wall thickness be increased to 0.864
inches (6"-Schedule XXS pipe) and the diameter of the six support rods to 1-3/8 inches.
Additionally, the outer retaining ring, attached to the bottom of the baseplate, must be
increased in size to 1-3/8" wide by 5/8" thick and the retaining bars must be 1/4" by 172", Itis
believed these changes will not affect any other geometry of the Mark 1A baskets with the
exception of those items which interface with the cenler pipe internal diameter. And those
items only require that their outer diameter by decreased by a like amount. This change will
increase the MCO total weight, However, the maximum weight of the MCO fuily loaded with
Mark1A baskets wili still be less than one loaded with Mark |V baskets.

CONCLUSION

These analyses show that the basket baseplates can be designed to remain in position with
respect to their axial location on the center pipe. They atso show that the structural
deformation of the center pipe with respect to the MCO, due to lateral loading, is well within
the required criticality displacement limit of two inches.

The Mark 1A loaded MCO will remain subecritical during the most severe accidental drop
condition postulated by the Performance Specification.
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Analyze the Mark [V Fuel Basket Center Pipe for Latera] Loading

The center pipe of the baskets supporting the Mark IV fuel has the requirement that
it can not move so far laterally that it impinges upon the 1" diameter process tube
when subjected to a lateral acceleration of 35 g (heaviest basket). During a lateral
acceleration the pipe will be loaded by a portion of the fuel elements in the basket.
This loading will induce a local deformation in the pipe as well an overall beam type
bending deformation.. To check this local deformation analyze a section of the pipe
as ring and to check the overall deformation analyze the pipe as a beam supported
by the baseplates of the baskets. :

Consider a section of the pipe as a ring with the weight of nine fuel elements

in a 309 sector acting on the it. Apply a cosine distribution of this load on
the pipe as shown. ’

P . 2.75" OD Tube with 0.5" wall
— <

o

=) OD,:=2.75in gt = 0.5¢in

> Imax t wall
— 4>
P i

Ry “E‘(ODR_ ‘\\'all)

Weight of the Mark IV fuel elementiis, Wg:=55381b

Applying the weight of nine fue! elements on a 30° sector gives G gy of,

9We
=463.135 B
R G max = 463 n

9 max =

2R| cost0)’w
o

Applying this same gy ay over a 180° sector of the pipe as shown above will
then result in a total load on the ring (pipe) of,

Pi=qpacRy| costt)de 2P=818.427 b
o
o —2P .100=274 percentof the total basket load
4w,
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Analyze the Mark [V Fue| Basket Center Pipe for Lateral Leading (contd)

Reference: Rings and Arcuate Beams, A. Blake, Aerojet General
Corp., Product Engineering, January 7, 1963.

0:20,.051.. .51 M [(8) :=P-R (-(0.63668 sin(8) + 0.7958-cos(0) ~ 0.9053)
$:=.57,.55 .7 M (D) :=PR (+(0.1592-cos() - .0947)
M (0) °
inlb
-50.41
47719
~39.89
27.642
(12.143
TS
22.031
36.678
76.698
49.757
13.582
1.5708
p MalB)
deg _inlb
90 | [43.597
99 | |- 55.062
108} [66.244
17| [-76.87
26| {86675
135| [-95.42
[144] [102.89
(153] [[108.899
[162] [ 1133
[171] |- 115.984
780] [ 116.887

314159
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Analyze the Mark IV Fuel Basket Center Pipe for Lateral Loading (contd)

Maximum Radial Displacement;

Length of pipe on each basket, L, :=(26.85- 3.375)-in

Lty
EI=26.6-10‘-_nl @ 4009F Jo=t wall
.2 w 12

in

3

_PRy . 2 -5 ..

vy {0.5570.05ine) + (09382 - 0.1592.0%) coxt®) - 09053]  w =2.947-16° +in
w .

pi=a
R 3
uy = = ! +((0.0796-f - 0.2500)-sin(p) + 0.0681-cos(p) + 0.0947) uy =2383-10°° -in
T w
Maximum bending stress in pipe wall, pi=n
6-M(B)
b :=——2—2-35 £, =~4183 ‘_"Z
Lt wall n

The allowable bending stress is 150% of 2.4 x Sm,

S = 15900-L2 at 4009F
.2
mn

150 Ib
= (2.4 = 0——
Fpi=oo (245p) Fy,=57240°=

n

The overali beam bending deformation is,

Iy :=6_"4A[0D \" (OPK' 2-1‘““)4]

s @pLf
384 Ely
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Analyze the Mark IV Fuel Basket Center Pipe for Lateral Loading (cont'd)

The total lateral deformation of the center pipe when subjected to the maximum
lateral acceleration is,

OD - 2t )= 1'in
() +up)35=00771in << _(_‘__2“_‘"_)_ =0375in
The longitudinal bending stress in the pipe is, :

1 0D
—(2-PyL—

.8 2 . _ Ib

fy #2135 fy, = 49244 <Fy
Iy in
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Axial Buckling Analysis of Mark IV Basket Center Pipe
Center Pipe for Mark IV Fuel—{2.75" ODx 0.5" wall)

The Mark IV fuel baskets, which are 28.65 in. high, are stacked five high in the MCO.

lp :=28.65-in  where Ip is the height of each basket. Then
ly=2885" I3 =57.30", 13 = 585", and

#1
lg = 114.60".
#2 4
#3 0D :=2.75in
# b
#5 !1 typal) = 0:5:in
T 2 2 - .2
Ay _:Z.[oD - (0D~ 24) ] A =353
A Topt. . 4 2n a5
el [0D*- (0D - 24 )] 1,235
ry=081in

The Euler concentrated buckling load for the center pipe of one basket is,

EA t

B

P oy = 750660 Ib

This structure does not have to meet any criticality requirements so for this accident scenario

the maximum compressive load in the pipe will be limited by the material yield stress,

F, = 17600~lb— at 400°F
y in?

P =A(Fy P 62204 -1b

SARR-005 . APB ’ B-24 Decenber 30, 1996




HNF-SD-SNF-SARR-005 REV 0

ICF KAISER HANFORD
DESIGN ANALYSIS Revision 0
Page No. 23 of 50
~Client: Westinghouse Hanford K Basin SNF Project Date: 09/13/96
Subject: MCO Storage Baskets Orginator : L. L. Hyde

Checker : D. M. Chenault

Axial Buckling Analysis of Mark IV Basket Center Pipe (cont'd)

Center Pipe for Mark [V Fuel-(2.75" OD x 0.5" wall)

The pipe ioad is limited by Fy when the unsupported length is less than,

L,=99.5n

when the unsupported length is greater than this the Euler load controls. Thus, the
pipe can span more than the height of three baskets before it becomes buckiing
critical.

in addition to the center pipe the baskets are supported by six {6) 1-1/4" diameter rods
tocated symmelrically about the baseplate circumference. The rods are attached to the
baseplate and cantitevered upward from it.

The length of the rods is, b=l P 3.375in 1,=25275+in
2
The buckling load of the rod is, Ar:=""fs it 1,
1
el
4
nz‘EAr
Prod = 5

Three of the rods will carry the vertical load initially until they begin to buckle when the
remaining rods will start to pick uptoad until eventually all six react the toad

P rods = 6'P_cmd P rods =73875»~lb

Each basket holds 54 Mark IV fuel elements which weigh 55.38 Ibs each. The basket
weighs approximately 150 Ibs, so the total weight is,

Wy :=3140-b
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Axial Buckling Analysis of Mark IV Basket Center Pipe (cont'd)

Center Pipe for Mark [V Fuel—{cont'd)

Use the same methodolgy as for the Mark IA fuel baskets. Vertica! loads resulting
from vertical accelerations of each basket are reacted by the six 1-1/4" rods of the
basket directly below. When the a basket loading exceeds the buckling capability
of these rods the center pipe takes the additional load. Assuming the baskets are

accelerated uniformiy find the maximum vertical acceleration which they may
experience without exceeding the structural capability of the center pipe.

Let the load of each basket be the weight of the basket (Wyy) times the
acceleration (a) and the reaction be the buckling load of the six rods (Prods)

and the load in the center pipe (Pp,).

a:=10.83

Py i=Wiya-Progs

Py :=2~(W[v-a)— Prods— P

Py :=3.(ww-a)_ Prods-P1-Py

Py =4 (Wiya)-Proge- P~ P;- Py

Pube =P1+P2+P3+ Py

Poube =621491  ~~Pepp

P =-39869 b
Py:=0Ib

P =-5863 Ib
Py:z0db
P3 =281431b

P 4 = 34006 Ib

This shows that a 2.75" OD x 0.5" wali tube will not buckle but it will achieve its yield
load if the baskets are uniformly accelerated vertically at 10.83g. Which is greater than
the normal handling loads of 3g/5g. This acceleration level is based on 1-1/4" diameter

support rods.
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Attachment of Mark IV Basket Bageplates to the Center Pipe \

Center Pipe for Mark [V Fuel
OD:=275in outside diameter of pipe
1OD =8.64in perimeter of pipe )

In accordance with the MCO Performance Specification the attachment of the
baseplates should timit the foad in the center pipe to 75% of its buckling load
so the atttachment of the Mark IV baseplates to the center pipe must support
ajoad of 75% of 28,143 ibs.

r

w 207528143 1

The ultimate shear strength (Sg) of fillet welds is 42% of the material ultimate
tensile strength (S,)). For 304L at 400°F,

$,=58700- 2

22

mn
2 b
S¢ES 5 =24654-12
%00 s in?

mn

The length of 3/16" fillet weld required is,

P
lyme— Y 1,,=6.46+in

w Sé.[o.707'(,i6'i")]

A 3/16" fillet skip weld around the perimeter which is 6-1/2" in total length is adequale.
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Analyze Retaining Bars at Bottom of Mark [V Basket Baseplates

The fuel elements are retained in the basket baseplates by 1/4" x 3/8 bars
which are welded to the bottom. These bars terrinate at rings around the

inside and outside diameters of the baseplate. Reference is made to ftems
2, 11, and 12 of drawing SK-1-80208.

The analysis of the Center Pipe showed the baseplates of the Mark IV fuel
baskets shouid only suppon 8.1 g (75% x 10.83g) in order to control the loading
of the center pipe. To be conservative with these results analyze the fuel element
retaining bars for 15g.

Each bar span several holes in the baseplate. They are welded to the baseplate
with 1/8" filiet welds 1/4" long on each of the hole. Itis conservative to analyze
these as simply supported beams uniformly loaded by the weight of the fue!
element.

The hole diameter is 2.58", so use a beam le‘nglh to the center of the welds of,
Iy :=(2.58+ 0.25)-in

The weight of a Mark IV fuel elementis, Wy :=35381b

The bending moment in the bar is, My ‘%‘WIV‘I b

The allowable bending stress is 150% of 2.4 x Sm,

ib

S 1715900 — al400°F
m
_150 b
Fy .-ﬁ~(2.4-sm) Fy, =57240- l_n_
The éclual bending stress in the bar is,
&M
abrz-—b—-ls ob=50)52'—1-b— <Fp
2 L2
13\, 3 i’
-] ein
418
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Analyze Retaining Bars at Bottom of Mark IV Basket Baseplates (conl'd)

The allowable shear stress (Sg) is 42% of the material ultimate tensile stress
(Sy). For 304L at 400°F,

s, =ss700. 2
s 2
n
=52 § =24654-12
100 in?
The stress in the end welds is,
1
7Y b
Gy 15— 15 ’aw=)8799'—; <S¢
(0.707-%)-0.254"’ in
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Analysis of the Mark 1A and Mark IV Storage Basket Baseplates
Summary

The following elastic finile element (ANSYS) static analysis considered both the
Mark IV fuel baseplate (Plate 1) and the Mark IA fuel baseplate (Plate 2), These
baseplates are constructed of 3" thick 3041 stainless steel plate which is drilied
through to accept the fuel elements. The analysis also considered various support
baoundary conditions. L.oad Case 1 represents a tight fit of the baseplateé to its
center pipe in which the pipe provides radial support to the plate at it center hole.
This is the most realistic condition for center support. Load Cases 2 and 3
pravided only vertical support at the center pipe. Load Case 4 represents the
baseplate supported by the six rods around its periphery. In addition a solid plate
was used as a check. All results shown are for a 1g vertical down load of the
baseplate fully loaded with fuel elements.

The allowable stress intensity is 23,850 psi (1.5 x 15,900) for normal conditions
(Level A) and 57,240 psi (1.5 x 2.4 x 15,900} for accident conditions {Level D) at

400°F. As expected the stresses in the Mark IV baseplate are the highest,
concentrating in the thin ligaments near the center pipe. When supported by the
rods (Load Case 4) only, which the tolerancing requires, the siresses aliow nearly
17g vertical acceleration to the normal (Level A) allowable. This is well above the
3g/5g handiing requirements. When the vertical accelerations exceed the buckling
allowable of the rods the center pipe picks up the load (Load Case 1). ltis seen
the resulting stresses allow about 15g to obtain the accident (Level D) allowable.
Load Case 1 for the Mark 1A baseplate shows the accident {Level D) allowable is
not reached until over 36g vertical acceleration.

Conclusion

The baseplales are structurally adequate for the expected vertical accelerations.
Since the bending stresses, which are shown to peak very locallyin the ligaments
of the baseplates, resulted from a static efastic analysis there is cansiderable
potentia! for plastic deformation and redistribution of stresses. A more rigorous
analysis would also confirm the baseplates are structurally adequate.
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Analysis of the Mark 1A and Mark IV Storage basket Baseplates {cont'd)

INTRODUCTION

For the dry storage of spent nuclear fuel currently 'stored in the
K-Basin, two different designs of rerack basket are being considered. One of
the two designs has a base plate with fifty four 2.583-in. diameter holes.
Under these holes, bars will be welded to hold 54 Mark IV fuel assemblies in
place. This plate also has a 2 5/8-in. diameter, hole which provides space for
a dip tube to run down the center of the Multi-Canister Overpack (MCO). The
second design of the base plate will hold 48 Mark 1A fuel assemblies. The
holes which hold the fuel assemblies in place have 2.58-in. diameter and the
center hale for the dip tube is of 6 5/8-in. diameter. The diameter and
thickness of the base plates are 22 5/8-in. and 3-in.; respectively for both
designs.

This calculation is performed to evaluate the maximum stress intensity
in the plates resulting from lg vertical loading.

BASEPLATE MODEL

The holes for the fuel assemblies are symmetric in each 1/6th segment of
the plate. As only the vertical loading needs to be considered, a 1/6th model
is sufficient to analyze the plate. The ANSYS finite-element program, version
5.2 is used to generate the model and analyze the plate for the gravity
loading. Figures 1 and 2 show the finite-element models of the two plates.
Figure 3 shows a similar model of a solid plate which has a 2 5/8-in. diameter
center hole. This model is analyzed to provide a comparison of stress
intensities for a solid plate and a perforated plate.

Both the perforated plate and solid plate models use SOLID45 element of
the ANSYS program. The perforated plates are meshed with tetrahedron elements
as brick elements cannot be utilized because the holes make the plate geometry
too complex for brick elements. The solid plate, however, is meshed with
brick elements which are more suitable than the tetrahedrons for structural
analyses.

Symmetry kinematic boundary conditions are imposed at 8 = 0° and 60°.

At the center hole, different boundary conditions are applied in three
different analyses. These are described later with the load cases.
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Analysis of the Mark 1A and Mark IV Storage Basket Baseplates (cont'd)

INPUT DATA

Plate outside radius = 11.3125 in.

Plate 1 (Mark IV) inside radius = 1.3125 in.

Plate 2 (Mark 1A) inside radius = 3.3125 in.

Plate Thickness = 3 in.

Material density = 0.283 1bf/in3,'P]ate Material: SS 304L

Elastic Modulus = 28.3 x 10® 1bf/in?

Poisson's Ratio = 0.3

For plate 1, the weight of each Mark IV fuel assembly is 55.38 1bf which
is distributed on 24 nodes around the hole circumference, i.e. the force at
each node is 2.31 1bf. Similarly, for plate 2, the weight of each Mark 1A
fuel assembly (39.71 1bf) is distributed on 24 nodes. Force on each node is
1.655 1bf. ’

The material density in case of the solid plate is-adjusted to account
for the tota] fuel assembly weight of 2,990 1bf. The resulting density is
2.008 1bf/in.
LOAD CASES ]

For both plates, the following Yoad cases have been analyzed:

Load Case 1: The nodes at inner radius are radially restrained.

Also, the bottom nodes at that Tocation are vertically
restrained. The solid plate is analyzed only for this

case.
Load Case 2: The nodes at inner radius are only vertically
. restrained.
Load Case 3: Only the bottom nodes at the inner radius are

vertically restrained as in case of Load Case 1.
However, nodes are not restrained in the radial
direction.

SARR-005 .APB » B-32 Decenber 30, 1996



HNF-SD-SNF-SARR-005 REV 0

ICF KAISER HANFORD
DESIGN ANALYSIS

Client : Westinghouse Hanford K Basin SNF Project
Subject : MCO Storage Basket

Revision O
Page No 3| of SO

Date : wlnlse
Orginator: H.Shrivastava
Checker : L L Hyde

Analysis of the Mark 1A and Mark IV Storage Basket Baseplates (cont'd)

Load Case 4:

near § = 0°

This case is analyzed for plate 1 (Mark IV) only. The
nodes at the inner surface are free.

However, a node

and a node near @ = 60° near the outer

radius are vertically restrained.

Figures 4, 5, and 6 show the three plate models with applied forces and the

nodal displacement boundary conditions.

RESULTS

The results are tabulated below:

Load Case Stress Intensity, 1bf/in,
Plate 1,Mark IV | Plate 2,Mark 1A Solid P1.
1 3,879 1,578 1,638
2 5,454 2,413 n/a
3 6,134 2,636 n/a
4 1,426 n/a n/a

Figures 7-10 show the stress intensity contours for plate 1 (Mark 1V) for

various boundary conditions.
plots for plate 2 (Mark 1A).
plotted in Figure 14.
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Analysis of the Mark 1A and Mark IV Storage Basket Baseplates (cont'd)

MARK [A
—4  BASEPLATE
(PLATE 2)

MARK IV
BASEPLATE

PIFTEY ..o PLATEY)

PR
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ICF KAISER HANFORD
DESIGN ANALYSIS Revision 0
Page No. 47 of 50
~ Client: Westinghouse Hanford K Basin SNF Project Date: 08/13/96
Subject: MCO Orginator : L. L. Hyde

Checker : D. M. Chenault

Will a fuel element perforate the bottom of the MCO during an accidental drop?

References: 1) Design of Structures for Missile Impact, BC-TOP-8A,
Rev.2, Bechtel Power Corporation, San Francisco, CA.
September 1874.
2) SNFP Technical Databook, WHC-SD-SNF-TI-015, Rev. 0
Westinghcuse Hanford Company, Richiand, WA.

There are two major types of fuel elements the Mark IV and the Mark IA. The MK 1V fue!
elements are heavier and more are loaded per MCO basket so it presents the maximum
load case even though there are only 5 baskets per MCO while there are 8 baskets with
MK IA fuel. The SK-1-80110, Rev. 0 drawing shows 54 MK IV fuel elements per basket.

Weight of MK 1V fuel element per Reference 2: W, :=5538Ib
Weight of fully loaded basket: Wy, =54W

Diameter of MK 1V fuel element per Reference 2: D:=241in

The maximum drop height of the unprotected MCO is two feet. However, during
transportation it may be dropped 30 feet in the cask. Conservatively assume this
scenario is equivalent to a missile (fuel element) being dropped onto a stee! plate
{bottom of the MCO). Find the thickness of plate (T) required to prevent perforation
in accordance with the methodology of Reference 1. '

Drop height: Hi=30 &

(112 x Mggrx Vg2)23

872x0

where,  Mgfi=Werf/g and, Vg= RxgxH)12

(Wessx Hy23

672xD

thus, =

(672xDxT)32
or, Werf =

SARR-005.APB B-49 December 30, 1996
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ICF KAISER HANFORD
DESIGN ANALYSIS Revision 0
Page No. 48 of 50
~Client:  Westinghouse Hanford K Basin SNF Project Date: 09/13/96

Subject: MCO Orginator : L. L. Hyde

Checker : D. M. Chenault

Will a fuel element perforate the bottom of the MCO? (cont'd)

Assume a percentage of the weight (p,,) of the fuel in the four baskets above the

bottom basket act with one fuel element in the bottom basket and this fuel element
must be prevented from perforating the bottom of the MCO. Consider a range of
thicknesses for the bottom of the MCO and find the effective weight of the missile
(Weff) and the percentage of the total fuel weight (py,) at incipient perforation. )

let, T:=05,0.75..3 in

3
)= 612D

Won(T 0

Ib

Wep(Ty-W,

T) z~———-—-100 percent
Pw(T) Wy p
P
fpog(T) = (4:58) " 4 1
T . = thickness of bottom of MCO, inches

Woegt = weight of a 2.4 inch diameter missile which, when dropped 30 feet,

will just perforate the bottom of an MCO of thickness (T), pounds
pw = the percentage of the fuel weight in the four baskets above the

bottom basket which are included in W, percent
Nrods = the number of fuei rods whose combined weight is Woefs. Note:
the total number of rods in the upper four baskets is (4 x 54 = 216)

T ﬁ(T) P (T 1oa(T)

0.5 (763 | 14 |

0.75] [1402 25

1 2159 | 39 | Minimum

e 1125+ {3017 L [54 1 <« ccmmaz thickness

15| 3966 72 | of current
1.75)  [4998 E design

2 6107 110}
2.25 7287 132

2.5 8534 154
2.75 9846 178]

3 11218 203
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ICF XAISER HANFORD

Cale, No.
DESIGN ANALYSIS Revision
Page No.
Client Westinghouse Hanford Company WO/Job No. ESO471/LEOI6/FTLIAL .
Subject Results Dropped MCO Loaded in Center Region with Mass Date July 10, 1996 By Carleton J. Moore
L.oad Bottom MCO Checked By Lacry L. Hyde
Location 100 K, K-Basins

Revised By

Dropped MCO Bottom Contact Pressure at 0.003 second.

Figure 5-21
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ICF KAISER HANTORD Cale. No.
DESIGN ANALYSIS Revision
Page No. —
Client  Westinghouse Hanford Company WO/Job No. ES047 I/LEO16/FTLIAL
Subject Results Dropped MCO Loaded in Center Region with Mass Date July 10, 1996 By Carleton J. Moore
Load Bottom MCO Checked By Larry L. Hyde
Location 100 K, K-Basins Revised By

D}oppcd MCO Bottom Contact Pressure at 0.033 second.

Figure 5-23

42

SARR-005 .APD . D-46 December 30, 1996



HNF-SD-SNF-SARR-005 REV 0

ICF KAISER HANFORD Calc. No.
DESIGN ANALYSIS Revision ~ ‘—
PageNo. —~
Ciicnt  Westinghouse Hanford Company WO/Joh No. ESO471/LEOLG/TILTAL
Subject Results Dropped MCO Loaded in Center Region with Mass Date July 10, 1996 - By Carleton J. Moore
Load Bottom MCO Checked By Larry L. Hyde
Location 100 K, K-Basins Reviscd By

Dropped MCO Bottom Contact Pressure at 0.048 second.

Figure 5-24
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ICTF KAISER HANFORD Cale. Ne.

DESIGN ANALYSIS Revision
Page No.
Client Westinghouse Hanford Company WO/leb No. ES047I/LEOIG/FTLIAL
Subject Results Dropped MCO Mass Loaded Fuli Date July 15, 1995 By Carteton J. Moore
Thameler With Mass Loaded Boitom MCU Checked

By Larry L. Hyds
Location 100K, K-Basins Revised By

5.2 Dropped MCO Mass Loaded Full Diameter with Mass Loaded Bottom
MCO

The basket and fuel mass in the dropped MCO is simulated
with lump masses connected at the bottom across the full diameter
corresponding an assumed shear failure of the basket bottoms.

The basket and fuel mass in the bottom MCO is simulated with
lumped masses on the inside bottom of the shield plug
corresponding to the inertia load transmitted through the basket
column.

Figure 5-25 shows the displacement (inch) versus time
(second) of the bottom of the dropped MCO, the impacted shield
plug, and the impact limiter. In Figure 5-25 the maximum
deflection can he seen Lo be at 0.048 second. Figure 5-26 shows
the velocity (in/sec) versus time (second) of the bottom of the
dropped MCO, the impacted shield plug, and the impact limiter.
Figure 5-27 shows the graphical calculation of deceleration g
level. 1In Figure 5-27, after the initial contact the MCO's and
top of the impact limiter can be seen to decelerate at
approximately 14.8 g. Figure 5-28 shows additional acceleration
dynamics superimposed on the calculated average deceleration.

Figure 5-29 shows the deflected shape of the MCO to MCO
contact at 0.048 second. 1In Figure $-29 the center region of the
bottom of the dropped MCO can be seen to not be as significantly
deformed as was for thée case studied in Section 5.1, Figure 5-9.
Also, in Figure 5-29 the bottom of the shield plug can be seen to
be deformed by the inertia forces produced by the lumped masses
modeling the fuel and basket load transfer to the top of the
impacted MCO. ‘

Figure 5-30 shows a von Mises stress contour at 0.006
second. Figure 5-31 shows the vertical stress contour at 0.006
second. The maximumn tension stress is at the center bottom of
the impacted shield pluy. Figure 5-32 shows the radial stress
contour for the solid elements at 0.006 second. Figure 5-33

gives the shear stress in the plane of the figure. TFigure 5-3¢
shows the circumferential stress for the solid elements at 0.006
second.

44
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ICF KAISER HANFORD Cale. No,
DESIGN ANALYSIES Revision
Page No.
Client Westinghouse Hanford Company . WO/Job No. E50471/LEOIG/FILTAL
Subject Results Dropped MCO Mass Loaded Fult Date July 15, 1995 By Carleton J. Moore
— Jiameter With wass Loaded Botiom MCO Checlked By Larry L. Hyde
Location 100K, K-Basis Revised Ry

Figure 5-35 shows the vertical plastic strain at 0.006
second. PFigure 5-36 gives the equivalent plastic strain at 0.006
second.

Figure 5-37 shows the von Mises stress contour at 0.048
second. Figure 5-38 shows the vertical stress contour at 0.048
second. Figure 5-39 shows the radial stress of the solid
elements at 0.048 second. Figure 5-40 shows the shear stress in
the plane of the figure. Figure 5-41 shows the circumferential
stress of the solid elements.

The stresses in Figures $-30 through 5-41 show high stresses
in the bottom of the impacted shield plug. This region is
subject to high local loads imposed by the assumed load path for
the concentrated lumped masses (mass modeling of baskets and
fuel). The high stress region is confined in a manner that
prevents failure but allows plastic deformation. 1In these plots
the stresses at the lifting ring and MCO cylinder do not have a
high stress history.

Figure 5-42 shows the vertical plastic strain at 0.048
second. Figure 5-43 shows the equivalent plastic strain at 0.048
second. Again the high plastic strains on the bottom center of
the impacted shield plug imply a past stress history
significantly exceeding yield.

Figure 5-44 shows a shaded contour plot of the contact
pressure across the bottom of the dropped MCO at 0.003 second.
Figure $-45 shows the contact pressure contour at 0.009 second.
Figure 5-46 shows the contact pressure contour at 0.015 second.
Pigure 5-47 shows the contact pressure contour at 0.018 second.
Figure 5-48 shows the contact pressure contour at 0.020 second.
Figure $-49 shows the contact pressure contour at 0.033 second.
Figure 5-50 shows the contact pressure contour.at 0.048 second.

o 00 o oC

Figures 5-44 through 5-50 were selected to provide the
maximum contact pressures. The dynamics of the impact event are
such that the contact pressures between these maximums can be
significantly less. In fact during the initial impact the bottom

45

SARR-005.APD D-49 December 30, 1996



HNF-SD-SNF-SARR-005 REV 0

ICF KAISER HANFORD Cale. No.

DESIGN ANALYSIS Revisivit
Page No
Client Westinghouse Hanford Company WO/Job No, ES0471/LEOIG/FTLTAL
Subject Results Dropped MCO Mass Loaded Full Date July 15, 1995 By Cacleton J. Moore
~—— Diameter With Mass Loaded Boltom MCU Checked By Larry L. Hyde
Location 100K, K-Basins Revised By

of the dropped MCO is bouncing against the top of the static MCO
(pressure can and do go to zero during this bouncing). Also the
maximum contact pressures can be seen to be high compared to the
normal static capability of the materials. Again the dynamics
are such that both inertia forces and elastic forces balance the
contact pressures. But plastic deformation of the impacted
shield plug can only be relicved by inserting a shock abaorber
between the two MCO's.
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Displacement Versus Time of the Bottom of Dropped MCO,
the Impacted Shicld Plug, and the Impact Limiter.

0.
.
———  MCO2B-D_S131
SPG1-D_5056
INPL~D_6S7
-2
o
k]
B
{
H IS
G
<
3
&
@
"
S
-5.
XMIN  .000&+00 Dropp ed
XMAX  6.000E-02 Meo B.Hom
YHIM -7.576E+00 :
YMAX  .000E:00 L 1
.00 .01 .02 .03 .04 H .06
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Figure 5-25
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Page No,
Client  Westinghouse Hanford Company WO/Job No. ESO4TI/LEOL6FILIAL
Subject Results Dropped MCO Mass Loaded Full Date July 15,1995 By Carleton ). Moore
ST Urameter Wi ©1ass Loaded Bottom MCO Cheeked By Larry L. Hyde
Location 100K, K-Basins Revised 3y

Velocity Versus Time of the Bottom of Dropped MCO,
the ITmpacted Shield Plug, and the Impact Limiter,
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Figure 5-26
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Graphical Calculation of Average Ueceleration.
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Location 100K, K-Basins Revised By

Combined Acceleration Dynamics.
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Defiected Shape at 0.048 Second.
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Figure 5-29
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Von Mises Stress Contour at 0.006 Second.
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Location 100K, K-Basins

Radial Stress Contour at 0006 Seeond.
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Shear Stress Contour al ) 006 Second.

Figure 3-33
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Equivatent Plastic Strain at 0,006 Second.
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Von Miscs Stress Contour at 0.048 Second,
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5.3 Dropped MCO Mass Loaded in Center Region with Empty Bottom
MCO E

The basket and fuel mass in the dropped MCO is simulated
with lump masses connescted at the bottom in the center region
corresponding to the inertia load path being transmitted through
the basket column. The basket and fuel mass in the bottom MCO is
not simulated (empty MCO). This analysis case models the impact
before the basket and fuel wass in the impacted MCO contacts the
inside bottom of the shield pluy.

Figure 5-51 shows the displacement (inch) versus time
(second) of the bottom of the dropped MCO, the impacted shield
plug, and the impact limiter. In Figure 5-51 the maximum
deflection of can be seen to be at 0.045 second. VFigure 5-52 )
shows the velocity (in/sec) versus time (second) of the bottom of
the dropped MCO, the impacted shield plug, and the impact
limiter. Figure 5-53 shows the graphical calculation of
deceleration g level. In Figure 5-53, after the initial contact
the MCO's and top of Lhe impact limiter can be seen to decelerate
ab approximately 28.6 y. Pigurs 5-54 shows additional
acceleration dynawics superimposed on the calculated average
deceleration.

Figure 5-55 shows the deflected shape of the MCO to MCO
contact at 0.048 second. In Figure 5-55 the center region of the
bottom of the dropped MCO can be seen to not he as significantly
deformed as was for the case studied in Section 5.1, Figure 5-9.
Also, in Figure 5-55 the bottom of the shield plug remains
undeformed. )

Figure 5-56 shows a von Mises stress contour at 0.006
second.” Figure 5-57 shows the vertical stress contour at 0.006"
second. The maximum tension stress is at the center bottom of
the impacted shield plug. Figure 5-58 shows the radial stress
contour for the solid elements at 0.006 second. TFigure 5-59
gives the shear stress in the plane of the figure. Figure 5-60
shows the circumferential stress for the solid elements at 0.006
second.
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Figure $-63 shows the vertical plastic strain at 0.006
second. Figure 5-62 gives the equivalent plastic strain at 0.006
second.

Figure 5-63.shows the von Mises stress contour at 0.045
second. Figure 5-64 shows the vertical stress contour at 0.045
second. TFigure 5-65 shows the radial stress of the solid
elements at 0.045 second. Figure 5-66 shows the shear stress in
the plane of the figure. Figure 5-67 shows the circumferential
stress of the solid elements.

The stresses in Figures 5-56 through $-67 show low stresses
at the lifting ring and MCO cylinder positions.

Figure 5-68 shows the vertical plastic strain at 0.045
second. Figure 5-69 shows the equivalent plastic strain at 0.045
second.

Figure 5-70 shows a chaded contour plot of the contact
pressure across the bottom of the dropped MCO at 0.006 second.
Figure %-71 shows the contact pressure contour at 0.027 seccond.
Figure 5-72 shows the contact pressure contour at 0.036 second.
Figure 5-73 shows the contact pressure contour at 0.039 second.
0
0

Figure 5-74 shows the contact pressure contour at 0.042 second.
Figure 5$-75 shows the contact pressure contour at 0.045 second.

Figures 5-70 through 5-75 were selected to provide the
maximum contaclk pressures. The.dynamics of the impact event are
such that the contact pressures between these maximums can be

significantly less. 'In fact during the initial impact the bottom
of the dropped MCO is bouncing against the top of the static MCO
(pressure can and do go to zero during this bouncing). Also the

maximum contact pressures can be seen to be high compared to the
normal static capability of the materials. Again the dynamics
are such that both inerxtia forces and elastic forces balance the
contact pressures. But plastic deformation of the impacted
shield plug can only be relieved by inserting a shock absorber
between the two MCO's.-
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DESIGN ANALYSIS Revision —
. Page No. T
Client Westinghouse Hanford Company WO/Job No. ESQ471/LEOIG/FILIAL
Subject Results, Dropped MCO Mass Load in Center Date July 241, 1996 By Carleton J. Moore
Region with Emiply Boliom “CU Checked Ny Carry L. Hyde
" Location 100K, K-Basins evised iy

Drbppcd MCO Bottom Contact Bressure at 0.027 Second. ©

Figure 5-71
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DESIGN ANALYSIS Revision —
Page No,
Client Westinghouse Hanford Company: WOMobh No. ESOITVLEOIGIFILIAL T
Subject Results, Dropped MCO Mass Load in Center Date July 24, 1996 By Carleton J. Moore
T Kegion will ERiply Boteit MCU Cheeked By Larry L. Hyde

Location 100K, K-Basins Revised - By

Dropped MCO Bottom Contact Pressure at 0.039 Second.

Figure 5-73
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DESIGN ANALYSIS Revision
Page No. -
Client Westinghousc Hanford Company WO/ob No. ES0471/LEOIG/FTLTAL
Subject Results, Dropped MCO Mass Load in Center Date July 24, 1996 By Carlcton §. Moore
Region with Ciiply Bottom MTU Chiceked By Larry L. Hyde

Location 100K, K-Basins . Revised oy -

Dropped MCO Bottom Cantact Pressure at 0.042 Second.

Figure 5-74
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DESIGN ANALYSIS Revision
PageNo. =
Client Westinghouse Hanford Company WO/ob No. ESO4TI/LEOIG/FTLIAL -
Subject Results, Dropped MCO Mass Load in Center Date July 24, 1996 By Carleton J. Moore
Region wilh Emiply Boton MCO Checked Ty Laery L. Hyde
Loeation 100K, K-Basins Revised Uy

Dropped MCO Bottom Contact Pressuce at 0.045 Second.

Figure 5-75
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Page No.
Client  Westinghouse Hanford Company WO/Mob No. ES0471/LEOIG/FTLTIAL
Subject Evaluation of the Lifting Ring MCO to MCO Date August §, 1996 By Carleton J. Moore
T Tmpact Thread SKEsses Chocked Ty Loy L Tyds

Location 100K, K-Basins Revised By

6.0 Evaluation of the Mechanical Closure Lifting Ring Thread Stresses

The MCO to MCO 31 foot impact analyses do not model the thread between
the lifting ring and the MCO cylinder wall. But the threads can be checked
by employing the stresses betwzen the lifting ring and the MCO cylinder
wall with an appropriate stress intensity factor.

The appropriate stress intensity factor can be obtained from R. E.
Peterson's book " Stress Concentration Design Factors”, published by John
Wiley & Sons, Inc., New York, 1953. The threaded lifting ring can be
considered to be a Jarge bolt with the threaded MCO cylinder wall a large
nut. A conservative stress intensity factor can he selected from the bolt
and nut three-dimensional photoelastic test results.

Viith regard to failure in the threads at the nut face, various bolt
and nut combinations were investigated by means of three-dimensional
photoelastic tests. For standard bolts and nuts a stress intensity factor
of 3.85 was obtained.

The vertical stresses corresponding to bolt and nut axial load forces
were reviewad at the tread locations for the three documented impact cases
of Sections 5.1, 5.2, and 5.3. The review required the zooming into the
proper region and then resetting the stress legend scale to provide detail
in the thread region.

The load case from Section 5.2 had the largest vertical stresses at
the position of thread interface bhetween the lifting ring and the MCO
cylinder. The average compressive stress was under 4,000 1bf/in%. The
maximum impulsive compressive stress was under 12,000 1bf/in?. Even with
application of the stress intensity factor of 3.85 the material does not
fail.

The shear stresses at the thread interface between the lifting ring
and the MCO cylinder were found to be a maximum of 3,000 psi. Even if a

intensity factor of 4 is applied for the thread detail the material will
not fail.
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DESIGN ANALYSIS Revision
Page No.
Client  Westing? Hanford Company WO/Job No. ES0471/LEOT6/FTLTANL
Subject Evaluation of Shield Plug Seal Date August 8, 1996 By Carleton J. Moore
TEdge Shoulder Chiecked By Larry L. Ttyde
Location 100K, K-Basins Revised By

7.0 Evaluation of the Shield Plug Seal Ledge Shoulder

The bottom of the shield plug has a quarter inch sqguare
shoulder around the circumference at the seal location. The
plastic deformation of this shoulder was evaluated for the three
documented impact cases of Sections 5.1, $.2, and 5.3. The
review required zooming into the proper region and resetting the
strain legend scale to provide detail in the shoulder region.
Also the deflections at each set were monitored for the nodes
Adefining rhe shoulder.

wiun compression on the shoulder was 0.030 inch for
the iwmpact case documented in Section 5.3. The maximum
compression of the analysis of Section 5.3 corresponds to a
strain level that varies from 10 to 13%. The impact analyses
documented in Section 5.1 and 5.2 had a maximum compression of
the shoulder of 0.012 inch.

The mas

Thus during an 31 foot MCO to MCO drop and impact the
impacted shield pluyg seal would compress a maximum of 0.030 inch.

The plastic compression could be decreased by making the
square 0.25 steel shoulder of higher yield or hardened waterial.
But it would also be necessary to harden the both surfaces on the
bottom of the shield plug and the top of the seal ledge to
control the seal compression.
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ICTF KAISER HANFORD Cale. No.

DESIGN ANALYSIS : Revision -
Page Nao.
Client Westinghousc Hanford Company WO/Job No. ES0471/LEOIG/FTLIAL
.Subject Evaluation of Compression Preload Bolts for Date August 15,1996 By Carleton J. Moore
TN MCUTe MTU Tinpact Checked

By Lamry L. Hyde

Location 100K, K-Basins Revised By

2.0 Evaluation of the 8 Compression Preload Bolts

The axial loads diring the three impact simulations were

evaluated. The finite elemant quarter model simulation included
" compression preload bolts modeled with ideal beam elements

connected directly to the lifting ring brick element solid mesh.
The symmetry of the meshes that have been used on this project
are such that it simulated twelve bolts. Although there has been
some discussion of increasing the number of compression preload
bolts, at this time the design is really only 8 bolts. The bolts
interface with the shield plug through contact nodes on the bholt
ends and a contact surface on the shield plug shoulder.

R maximum compressive force per bolt of 26,400 1bf was found
in searching through the saved restarc files (restart written
every 0.003 second of simulation). This number must be factored
uvp for 8 bolts giving a maximum bolt force of 39,600 1bf. This
maximum force was from the simulation documented in Section 5.2.

nn evaluation of the thread stresses was made using the
reference, "Machine Design Theory and Practice", by Deutschman,
Michels, and Wilson, page 809. The mechanical closure MCO design
drawings show the bolts to be 1" 8UNC with 2.5 inches of mated
threads. :

The bolt thread maximum shear stress in the lifting ring was
calculated to be 10,000 psi. The maximum bolt thread shear
stress was 12,000 psi. The maximum thread bearing stress was
calculated to be 8,900 psi.

Again the forces were in compression at the maximum for a
very short time. The numbers can change some with a variation in
bolt and tapped hole tolerances, but these stress levels are not
close to material failure. Also, these impact simulations are
accident conditions not design operational load conditions.
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Density of Uranium at Room

Temperature
Uranium Minimum Density Average Density
Alloy No. .

(g/cc) (1b/in®) (g/cc) (1b/in®)
501 18.88 0.682 18.96 0.685
601 18.77 0.678 18.82 0.680
301 18.82 0.680
503 18.80 0.679
801 18.76 0.678
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Theoretical Density of Uranium

Phase Temperature (°C) Density (g/cm®)
o 25 19.070
662 18.369

B 662 18.17
675 18.15

700 18.13

725 18.11

750 18.09

772 18.07

¥ 772 17.94
800 17.91

850 17.85

900 17.79

950 17.73

1000 17.67

1050 17.62

1100 17.56

SARR-005.APE
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Thermal Conductivity of Uranium

Phase Temperature (°C) Thermal Conductivity*
(W/m-°K)
o 27 27
100 27
200 29
300 31 -
400 33
500 35
600 38
650 39
666 39.1
8 666 39.1
700 40
750 ' 41
776 41.6
¥ _ 776 41.6
800 42.3
8350 43 .4
900 44.6

*Thermal conductivity is. sensitive to purity and structure. The
values in this table probably may vary by x 20%.
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Specific Heat, Enthalpy, and Entropy of Uranium

Phase |Temperature (°C) |Specific Heat| Enthalpy Entropy
(J/kg-°K) (J/kg) (J/7kg-°K)

o 217 116.9 | 2.706x10° 211.9

127 124.3 3.873x10* 245.1

2217 133.7 5.160x10* 274.3

327 144.6 6.549x10" 299.8

427 157.4 8.057x10* 323.2

527 173.4 9.704x10" 345.4

627 195.3 1.154x10° 367.1

668 206.3 1.242x10° 376.8

B 668 178.4 1.361x10° 389.4

727 178.4 1.466x10° 400.1

774 178.4 1.550x10° 408.5

Y 774 160.8 1.749x10° 427.5

827 160.8 1.834x10° 435.3

927 161.7 1.995x10° 446.2

1027 161.7 2.155x10° 459.2

1102 161.7 2.285x10° 471.1

SARR-005.APE
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Emissivity (the ratio of radiant energy actually transferred
to that transferred from a blackbody) for uranium is as follows:

SARR-005.APE

Thermal Emissivity of Uranium

Form of Uranium Emissivity
Unoxidized Uranium Metal 0.54
Molten Uranium 0.34
Oxide Coated Uranium Metal 0.30

E-7
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Uranium Allotropic Transformation Temperatures

Average Temperature
Phase Change
OC . . DF
< — B 662-666 ) 1225-1231
B -y 770-776 1418-1429
"~y — Liquid 1130-1033 2066-1891
Boiling Point 3700-4200 6692-7592

SARR-005 . APE E-8 December 30, 1996




Enthalpy, or Heat
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Content, for Uranium Transformations

Phase Enthalpy
Change .
(g-cal/g) (Btu/1b)
o = 2.83 5.10
B—-w 4.75 8.55
¥ — Liquid (melting) 19.7 35.5
Liquid — gas 448 806
(vaporization)
SARR-005 . APE E-9 December 30, 1996
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Zircaloy Alloy Concentrations

Alloying Element Weight % of Alloy Element
Zr-2 Zr-4
Tin 1.20-1.70 1.20-1.70
Iron 0.07-0.20 0.18-0.24
Chromium 0.05-0.15 0.07-0:13
Nickel 0.03-0.08 0.007 Max.
Total Fe+Cr+Ni 0.18-0.38 0.28-0.37

SARR-005 . APE E-10 December 30, 1996



Reported Densities of Zirconium and Zircaloys
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SARR-005 .APE

Temperature Density
Zirconium Zr-2 and Zr-4
Phase °C v °F (g/cc) (1b/in?®) (g/cc) (1b/in?%)
o 20 68 6.51 0.235 6.55 0.237
862 1584 6.39 0.231
B 862 1584 6.44 0.233
E-11 December 30, 1996
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Theoretical Density of Zirconium and Zircaloys

Phase Temperature (°C) Zirconium (g/cm’) Zr-2 and Zr-4 (g/em’)
[+3 25 6.51 6.55
50 6.507 6.547
100 6.501 6.541
200 6.488 6.528
300 6.474 6.513
400 6.458 6.498
500 6.442 6.481
600 6.424 6.464
862 6.39
B 862 6.44

SARR-005 . APE
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Thermal Conductivity of Zr-2

Temperature |Thermal Conductivity
&9 (W/m-°K)
100 113.39
200 14.50
300 15.60
400 17.01
500 18.41
600 19.90
700 21.50
800 23.10
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The specific heat of Zr-2 is approximated by the following linear
equations:

Specific Heat of Zr-2

Temperature Range of | Specific Heat Equation
Applicability (°F) - (BTU/1b-°F)

32 - 1171 0.06805 + (2.3872x10°)T

1171 - 1495 0.08589 + (2.3872x10°)T

1782 - 1922 0.08548 + (2.3872x10)T

To convert the value for specific heat from U.S. units to S.I.
units (J/kg-°C), multiply the result from the specific heat
equation by 4,186.8.
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Zr-2 and Zr-4 Allotropic Transformation Temperatures

Phase Change

Average Temperature

°C °F

Heating:

B> e+ 8 815-830 1499-1526

<+ B - B 975-995 1787-1823
Cooling:

B— < +8 960-930 1760-1706

< +p - P 785-770 1445-1418
B Liquid ~1849 ~3360

SARR-005.APE
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Enthalpy for zirconium transformations is as follows:

Enthalpy or Heat Content of Zr-4

SARR-005.APE

Phase Change ~ Enthalpy
(g-cal/g) (Btu/1b)
< = B 10.08 18.15
f — Liquid melting 60.30 108.50
Liquid — gas 1558 2805
(vaporization)
E-16 December 30, 199
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Emissivity (the ratio of radiant energy actually transferred to
that transferred from a blackbody) for zirconium and Zr-2 is as

follows:

Thermal Emissivity of Zirconium and Zr-2

Material Type Temperature Range Enissivity
0
Zirconium 820-840 0.436
1020-1540 0.426
Zr-2 1200-1750 0.43-0.46

SARR-005.APE
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Estimated Density of 304L Stainless Steel

R
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The density of 304 Stainless Steel is approximated from the
following polynomial equation:

1]

p 5.025447x10° -~ (1.603769x10%)T [1b/ft?]
where

- T

m

temperature (°F)

To convert the value for density from U.S. units to S.I. units
(Mg/w*), multiply "p" by 1.601846x10%2.

Limitations_of Use of Equation

The use of this equation is limited to the temperature range 100-
1500°F (38-816°C).
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Estimated Thermal Conductivity of 304L Stainless
Steel
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The thermal conductivity of 304L Stainless Steel is approximated
from the following polynomial equation:

k = 8.168027 + (5.845912x10*)T -
(1.095476x10°)T* + (2.469959x10°)T* [BTU/hr-ft-°F]
where
T = temperature (°F)

To convert the value for thermal conductivity from U.S. units to
S.I. units (W/m-°C), multiply "k" by 1.729577.
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Temperature Thermal Conductivity Specific Heat
(@) (°C) (BTU/sec-inch-°F) (W/m-°K) (Btu/1bm-F) |  (J/kg-°K)
32 0 0.000179 13.38 0.120 502
70 21 0.000198 14,80 0.109 456
100 38 0.000202 15.10 0.11 464
200 93 0.000215 16.07 0.116 485
400 204 0.000239 17.86 0.125 523
600 316 0.000262 19.58 0.130 544
800 427 0.000284 21.23 0.135 565
1200 649 0.000325 24.29 0.040 586
1400 760 0.000344 25.71 0.145 607
1500 816 0.000354 26.46 0.149 623
1600 871 0.000364 27.20 0.151 632
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Estimated Specific Heat of 304L Stainless Steel
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The specific heat of 304L Stainless Steel is approximated from
the following polynomial equation:

c = 1.102380x10"' + (5.750184x10°)T -
(4.189060x10*)T* + (1.369815x10')T° [BTU/1b-°F]
where
T = temperature (°F)

To convert the value for specific heat from U.S. units to S.I.
units (J/kg-°C), multiply "c" by 4.186800x10°.
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Estimated Thermal Emissivity of Type 300 Stainless

Steels
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Density of Air

The density of air is approximated by the following equation:

p = 38.6438/(T+460) [Ib/ft*]
where

T = temperature (°F)

To convert the value for density from U.S. units to S.1. units (Mg/m),
multiply “p” by 1.601846x102.
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Specific Heat of Air

SARR-005.APE

Temperature Specific Heat Temperature Specific Heat

(°K) (°R) | (Btu/Ib-°R) }{J/kg-°K) (°K) (°R) { (Btu/1b-°R) | (J/kg-°K)
255 460 0.2402 1,005.67 544 980 0.248% 1,038.75
266 480 0.2402 1,005.67 555 1,000 0.2487 1.041,26
217 500 0.2402 1,005.67- 566 1,020 0.2493 1,043.77
289 520 0-.2403 1,006.09 517 1,040 0.2499 1.046.28
300 540 0.2403 1,006.09 589 1,060 0.2505 1,048.79
3N 560 0.2405 1,006.93 600 1,080 0.2511 1,051.31
322 580 0.2406 1,007.34 611 1,100 0.2517 1,053.82
333 600 0.2408 1,008.18 622 1,120 0.2523 1,056.33
344 620 0.2409 1,008.60 633 1,140 0.253 1,059.26
355 640 0.2412 1,009.86 644 1,160 0.2536 1,061.77
366 660 0.2414 1,010.69 655 1,180 0.2542 1,064.28
31 680 0.2417 1,011.95 666 1,200 0.2549 1,067.22
389 700 0.2419 1,012.79 677 1,220 0.2555 1,069.73
400 720 0.2422 1.014.04 689 1,240 0.2561 1,072.24
411 740 0.2426 1.015.72 700 1,260 0.2568 1,075.17
422 760 0.2429 1.016.97 711 1,280 0.2574 1,077.68
433 780 0.2433 1,018.65 122 1,300 0.2580 1,080.19
444 800 0.2437 1,020.32 733 1,320 0.2587 1,083.13
455 820 0.2447 1,022.00 744 1,340 0.2593 1,085.64
466 840 0.2445 1,023.67 755 1,360 0.2600 1,088.57
471 860 0.2450 1,025.77 766 1,380 0.2606 1.091.08
489 880 0.2455 1,027.86 777 1,400 0.2612 1,093.59
500 900 0.2460 1,029.95 789 1,420 0.2618 1,096.10
511 920 0.2465 1,032.05 800 1,440 0.2625 1,099.04
522 - 940 0.247 1.,034.14 811 1,460 0.2631 1,101.55
533 960 0.2476 1,036.65 866 1,560 0.2660 1,113.69
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Thermai Conductivity of Air

Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) ] {(W/m-°K)|(Btu/hr-fr-°R) (°K) (°R) | (W/m-°K) | (Btu/hr-Ft-°R)
90 162 1 0.00830 0.004799 460 828 10.03697 |  0.02138
100 180 | 0.00922 0.005331 470 846 | 0.03761 0.02175
110 198 | 0.01015 0.005868 480 864 ] 0.03825 0.02212
120 216 | 0.01106 0.006395 490 882 ] 0.03880 0.02243
130 234 ]0.01197 0.006921 500 900 | 0.03951 0.02284
140 252 |0.01287 0.007441 510 918 | 0.04020 0.02324
150 270 10.01375 0.007950 520 936 | 0.04080 0.02359
160 288 ]0.01463 0.008459 530 954 {0.04140 0.02394
170 306 | 0.01550 0.008962 540 972 ] 0.04200 0.02428
180 324 1 0.01637 0.009465 550 990 | 0.04260 0.02463
190 342 1 0.01723 0.009962 560 1 1,008 | 0.04320 0.02498
200 360 | 0.01810 0.01047 570 1,026 | 0.04380 0.02532
210 378 ]0.01895 0.01096 580 | 1,044 { 0.04440 0.02567
220 396 | 0.01980 0.01145 590 | 1,062 | 0.04500 0.02602
230 414 0.02063 0.01193 600 1.080 | 0.04560 0.02636
240 432 10.02145 0.01240 610 | 1,098 § 0.04620 0.02671
250 450 | 0.02226 0.01287 620 | 1,116 | 0.04680 0.02706
260 468 0.02305 0.01333 630 1.134 ] 0.04730 0.02735
270 486 0.02384 0.01378 640 1,152 } 0.04790 0.02769
280 504 0.02461 0.01423 650 1,170 | 0.04840 0.02798
250 522 0.02538 0.01467 660 1,188 | 0.04900 0.02833
300 540 0.02614 0.01511 670 1,206 | 0.04960 0.02868
310 558 0.02687 0.01554 680 1,224 { 0.05010 0.02897
320 576 | 0.02759 0.01595 690 | 1,242 | 0.05070 0.02931
330 594 0.02830 0.01636 100 1,260 | 0.05130 0.02966
340 612 0.02900 0.01677 710 1,278 | 0.05180 0.02995
350 630 0.02970 0.01717 720 1,296 | 0.05240 0.03030
360 648 0.03039 0.01757 730 1,314 | 0.05300 0.03064
370 666 | 0.03107 0.01796 740 | 1,332 | 0.05350 0.03093
380 684 0.03173 0.01835 750 1,350 | 0.05410 0.03128
390 702 0.03239 0.01873 760 1,368 | 0.05460 0.03157
400 720 0.03305 0.01911 770 1,386 | 0.05520 0.03192
410 738 0.03371 0.01949 780 1,404 | 0.05580 0.03226
420 756 0.03437 0.01987 790 1,422 | 0.05630 0.03255
430 774 | 0.03503 0.02025 800 | 1,440 ] 0.05630 0.03290
440 792 | 0.03568 0.02063 810 | 1,458 ] 0.05750 0.03325
450 810 0.03633 0.02101 820 1,476 | 0.05800 0.03353
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Thermal Conductivity of Air (contd)

‘Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) | (W/m-°K) | (Bru/hr-ft-°R) (°K) (°R) | (W/m-°K) ] (Btu/hr-fr-°R)
830 } 1,494 | 0.05860 0.03388 1,170 | 2,106 § 0.0747 0.04319
840 | 1,512 | 0.05920 0.03423 1.180 | 2,124 | 0.0751 0.04342
850 | 1,530 | 0.0597 0.03452 1,190 § 2,142 ] 0.0755 0.04365
860 | 1,548 | 0.0603 0.03486 1.200 | 2,160 | 0.0759 0.04388
870 | 1,566 | 0.0608 0.03515 1,210 | 2,178 | 0.0763 0.0441
880 | 1,584 | 0.0614 0.03550 1,220 | 2,196 | 0.0767 0.04435
890 | 1.602 | 0.0619 0.03579 1,230 | 2,214 | 0.0771 0.04458
900 | 1,620 | 0.0625 0.03614 1,240 | 2,232 | 0.0775 0.04481
910 | 1.638 | 0.0630 0.03643 1.250 | 2,250 | 0.0779 0.04504
920 | 1,656 | 0.0635 0.03671 1,260 | 2,268 | 0.0782 0.04521
930 | 1,674 | 0.0639 0.03695 1.270 | 2,286 | 0.0786 0.04544
940 { 1.692 | 0.0644 0.03723 1.280 | 2,304 { 0.0790 0.04568
950 | 1,710 { 0.0649 0.03752 1.290 | 2,322 | 0.0784 0.04533
960 | 1,728 | 0.0654 0.03781 1,300 | 2,340 | 0.0797 0.04608
970 | 1,746 | 0.0658 0.03804 1.310 | 2,358 | 0.0801 0.04631
980 { 1,764 { 0.0663 0.03833 1.320 { 2,376 | 0.0805 0.04654
990 | 1.782 | 0.0668 0.03862 1,330 | 2,394 | 0.0809 0.04677
1,000 | 1,800 | 0.0672 0.03885 1,340 § 2,412 ] 0.0813 0.04701
1,010 | 1,818 | 0.0677 0.03914 1,350 | 2,430 | 0.0816 0.04718
1,020 | 1,836 | 0.0682 0.03943 1,360 | 2,448 | 0.0820 0.04741
1,030 | 1.854 | 0.0686 0.03966 1,370 | 2.466 | 0.0824 0.04764
1,040 | 1,872 | 0.0691 0.03995 1,380 | 2,484 | 0.0827 0.04782
1.050 | 1,890 | 0.0695 0.04018 1,390 | 2,502 | 0.0831 0.04805
1,060 | 1,908 | 0.0699 0.04041 1,400 [ 2,520 | 0.0835 0.04828
1,070 { 1.926 | 0.0704 0.04070 1,410 | 2,538 | 0.0838 0.04845
1.080 | 1.944 | 0.0708 0.04093 1,420 | 2,556 | 0.0842 0.04868
1,090 | 1.962 | 0.0713 0.04122 1,430 | 2,574 | 0.0846 0.04891
1,100 | 1,980 | 0.0717 0.04146 1,440 | 2,592 | 0.0849 0.04909
1,110 | 1,998 | 0.0721 0.04169 1,450 | 2.610 | 0.0853 0.04932
1,120 | 2,016 | 0.0726 0.04198 1,460 | 2,628 | 0.0856 0.04949
1,130 | 2,034 | 0.0730 0.04221 1.470 | 2,646 | 0.0860 0.04972
1,140 | 2,052 | 0.0734 0.04244 1,480 | 2,664 | 0.0863 0.04990
1,150 | 2,070 | 0.0738 0.04267 1,490 | 2.682 | 0.0867 0.05013
1,160 | 2,088 | 0.0743 0.04296 1,500 | 2,700 ] 0.0870 0.05030
Data Quality

The estimated accuracy

90 to 400°K = 1%
400 to 1500°K = 5%

SARR-005.APE
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Dynamic Viscosity (Absolute) of Air

Temperature Viscosity Temperature Viscosity
(°K) (°R) {(10° Pa-s) | (107 Ib-s/Ft?) (°K) (°R) }(10°® Pa-s) | (107 Ib-s/ft?)
80 144 5.52 1.152 450 810 24.93 5.203
90 162 6.35 1.325 460 828 25.32 5.284
100 180 7.06 1.473 470 846 25.70 5.363
110 198 7.75 1.617 480 864 26.07 5.441
120 216 8.43 1.759 490 882 26,45 5.520
130 234 9.08 1.897 500 900 26.82 5.597
140 252 9.74 2.033 510 918 27.18 5.672
150 270 10.38 2.166 520 936 27.54 5.747
160 288 11.00 2.296 530 954 27.90 5.823
170 306 11.61 2.423 540 972 28.25 5.896
180 324 12.20 2.546 550 990 28.60 5.969
190 342 12.79 2.669 560 1,008 28.95 6.042
200 360 13.36 2.788 570 1,026 29.29 6.113
210 378 13.92 2.905 580 1,044 29.69 6.196
220 396 14.47 3.020 590 1.062 29.97 6.255
230 414 15.01 3.133 600 1,080 30.30 6.323
240 432 15.54 3.243 610 1,098 30.63 6.392
250 450 16.06 3.352 620 1,116 30.96 6.461
260 468 16.57 3.458 630 1,134 31.28 6.528
270 486 17.07 3.562 640 1,152 31.61 6.597
280 504 17.57 3.667 650 1,170 31.93 6.664
290 522 18.05 3.767 660 1,188 32.24 6.728
300 540 18.53 3.867 670 1,206 32.56 6.795
310 558 19.00 3.965 680 1,224 32.87 6.860
320 576 19.46 4.061 690 1,242 33.18 6.924
330 594 19.92 4.157 700 1,260 33.49 6.989
340 612 20.37 4.251 710 1,278 33.79 7.052
350 630 20.81 4.343 720 1.296 34.09 7.114
360 648 21.25 4.435 730 1.314 34,39 7.177
370 666 21.68 4.525 740 1,332 34.69 7.240
380 684 22.11 4.614 750 1,350 34.98 7.300
390 702 . 22.52 4,700 760 1,368 35.28 7.363
400 720 22.94 4.787 770 1,386 35.57 7.423
410 738 23.35 4.873 780 1,404 35.86 7.484
420 756 23.75 4.957 790 1,422 36.16 7.546
430 774 24.15 5.040 800 1,440 36.43 7.603
440 792 24.54 5.121 810 1,458 36.72 7.663
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Dynamic Viscosity (Absolute) of Air (contd)

HNF-SD-SNF-SARR-005 REV 0

The estimated accuracy on this data is 2% over the entire

SARR-005.APE

Temperature Viscosity Temperature Viscosity
(°K) (°R) [ (10 Pa-s) | (107 1b-s/ft?) (°K) (°R) (10 Pa-s) | (107 Ib-s/ft?)
820 1,476 36.99 7.720 1,100 f 1,980 44.2 9.224
830 1,494 37.27 7.778 1,150 | 2,070 45.4 9.475
840 1,512 37.55 7.836 1,200 ] 2,160 46.5 9.704
850 1,530 37.83 7.895 1,250 | 2,250 47.7 9.955
860 1,548 38.10 7.951 1.300 § 2,340 48.8 10.184
870 1.566 38.37 8.008 1,350 | 2,430 49.9 10.414
880 1,584 38.64 8.064 1,400 | 2,520 50.9 10.623
890 1,602 38.91 8.120 1,450 | 2,610 51.9 10.831
900 1,620 39.18 8.177 1,500 | 2,700 53.0 11.061
910 1,638 39.45 8.233 1.550 | 2.790 54.0 11.270
920 1,656 39.71 8.287 1,600 { 2.880 54.9 11.457
930 1,674 39.97 8.342 1.650 § 2,970 55.9 11.666
940 1,692 40.23 8.396 1.700 | 3,060 56.9 11.875
950 1,710 40.49 8.450 1,750 | 3,150 57.8 12.063
960 1,728 40.75 8.504 1,800 { 3,240 58.7 12.250
970 1,746 41.00 8.556 1,850 § 3,330 59.6 12.438
980 1,764 41.26 8.611 1.900 } 3,420 60.5 12.626
990 1,782 41.52 8.665 1,950 | 3.510 61.4 12.814
1,000 { 1,800 41.77 8.717 2,000 { 3,600 62.3 13.002
1,050 ] 1,890 43.0 8.974

Data Qualit

temperature range.

December 30, 1996



HNF-SD-SNF~SARR-005 REV 0

Specific Heat of Helium at 1 Atm

SARR-005 . APE

Temperature (°K)

173
273
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373
473
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1,473
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Specific Heat (J/kg-°K)
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Thermal Conductivity of Helium at 1 Atm

SARR-005 . APE

Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) (W/m-"X) | (Beu/hr-fr-°R) (°K) (°R) (W/m-°K) | (Bru/hr-fe-°R)
100 180 0.073 0.0422 540 972 0.225 0.1301
110 198 0.0776 0.0449 550 990 0.229 0.1324
120 216 0.0819 0.0474 560 1,008 0.233 0.1347
130 234 0.0863 0.0499 570 1,026 0.236 0.1364
140 252 0.0%07 0.0524 580 1,044 0.240 0.1388
150 270 0.095 0.0549 590 1,062 0.243 0.1405
160 288 0.0992 0.0574 600 1,080 0.247 0.1428
170 306 0.1033 0.0597 610 1,098 0.251 0.1451
180 324 0.1072 0.062 620 1,116 0.254 0.1469
190 342 0.11m2 0.0643 830 1,134 0.258 0.1492
200 360 0.1151 0.0665 640 1,152 0.261 0.1509
210 378 0.119 0.0688 650 1,170 0.264 0.1526
220 396 0.1228 0.0710 660 1,188 0.267 0.1544
230 414 0.1266 0.0732 670 1,206 0.269 0.15585
240 432 0.1304 0.0754 680 1.224 0.2712 0.1573
250 450 0.1338 0.0774 690 1,242 0.275 0.158
260 468 0.1372 0.0793 700 1,260 0.278 0.1607
210 486 0.1405 0.0812 710 1.218 0.281 0.1625
280 504 0.1437 0.0831 720 1,296 0.254 0.1642
290 522 0.1468 0.0849 730 1.314 0.287 0.1659
300 540 0.1499 0.0867 740 1.332 0.29 0.1676
310 558 0.1530 0.0885 750 1,350 0.292 0.1688
320 576 0.1560 0.0902 760 1,368 0.295 0.1708
330 594 0.1590 0.0919 770 1,386 0.298 0.1723
340 612 0.1619 0.0936 780 1,404 0.301 0.174
350 630 0.1649 0.0953 790 1.422 0.304 0.1758
360 648 0.1678 0.097 800 1.440 0.307 0.1775
370 666 0.1708 0.0988 810 1,458 0.309 0.1787
380 684 0.1737 0.1004 820 1.476 0.312 0.1804
390 702 0.1766 0.1021 830 1,494 0.315 0.1821
400 720 0.1795 0.1038 840 1.512 0.318 0.1839
410 138 0.1824 0.1055 850 1,530 0.321 0.186
420 756 0.1853 0.10M 860 1,548 0.323 0.187
430 774 0.1882 0.1088 870 1,566 0.326 0.188
440 792 0.1914 0.1107 880 1,584 0.329 0.19
450 810 0.1947 0.1126 890 1,602 0.332 0.192
460 828 0.1980 0.1145 800 1,620 0.335 0.194
470 846 0.2013 0.1164 910 1,638 0.337 0.195
480 864 0.2046 0.1183 920 1,656 0.34 0.197
490 882 0.2080 0.1203 930 1,674 0.343 0.198
500 900 0.2114 0.1222 940 1,692 0.346 0.2
510 918 0.215 0.1243 950 1,710 0.349 0.202
520 936 0.218 0.126 960 1,728 0.352 0.204
530 954 0.222 0.1284 970 1,746 0.354 0.205

E-33 December 30, 1996



HNF-SD-SNF-SARR-005 REV 0

Thermal Conductivity of Helium at 7 Atm (contd)

Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) {W/m-°K) | (Bru/hr-ft-°R) {°K) (°R) (W/m-°K) | (Bru/hr-fr-°R)
980 1,764 0.357 0.206 1,800 3,240 0.57 0.33
990 1,782 0.36 0.208 1,900 3,420 0.596 0.345
1,000 1.800 0.363 0.21 2,000 3,600 0.62 0.358
1,100 1,980 0.389 0.225 2,500 4,500 0.73% 0,427
1,200 2,160 0.416 0.24 3,000 5,400 0.851 0.492
1.300 2,340 0.443 0.256 3,500 6,300 0.958 0.554

1,400 2,520 0.469 0.271 4,000 7.200 1.064 0.615
1,500 2,700 0.494 0.286 4,500 8.100 1,189 0,676
1,600 2,880 0.521 0.301 5,000 9,000 1.2 0.735
L1700 | 3.060 0,545 0.315
Data Quality
The estimated accuracy on this data is as follows:

100 to 340°K = 5%
340 to 1900°K = 10%
1900 to 5000°K = 25%

SARR-005.APE
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Dynamic Viscosity (Absolute) of Helium

Temperature Viscosity Temperature Viscosity
(°K) | (°R) { (10 Pa-s) [ (10" 1bps/ft?) (°K) | (°R) | (10° Pa-s) | (10 Ibrs/fi?)
100 180 9.63 0.2011 600 1,080 31,99 0.6681
120 216 10.75 0.2245 620 | 1,116 32.71 0.6832
140 252 11.81 0.2467 640 1,152 33.42 0.6980
160 288 12.87 0.2688 660 | 1,188 34.11 0.7124
180 324 13.93 0.2909 680 1,224 34.81 0.7270
200 360 14.97 0.3127 700 1 1,260 35.49 0.7412
220 396 16.00 0.3342 720 | 1,296 36.18 0.7556
240 432 17 0.3350 740 1,332 36.85 0.7696
260 468 17.99 0.3757 760 {1,368 37.52 0.7836
280 504 18.95 0.3958 780 | 1,404 38.19 0.7976
300 540 19.89 0.4154 800 1,440 38.84 0.8112
320 576 20.81 0.4347 850 1,530 40.44 0.8446
340 612 21.70 0.4532 900 | 1,620 42.01 0.8774
360 648 22.58 0.4716 1,000 | 1,800 45.04 0.9407
380 684 23.44 0.4896 1,100 | 1,980 48.0 1.0025
400 720 24.28 0.5071 1,200 § 2,160 50.8 1.0610
420 756 25.10 0.5242 1,300 | 2,340 53.5 1.1174
440 792 25.92 0.5414 1,400 | 2,520 56.1 1.1717
460 828 26.71 0.5578 1,500 | 2,700 58.6 1.2239
480 864 27.50 0.5743 1,600 | 2,880 61.0 2.2740
500 900 28.27 0.5904 1,700 | 3,060 63.4 1.3241
520 936 29.03 0.6063 1,800 { 3,240 65.7 1.3722
540 972 29.78 0.6220 2,000 | 3,600 70.0 1.4620
560 1,008 30.53 0.6376 2,200 } 3,960 74.2 1.5497
580 | 1,044 31.27 0.6531 2,400 | 4.320 78.3 1.6353
Data Quality

The estimated accuracy on this data is as follows:

100 to 300°K = 3%
300 to 2400°K = 1%
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HNF-SD-SNF-SARR-005 REV 0

Specific Heat of Nitrogen at 1 Atm

Temperature Specific Heat
(°K) (°R) (J/7kg-°K) (Btu/lb - °R)
255 459 1,040 0.2484
300 539 1,040 0.2485
350 629 1,041 0.2487
400 719 1,045 0.2495
450 809 1,050 0.2507
500 899 1,057 0.2524
550 989 1,065 0.2544
600 1.079 1,075 0.2568
650 1,169 1,086 0.2593
700 1,259 1,098 0.2622
750 1,349 1,110 0.2652
800 1,439 1,122 0.2680
850 1,529 1,134 0.2710
900 1,619 1,146 0.2737
950 1,709 1,157 0.2764
1,000 1,799 1,168 0.2790
1,050 1,889 1,178 0.2814
1,100 1,979 1,187 0.2836
1.150 2,069 - 1,196 0.2857
1,200 2,159 1,205 0.2877
1,250 2,249 1,213 0.2896
1,300 2,339 1,220 0.2913
1.350 2,429 1,227 0.2931
1.366 2,459 1,229 0.2935
Data Quality

The estimated

E-36

accuracy on this data is 0.6%.
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Thermal Conductivity of Nitrogen at 1 Atm

Temperature Therma!l Conductivity Temperature Thermal Conductivity
(°K) (°R) | (W/m-°K) |(Btu/hr-ft-°R) (°K) (°R) | (#/m-°K) ] (Btu/hr-ft-°R)
80 144 0.00762 0.00441 500 900 0.03864 0.02234
90 162 0.00852 0.00493 520 936 0.0398 0.02301
100 180 0.00941 0.00544 540 972 0.0408 0.02359
110 198 0.0103 0.00596 560 | 1,008 0.042 0.02428
120 216 0.01119 0.00647 580 ] 1,044 | 0.0431 0.02492
130 234 0.01208 0.00698 600 | 1.080 | 0.04M1 0.02550
140 252 0.01296 0.00749 620 | 1,116 § 0.0452 0.02613
150 210 0.01385 0.00801 640 § 1,152 | 0.0462 0.02671
160 288 0.01474 0.00852 660 | 1,188 | 0.0472 0.02729
170 306 0.01562 0.00303 680 | 1.224 | 0.0483 0.02793
180 324 0.01651 0.00955 700 f 1,260 | 0.0493 0.0285
180 342 0.01739 0.01005 720 | 1.296 | 0.0503 0.0291
200 360 0.01826 0.01062 740 11,332 | 0.0513 0.0297
210 378 0.01908 0.01103 760 | 1.368 | 0.0522 0.0302
220 396 0.01989 0.0115 780 | 1,404 1 0.0531 0.0307
230 414 0.02067 0.01185 800 | 1.440 | 0.0541 0.0313
240 432 0.02145 0.0124 820 | 1.476 | 0.0551 0.0318
250 450 0.02222 0.01285 840 | 1.512 | 0.0559 0.0323
260 468 0.02298 0.01329 860 | 1.548 | 0.0569 0.0329
270 486 0.02374 0.01373 880 | 1.584 | 0.0578 0.0334
280 504 0.02449 0.01416 900 ] 1,620 | 0.0587 0.0339
230 522 0.02524 0.01459 920 | 1,656 | 0.0596 0.0345
300 540 0.02589 0.01497 940 | 1,692 | 0.0605 0.035
310 558 0.02761 0.01544 960 | 1,728 | 0.0613 0.0354
320 576 0.02741 0.01585 980 | 1,764 | 0.0622 0.036
330 594 0.02808 0.01624 1.000 | 1.800 | 0.0631 0.0365
340 612 0.02874 0.01662 1,050 | 1,890 | 0.0651 0.0376
350 630 0.02939 0.01699 1,100 | 1,980 { 0.0672 0.0388
360 648 0.03002 0.01736 1,150 | 2,070 | 0.0693 0.0401
370 666 0.03065 0.01772 1,200 2,160 | 0.0713 0.0412
380 684 0.03127 0.01808 1,250 | 2,250 | 0.0733 0.424
390 702 0.03189 0.01844 1,300 | 2,340 § 0.0754 0.0436
400 720 0.03252 0.0188 1,350 | 2,430 | 0.0775 0.0448
420 756 0.03376 0.01852 1,400 | 2,520 | 0.0797 0.0461
440 792 0.03501 0.02024 1,450 | 2,610 | 0.0819 0.0474
460 828 0.03626 0.02096 1,500 | 2,700 | 0.0842 0.0487
480 864 0.03749 0.02168 1.600 | 2.880 { 0.0893 0.0516
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Thermal Conductivity of Nitrogen at 1 Atm (contd)

Temperature Therma! Conductivity Temperature Thermal Conductivity
(°K) (°R) | (W/m-°K) |(Btu/hr-ft-°R) (°K) (“R) | (W/m-°K) {(Btu/br-ft-°R)
1,700 | 3,060 | 0.0950 0.0549 2,700 | 4.860 { 0.1494 0.0864
1,800 | 3,240 | 0.1013 0.0586 2,800 ] 5,040 } 0.1542 0.0892
1,900 | 3,420 0.108 0.0624 2,900 ] 5,220 | 0.15%0 0.0919
2,000 | 3,600 | 0.1146 0.0662 3,000 ] 5,400 | 0.1640 0.0948
2,100 | 3,780 | 0.1207 0.0698 3,100 { 5,580 | 0.1691 0.0978
2,200 | 3,960 § 0.1263 0.0730 3,200 | 5.760 | 0.1743 0.1008
2,300 | 4,140 | 0.1314 0.0760 3,300 | 5,940 | 0.1795 0.1038
2,400 | 4,320 | 0.1361 0.0787 3,400 | 6,120 | 0.1853 0.1071
2,500 § 4,500 0.1406 0.0813 3,500 | 6,300 0.1915 0.1107
2,600 | 4,680 | 0.1449 0.0838

Data Quality

The estimated

80 to 350°K = 2%
350 to 1200°K =

5%

1200 to 3500°K = 10%

. SARR-005.APE
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accuracy on this data is as follows:
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Dynamic Viscosity (Absoiute) of Nitrogen

SARR-005 . APE

Temperature Viscosity Temperature Viscosity
CCK) | (°R) | (10 Pa-s) | (10 1bes/ft}) (°K) | (°R) ] (10° Pa-s) [ (10" I1bes/fih)
80 144 5.59 0.1167 600 | 1,080 29.27 0.6113
100 180 6.87 0.1435 620 | 1,116 29.91 0.6247
120 216 8.15 0.1702 640 | 1,152 30.54 0.6378
140 252 9.4 0.1963 660 | 1,188 3115 0.6506
160 288 10.59 0.2212 680 § 1,224 31.76 0.6633
180 324 11.75 0.2454 700 | 1,260 3235 0.6756
200 360 12.86 0.2686 750 | 1,350 33.8 0.7059
220 396 13.93 0.2909 800 | 1,440 35.2 0.7352
240 432 14.96 03124 850 | 1,530 36.55 0.7634
260 468 15.96 0.3333 900 | 1,620 37.86 0.7907
280 504 16.92 0.3534 950 | 1,710 39.12 0.817
300 540 17.86 0.3730 1,000 | 1,800 40.36 0.8429
320 576 18.77 0.3920 1,050 { 1,890 41.6 0.8688
340 612 19.63 0.4104 1,100 {1,980 427 0.3918
360 648 20.5 0.4282 1,150 { 2,070 43.9 0.9169
380 684 21.33 0.4455 1,200 | 2,160 45.0 0.9398
400 720 22.14 0.4624 1,250 | 2,250 46.1 0.9628
420 756 22.93 0.4789 1,300 { 2,340 47.1 0.9837
440 792 23.7 0.4950 1,350 | 2,430 48.2 1.0067
460 828 24.0 0.5012 1,400 | 2,520 492 1.0276
430 864 25.18 0.5239 1,500 | 2,700 51.2 1.0693
500 900 25.9 0.5409 1,600 { 2,880 53.1 1.1090
520 936 26.6 0.5556 1,700 | 3,060 54.9 1.1466
540 972 2729 _0.5700 1,800 | 3,240 56.7 1.1842
560 | 1,008 27.96 0.5840 1,900 | 3.420 58.5 1.2218
580 { 1,044 28.63 0.5979 2,000 | 3,600 60.1 1.2552
2,200 _{ 3.960 63.4 1.3241
Data Quality

The estimated accuracy on this data is 2%.
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HNF-SD-SNF-SARR-005 REV 0

Specific Heat of Argon at 1 Atm

Temperature Specific Heat
(°K) (°R) } (J/kg-°K) | (Btu/ib - °R)
99 179 542.9 0.1297
150 269 527.3 0.1260
200 358 523.6 0.1251
250 449 §22.2 0.1247
300 539 521.5 0.1246
350 629 521.2 0.1245
400 719 521.0 0.1244
450 809 520.9 0.1244
500 899 520.8 0.1244
550 989 520.7 0.1244
600 1,079 | 5206 0.1243
650 1,169 520.6 0.1243
700 1,259 520.5 0.1243
750 1,349 520.5 0.1243
800 1,439 520.5 0.1243
850 1,529 520.5 0.1243
900 1,619 520.5 0.1243
950 1.709 520.5 0.1243
1,000 1,799 520.5 0.1243
1,050 1,889 520.5 0.1243
1,100 1.979 520.5 0.1243
1,150 2,069 520.5 0.1243
1,200 2,159 520.5 0.1243
1,250 2,249 520.4 0.1243
1,300 2,339 520.4 0.1243
1,350 2,429 520.4 0.1243
1,366 2,459 520.4. 0.1243
E-40
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HNF-SD-SNF-SARR-005 REV 0

Thermal Conductivity of Argon at 1 Atm

Temperature Therma! Conductivity Temperature Thermai Conductivity
(°K) (°R) (W/m-°K) (Btu/hr-ft-°R) {°K) (°R) (W/m-°K) (Btu/hr-Fr-°R)
100 180 0.00652 0.00377 560 | 1.008 0.0287 0.01659
110 198 0.00716 0.00414 580 1 1,044 0.0294 0.01700
120 216 0.00779 0.00450 600 1,080 0.0301 0.0174
130 234 0.00839 0.00485 620 1 1.116 0.0308 0.0178
140 252 0.00898 0.00519 640 | 1.152 0.0315 0.0182
150 270 0.00957 0.00553 660 1 1,188 0.0322 0.0186
160 288 0.01016 0.00587 680 | 1.224 0.0329 0.0190
170 306 0.01074 0.00621 700 | 1.260 0.0336 0.0194
180 324 0.01131 0.00654 720 | 1,296 0.0343 0.0198
190 342 0.01188 0.00687 740 1,332 0.0349 0.0202
200 360 0.01244 0.00719 760 1,368 0.0356 0.0206
210 378 0.013 0.00752 780 1,404 0.0362 0.0209
220 396 0.01355 0.00783 800 | 1.440 0.0369 0.0213
230 414 0.01409 0.00815 820 1,476 0.0375 0.0217
240 432 0.01462 0.00845 840 | 1,512 0.0381 0.0220
250 450 0.01515 0.00876 860 1,548 0.0387 0.0224
260 468 0.01567 0.00906 880 § 1.584 0.0393 0.0227
270 486 0.01619 0.00936 900 | 1.620 0.0398 0.0230
280 504 0.01671 0.00966 920 1,656 0.0404 0.0234
290 522 0.01722 0.00996 940 | 1.692 *0.0410 0.0237
300 540 0.01772 0.01024 960 | 1.728 0.0416 0.024
310 558 0.01822 0.01053 980 | 1,764 0.0421 0.0243
320 576 0.01871 0.01082 1,000 | 1,800 0.0427 0.0247
330 594 0.01919 0.01110 1,050 | 1.890 0.0441 0.0255
340 612 0.01966 0.01137 1,100 | 1,980 0.0454 0.0262
350 630 0.02013 0.01164 1,150 | 2,070 0.0468 0.0271
360 648 0.02059 0.0119 1,200 { 2,160 0.0481 0.0278
370 666 0.02103 0.01216 1.250 ] 2,250 0.0495 0.0286
380 684 0.02147 0.01243 1.300 | 2,340 0.0508 0.0294
390 702 0.0219 0.01266 1,350 ] 2.430 0.0521 0.0301
400 720 0.02233 0.01291 1,400 ] 2,520 0.0535 0.0309
420 756 0.02318 0.01340 1,450 ] 2,610 0.0548 0.0317
440 792 0.02400 0.01388 1,500 § 2,700 0.0561 0.0324
460 828 0.02487 0.01434 1,600 | 2,880 0.0588 0.0340
480 864 0.02559 0.01480 1,700 ] 3,060 0.0615 0.0356
500 $00 0.02638 0.01525 1,800 1 3,240 0.0641 0.0371
520 936 0.0272 0.01573 1,900 § 3.420 0.0867 0.0386
540 872 0.0280 0.01619 2,000 ] 3,600 0.0692 0.0400
Data Quality

The estimated accuracy on this data is as follows:

100 to 340°K = 1%
340 to 740°K = 5%
740 to 2000°K = 10%
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Dynamic Viscosity (Absotute) of Argon

Temperature Viscosity Temperature Viscosity
( °K) (°R) |(10° Pa-sy| (10 1bps/fth) ( °K) (°R) _{(10* Pa-5){ (10" 1bps/ft?)
60 108 5.34 0.1115 500 900 33.6 0.7028
80 144 6.83 0.1426 550 990 36.0 0.7519
100 180 8.34 0.1742 600 1,080 38.3 0.7999
120 216 9.91 0.2070 650 1,170 40.4 0.8438
140 252 11.49 0.2400 700 1,260 42.5 0.8876
160 288 13.04 0.2723 750 1,350 44.5 0.9294
180 324 14.55 0.3039 . 800 1,440 46.4 0.9691
200 360 16.01 0.3344 850 1,530 48.3 1.0088
220 396 17.44 0.3642 900 1,620 50.1 1.0464
240 432 18.82 0.3931 950 1,710 51.8 1.0819
260 468 20.16 0.4210 1,000 1,800 53.5 1.1174
280 504 21.45 0.4480 1,100 1,980 56.8 1.1863
300 540 22.72 0.4745 1,200 2,160 59.9 1.251
320 576 23.94 0.5000 1,300 2,340 62.8 1.3116
340 612 25.13 0.5248 1,400 2,520 65.6 1.3701
360 648 26.29 0.5491 1,500 2,700 68.4 1.4286
380 684 27.42 0.5727 1,600 2,880 71.0 1.4829
400 720 28.52 0.5956 1,700 3,060 73.5 1.5351
420 756 29.59 0.6180 1,800 3,240 76.0 1.5873
440 792 30.64 0.6399 1,900 3,420 78.4 1.6374
460 828 31.67 0.6614 2,000 3,600 80.7 1.6855
480 864 32.67 0.6823 2,200 3.960 85.1 1.7773
Data Qualit

The estimated accuracy on this data

SARR-005 .APE

is 2% over the entire temperature range.
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Thermal Conductivity of Hydrogen

Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) | (W/m-°K) | (Btu/hr-ft-°R) (°K) (°R) | (W/m-°K) § (Btu/hr-ft-°R)
100 180 0.0676 0.03%08 440 792 0.2354 0.13610
110 198 0.0738 0.04267 450 810 0.2389 0.13813
120 216 0.0801 0.04631 460 828 0.2424 0.14015
130 234 0.0864 0.04995 470 846 0.2459 0.14217
140 252 0.0926 0.05354 480 864 0.2494 0.14420
150 270 0.0986 0.05701 490 882 0.2529 0.14622
160 288 0.1046 0.06048 500 900 0.2564 0.14824
170 306 0.1105 0.06389 510 918 0.2600 0.15033
180 324 0.1164 0.06730 520 936 0.2640 0.15264
190 342 0.1222 0.07065 530 954 0.2670 0.15437
200 360 0.1280 0.07401 540 972 0.2700 0.15611
210 378 0.1338 0.07738 550 990 0.2740 0.15842
220 396 0.1395 0.08066 560 1,008 | 0.2770 0.16015
230 414 0.1451 0.08389 570 1,026 | 0.2800 0.16189
240 432 0.1506 0.08707 580 1,044 [ 0.2840 0.16420
250 450 0.1560 0.09020 590 1,062 | 0.2880 0.16651
260 468 0.1613 0.09326 600 1,080 1 0.2910 0.16825
270 486 0.1665 0.09627 610 1,098 | 0.2950 0.17056
280 504 0.1717 0.09927 620 1,116 { 0.2980 0.17230
290 522 0.1767 0.10216 630 1,134 ] 0.3010 0.17403
300 540 0.1815 0.10494 640 1.152 | 0.3060 0.17692
310 558 0.1863 0.10771 650 1,170 1 0.3080 0.17808
320 576 0.1910 0.11043 660 1,188 | 0.3120 0.18039
330 594 0.1954 0.11298 670 1,206 | 0.3150 0.18213
340 612 0.1994 0.11529 680 1,224 1 0.3190 0.18444
350 630 0.2033 0.11754 690 1,242 | 0.3220 0.18617
360 648 0.2069 0.11962 700 1.260 ] 0.3250 0.18791
370 666 0.2106 0.12176 710 1,278 ] 0.3290 0.19022
380 684 0.2142 0.12385 720 1,286 { 0.3320 0.19195
390 702 0.2177 0.12587 730 1.314 ] 0.3360 0.19427
400 720 0.2212 0.12789 740 1,332 | 0.3390 0.19600
410 738 0.2248 0.12997 750 1,350 ] 0.3430 0.19831
420 756 0.2283 0.13200 760 1,368 | 0.3460 0.20005
430 774 0.2318 0.13402 770 1,386 | 0.3500 0.20236
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Therma!l Conductivity of Hydrogen (contd)

Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) ]| (W/m-°K)| (Btu/hr-ft-°R) (°K) (°R) | (W/m-°K) ] (Btu/hr-Ft-°R)
780 1.404 | 0.3530 0.20410 1,170 2,106 | 0.4850 0.28042
790 1,422 | 0.3560 0.20583 1,180 2,124 | 0.4880 0.28215
800 1,440 { 0.3600 0.20814 1,190 2.142 1 0.4920 0.28446
810 1,458 | 0.3630 0.20988 1,200 2,160 | 0.4950 0.28620
820 1,476 | 0.3670 0.21219 1,210 2,178 | 0.4980 0.28793
830 1,494 | 0.3700 0.21393 1.220 2,196 | 0.5020 0.29024
840 1.512 | 0.3740 0.21624 1,230 2,234 ] 0.5050 0.29198
850 1,530 | 0.3770 0.21797 1,240 2,232 | 0.5080 0.29371
860 1,548 | 0.3800 0.2197 1,250 2,250 | 0.5120 0.29603
870 1,566 | 0.3840 0.22202 1,260 2,268 | 0.5150 0.29776
880 1,584 | 0.3870 0.22375 1,270 2,286 | 0.5180 0.29950
890 1.602 | 0.3910 0.22607 1,280 2,304 | 0.5210 0.30123
900 1,620 | 0.3940 0.22780 1,290 2,322 | 0.5250 0.30354
910 1,638 | 0.3970 0.22954 1,300 2.340 | 0.5280 0.30528
920 1,656 | 0.4010 0.23185 1.310 2,358 1 0.5310 0.30701
930 1,674 | 0.4040 0.23358 1,320 2,376 | 0.5350 0.30932
940 1,692 | 0.4080 0.23590 1.330 2,394 [ 0.5380 0.31106
950 1,710 { 0.4110 0.23763 1,340 2,412 | 0.5410 0.31279
960 1,728 | 0.4140 0.23936 1,350 2,430 | 0.5450 0.31511
970 1,746 | 0.4180 0.24168 1,360 2,448 | 0.5490 0.31742
980 1,764 | 0.4210 0.24341 1,370 2,466 | 0.5520 0.31915
990 1,782 | 0.4250 0.24572 1,380 2.484 [ 0.5550 0.32089
1,000 1,800 | 0.4280 0.24746 1,390 2,502 | 0.5590 0.32320
1,010 1.818 | 0.4310 0.24919 1,400 2.520 | 0.5620 0.32493
1,020 1,836 | 0.4350 0.25151 1.410 2,538 | 0.5650 0.32667
1.030 1,854 | 0.4380 0.25324 1,420 2.556 | 0.5690 0.32898
1,040 1,872 | 0.4420 0.25555 1,430 2,574 | 0.5720 0.33072
1,050 1,890 | 0.4450 0.25729 1,440 2,592 1 0.5760 0.33303
1,060 1,908 | 0.4480 0.25902 1,450 2,610 | 0.5730 0.33476
1,070 1,926 | 0.4520 0.26134 1,460 2.628 | 0.5820 0.33650
1,080 1,944 | 0.4550 0.26307 1,470 2,646 | 0.5860 0.33881
1.080 1,962 | 0.4590 0.26538 1,480 2,664 | 0.5900 0.34112
1,100 1,980 | 0.4620 0.26712 1,490 2,682 | 0.5930 0.34286
1.110 1,998 | 0.4650 0.26885 1,500 2,700 | 0.5970 0.34517
1,120 2,016 | 0.4690 0.27116 1,510 2,718 | 0.6000 0.34691
1,130 2,034 | 0.4720 0.27290 1,520 2,736 | 0.6040 0.34922
1,740 2,052 | 0.4750 0.27463 1.530 2,754 | 0.6070 0.35095
1.150 2,070 { 0.4780 0.27637 1,540 2,772 | 0.6110 0-35327
1,160 2,088 | 0.4820 0.27868 1,550 2,790 .| 0.6140 0.35500
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Thermal Conductivity of Hydrogen (contd)

Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) | (W/m-°K) | (Btu/nr-fr-°R) (°K) (°R) _J(W/m-°K) | (Btu/hr-Ft-°R)
1,560 2,808 § 0.6180 0.35731 1,790 3.222 ] 0.7040 0.40704
1,570 2,826 | 0.6210 0.35905 1,800 3,240 } 0.7060 0.40819
1,580 2,844 0.6250 0.36136 1,810 3,258 0.7130 0.41224
1,590 2,862 0.6280 0.36309 1,820 3,276 0.7170 0.41455
1,600 2,880 0.6320 0.36541 1,830 3,294 0.7210 0.41686
1,610 2,898 | 0.6360 0.36772 1,840 3.312 1 0.7250 0.41918
1,620 2,916 | 0.6400 0.37003 1.850 3.330 { 0.7290 0.42149
1,630 2,934 0.6430 0.371177 1,860 3,348 0.7330 0.42380
1,640 2,952 | 0.6470 0.37408 1,870 3.366 { 0.7370 0.42612
1,650 2,970 0.6510 0.37639 1,880 3,384 0.7420 0.42901
1,660 2,988 0.6540 0.37813 1,890 3,402 0.7460 0.43132
1,670 3,006 0.6580 0.38044 1,900 3,420 0.7500 0.43363
1,680 3,024 | 0.6620 0.38275 1,910 3.438 ] 0.7550 0.43652
1,690 3,042 0.6660 0.38507 1,920 3,456 0.7590 0.43884
1,700 3,060 0.6690 0.38680 1,930 3,474 0.7640 0.44173
1,710 3,078 0.6730 0.38911 1,940 3,492 0.7680 0.44404
1,720 3,096 0.6770 0.39143 1,950 3,510 0.7720 0.44635
1,730 3.114 | 0.6810 0.39374 1,960 3,528 | 0.7770 0.44924
1,740 3,132 0.6850 0.39605 1.970 3,546 0.7820 0.45213
1,750 3,150 0.6890 0.39836 1,980 3,564 0.7870 0.45502
1,760 3,168 0.6930 0.40068 1,990 3,582 0.7920 0.45792
1.770 3,186 0.6970 0.40299 2,000 3,600 0.7960 0.46023
1.780 3,204 0.7000 0.40472

Data Quality

The estimated accuracy on this data is as follows:

100 to 400°K = 2%
400 to 1350°K = 5%
1350 to 2000°K = 15%
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Specific Heat of Oxygen at 1 Atm

Temperature Specific Heat
(°K) (°R) (J/kg-°K) (Btu/1b -°R)
255 459 914.0 0.2183
300 539 919.9 0.2197
350 629 929.5 0.2220
400 719 941.6 0.2249
450 809 955.6 0.2282
500 899 971.0 0.2319
550 989 987.0 0.2358
600 1,079 1,003.0 0.2396
650 1,169 1.018.0 0.2432
700 1,259 1.032.0 0.2465
750 1,349 1.044.0 0.2494
800 1,439 i 1,055.0 0.2519
850 1,529 1,065.0 0.2543
900 1,619 1.074.0 0.2566
950 1,709 1,083.0 0.2587
1,000 1,799 1,091.0 0.2605
1,050 1,889 1,098.0 0.2622
1,100 1,979 1,104.0 0.2637
1,150 2,069 1.110.0 0.2652
1,200 2,159 1,116.0 0.2665
1,250 2,249 1,121.0 0.2678
1,300 2,339 1,126.0 0.2689
1,350 2,429 1,131.0 0.2702
1.366 2,459 1,133.0 10.2705

Data Quality

The estimated accuracy on this data is 1.1%.
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Thermal Conductivity of Oxygen at 1 Atm

Temperature Thermal Conductivity Temperature Thermal Conductivity
(°K) (°R) (W/m-°K) |(Btu/hr-fi-°R) (°K) (°R) (W/m-°K) [(Btu/he-ft-°R)
100 180 0.00905 0.00523 350 630 0.03056 0.01767
110 198 0.00998 0.00577 400 720 0.03420 0.01977
120 216 0.01092 ;0.00631 450 810 0.03770 0.02180
130 234 0.01187 - 0.00686 500 900 0.04120 0.02382
140 252 0.01281 0.00741 550 990 0.04470 0.02584
150 270 0.01376 0.00796 600 1,080 0.04800 0.02775
160 288 0.01466 0.00848 650 1,170 0.05130 0.02966
170 306 0.01556 0.00900 700 1,260 0.05440 0.03145
180 324 0.01646 0.00952 750 1,350 0.05740 0.03319
190 342 0.01735 0.01003 800 1,440 0.06030 0.03486
200 360 0.01824 0.01055 850 1,530 0.06320 0.03654
210 378 0.01911 0.01105 900 1,620 0.06610 0.03822
220 396 0.01997 0.01155 950 1,710 0.06890 0.03984
230 414 0.02083 0.01204 1,000 1,800 0.07170 0.04146
240 432 0.02168 0.01254 1,050 1,890 0.07450 0.04307
250 450 0.02254 0.01303 1,100 1,980 0.07710 0.04458
260 468 0.02339 0.01352 1,150 2,070 0.07960 0.04602
270 436 0.02424 0.01402 1,200 2,160 0.08210 0.04747
280 504 0.02509 0.01451 1,250 2,250 0.08460 0.04891
290 522 0.02592 0.01499 1,300 2,340 0.08710 0.05036
300 340 0.02674 0.01546 1,350 2,430 0.08960 0.05180
310 558 0.02753 0.01592 1,400 2,520 0.09210 0.05325
320 576 0.02831 0.01637 1,450 2,610 0.09460 0.05470
330 594 0.02907 0.01681 1,500 2,700 0.09700 0.05608
340 612 0.02982 0.01724
Data Quality

SARR-005 .APE

The estimated accuracy on this data is as follows:

100 to 340°K
340 to 600°K

600 to 850°K =

0.5%
2%
4%

850 to 1500°K = 6%
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Dynamic Viscosity (Absolute) of Oxygen

SARR-005.APE

The estimated accuracy on this data is 2%.

E-48

Temperature Viscosity Temperature Viscosity
(°K) (°R) | (10° Pa-s) [(10® ib s/ft}) (°K) (°R)_] (10° Pa-s) {(10* Ib.s/f?)
80 144 6.27 0.1310 600 1,080 34,7 0.7247
100 180 7.68 0.1604 620 | 1,116 35.5 0.7414
120 216 9.12 0.1905 640 1,152 36.3 0.7581
140 252 10.56 0.2205 660 1,188 37.1 0.7748
160 288 11.96 0.2498 680 1,224 37.8 0.7895
180 324 13.33 0.2784 700 1,260 38.5 0.8041
200 360 14.65 0.3060 750 1,350 403 0.8417
220 396 15.93 0.3327 800 1,440 42.1 0.8793
240 432 17.17 0.3586 850 1,538 43.8 0.9148
260 468 18.37 0.3837 900 1,620 45.4 0.9482
280 504 19.54 0.4081 950 1,710 47.0 0.9816
300 540 20.67 0.4317 1,000 | 1,800 48.5 1.0129
320 576 21.77 0.5457 1,050 | 1,890 50.0 1.0443
340 612 22.84 0.4770 1,100 | 1,980 51.4 1.0735
360 648 23.89 0.4990 1,150 | 2,070 52.9 1.1048
380 684 24.91 0.5203 1,200 | 2,160 54.2 1.1320
400 720 25.89 0.5407 1,250 ] 2,250 55.6 1.1612
420 756 26.87 0.5612 1,300 { 2,340 56.9 1.1884
440 792 27.82 0.5810 1,350 { 2,430 58.2 1.2155
460 828 28.74 0.6002 1,400 | 2520 59.5 1.2427
480 864 29.65 0.6193 1,500 | 2,700 61.9 1.2928
500 900 30.54 0.6378 1,600 | 2,880 64.3 1.3429
520 936 31.4 0.6558 1,700 | 3,060 66.6 1.3910
540 972 32.3 0.6746 1,800 | 3,240 68.8 1.4369
560 1,008 33.1 0.6913 1,900 | 3,420 71.0 1.4829
580 1.044 33.9 0.7080 2,000 | 3.600 73.1 1.5267
Data Quality

December 30, 1996



8dV°500-uuvS

8v1-9

9661 ‘0§ aquesag

IMAGES-3D
Ver. 3.0
Geometry Plot

)

Tl L
i
‘\\\M\‘“\w&!\"r iz ¢

\m\!-¥fﬁ\xﬂu-a§%§§l§i!,

\“‘
i\ ““‘“jv
IR Y

MARK IV SCRAP BASKET — SK-1-80209
Wireframe Plot

5,21/96
14:46:32

0 A3Y¥ S00-YYYS-INS-OS-4NH



	1.0 GENERAL DESCRIPTION
	1.1 INTRODUCTION
	1.2 GENERAL DESCRIPTION OF THE MULTICANISTER OVERPACK
	1.2.1 Shell
	1.2.2 Fuel Baskets
	1.2.3 Shield Plug
	1.2.4 Additional Features

	1.3 MULTICANISTER OVERPACK CHARACTERISTICS
	1.3.1 Design and Fabrication
	1.3.2 Confinement/Containment Boundary

	1.4 MULTICANISTER OVERPACK CONTENTS
	1.5 IDENTIFICATION OF AGENTS AND CONTRACTORS

	2.0 PRINCIPAL DESIGN CRITERIA
	2.1 SPENT FUEL TO BE STORED
	PHENOMENA HAZARDS
	2.2.1 Tornado and Wind Loadings
	2.2.2 Design Basis Flood
	2.2.3 Seismic-System Analyses
	2.2.4 Snow and Ice Loadings
	2.2.5 Combined Load Criteria
	2.2.6 Baseline Load Criteria

	2.3 SAFETY PROTECTION SYSTEMS
	2.3.1 General
	2.3.2 Protection by Confinement Barriers and Systems
	Selection

	2.4 DECOMMISSIONING CONSIDERATIONS
	3.1.2 Fuel Baskets

	3.2 STRUCTURAL ANALYSES
	3.2.1 Multicanister Overpack Buckling
	3.2.2 Multicanister Overpack Storage Basket Analysis
	3.2.3 Multicanister Overpack Drop and Related Analyses
	3.2.4 Multicanister Overpack Mechanical Closure
	3.4.2 Hydrogen Effects on Mechanical Properties

	3.5 GENERAL STANDARDS FOR MULTICANISTER OVERPACKS
	3.5.1 Chemical and Galvanic Reactions
	3.5.2 Positive Closure
	3.5.3 Lifting Devices

	3.6 FUEL RODS
	3.7 SUPPLEMENTAL DATA
	3.7.1 Computer Code Description


	4.0 THERMAL EVALUATION
	4.1 DISCUSSION
	4.1.1 General Thermal Design Approach
	4.1.2 Thermal Design Features

	4.2 SUMMARY OF THERMAL PROPERTIES OF MATERIALS
	4.2.1 Thermal Source Term

	4.3 SPECIFICATIONS FOR MULTICANISTER OVERPACK COMPONENTS
	4.4 THERMAL EVALUATION FOR NORMAL CONDITIONS
	4.4.2 Thermal Model Descriptions
	4.4.3 Maximum and Minimum Temperatures
	4.4.4 Minimum Temperatures
	4.4.5 Maximum Internal Pressures


	5.0 SHIELDING EVALUATION
	5.1 SHIELDING DESIGN DESCRIPTION
	5.2 RADIATION SOURCE DEFINITION
	5.2.1 Gamma Source
	5.2.2 Neutron Source

	5.3 SHIELDING MODEL SPECIFICATION
	5.3.1 Confiquration of the Shieldinq and Source
	5.3.2 Material Properties

	5.4 SHIELDING ANALYSES
	5.4.1 Computer Programs
	5.4.2 Flux-to-Dose-Rate Conversion
	5.4.3 Dose Rates


	6.0 CRITICALITY EVALUATION
	6.1 DISCUSSION AND RESULTS
	6.2 SPENT FUEL LOADING
	6.2.1 N Reactor Fuel Description
	6.2.2 Multicanister Overpack Fuel Basket Description
	6.2.3 Multicanister Overpack Loading

	6.3 DESCRIPTION OF CALCULATIONAL MODEL
	6.4 CRITICALITY CALCULATION RESULTS FOR NORMAL CONDITIONS
	6.4.1 Loading with Intact Assemblies Only
	6.4.2 Loading with Intact Assemblies and Scrap
	6.4.3 Canister Storage Building
	6.4.4 Cold Vacuum Drying Facility
	6.4.5 Sensitivity Studies

	6.5 CONTINGENCY ANALYSIS
	6.5.1 Summary and Conclusions
	6.5.2 Multicanister Overpack Drop
	6.5.3 Mark IA Fuel and Scrap Loaded into Mark
	Baskets
	6.5.4 Canister Storage Building
	6.5.5 Cold Vacuum Drying Facility

	6.6 CRITICAL BENCHMARK EXPERIMENTS
	6.6.1 Code Descriptions
	6.6.2 Details of Benchmark Calculations
	6.6.3 MCNP Code
	6.6.4 WIMS-E Code
	6.6.5 Results Of Rod And Cylinder Comparisons

	6.7 SUPPLEMENTAL DATA
	Scrap Loads
	6.7.2 Interspersed Moderation
	Rubble Model


	7.0 CONFINEMENT
	7.1 CONFINEMENT BOUNDARY
	7.1.1 Confinement Penetrations
	7.1.2 Seals Welds and Closure

	7.2 REQUIREMENTS FOR NORMAL CONDITIONS OF STORAGE
	7.2.1 Release of Radioactive Material
	7.2.2 Pressurization of Confinement Vessel

	CONDITIONS
	7.3.1 Fission Gas Products
	7.3.2 Release of Contents


	8.0 OPERATING PROCEDURES
	8.1 CURRENT K BASIN PROCESS DESCRIPTION
	8.2 K BASIN FUEL REMOVAL PROCESS DESCRIPTION
	8.3 COLD VACUUM DRYING FACILITY
	8.3.1 General Facility Description
	8.3.2 Cold Vacuum Drying Facility Process Description

	8.5 HOT CONDITIONING SYSTEM

	PROGRAM
	9.1 ACCEPTANCE CRITERIA
	9.1.1 Visual Inspections and Nondestructive Examination
	9.1.2 Components
	9.1.3 Shielding Integrity
	9.1.4 Thermal Acceptance

	9.2 MAINTENANCE PROGRAM
	9.2.1 Subsystem Maintenance
	9.2.2 Valves and Rupture Disks


	10.0 RADIATION PROTECTION
	AS LOW AS REASONABLY ACHIEVABLE
	10.1.1 Policy Considerations
	10.1.2 Design Considerations
	10.1.3 Operational Considerations


	Schematic Diagram of Multicanister Overpack Passages
	Overpack

	Socket Design for Mark IA Fuel Basket
	and Socket Design)

	Process Flow for the Spent Nuclear Fuel Project
	Cross-Sectional View of Mark IV Fuel Assembly
	Isometric View of Mark IV Fuel Assembly
	One-Dimensional Ring Model
	Porous Media Model of a Scrap Fuel Basket
	Basket and Multicanister Overpack Within a Storage Tube
	Basket and Multicanister Overpack Within a Storage Tube
	and Two Scrap Baskets

	4-15 Horizontal Flow Subchannels for Fuel Basket
	4-16 Lateral Flow Subchannels for Fuel Basket
	4-17 Overview of SINDA Thermal Submodels Layout
	Element Section
	Overpack

	Multicanister Overpack
	4-22 Wet Transfer Transient with Nominal Multicanister Overpack
	Multicanister Overpack Wall
	Multicanister Overpack Wall
	Multicanister Overpack Wall
	Multicanister Overpack Wall
	Overpack

	4-28 Dry Transfer Transient with Worst-Case Multicanister Overpack
	Multicanister Overpack
	Building Nominal Case Multicanister Overpack Bounding Sludge
	Nominal Multicanister Overpack and Sludge
	Nominal Multicanister Overpack Bounding Sludge
	Nominal Multicanister Overpack and Sludge
	Penetrations

	Three-Dimensional Plot of the Penetrations Through the Shield
	Dose Rate Locations
	Fuel Assemblies Storage Basket
	Fuel Scrap Storage Basket
	Multicanister Overpack and Storage Tube
	Loading Arrangement for Mark IA Fuel in Multicanister Overpack
	Loading Arrangement for Mark IV Fuel in Multicanister Overpack
	Handling Machine

	Model B Multicanister Overpacks in Vault Tubes (Finite Array)
	Encased in Concrete
	Analysis Input Models CASE1 and CASE2: Axial Geometry
	Analysis Input Models CASE5 and CASE6: Axial Geometry
	Axial Geometry
	Analysis Input Model CASE3A: Axial Geometry
	Axial Geometry
	Typical Processing Bay at the Cold Vacuum Drying Facility
	ticanister Overpack
	(12 Assemblies Removed)

	kef Versus Lattice Spacing Mark IA Fuel Assemblies
	Assemblies
	keff Versus Insert Offset All 1.15 wt% 235U Rubble
	6-21 Analysis Input Models CASE7 and CASE7A: Axial Geometry
	Overpacks in the Canister Storage Building
	Overpacks in the Canister Storage Building
	Rods in Water

	Material Conserved
	6-26 k-infinity Versus Spacing Smaller Non-optimally Sized Rods
	Packaging Fraction =

	Multicanister Overpack
	Multicanister Overpack
	6-30 Maximum MCNP k-inf Versus Outside Diameter
	105-N Reactor Fuel Assembly Description
	N Reactor Mark IV Fuel Burnup Summary
	N Reactor Mark IA Fuel Burnup Summary
	the K Basins
	the K Basins
	theKWestBasin

	Summary of Weights and Center of Gravity Locations
	K Basin Spent Nuclear Fuel
	Radiolytic Heat Source Term
	Chemical Reaction Heat Source Term
	N Reactor Fuel Dimensions
	Transport Conditions
	Photon Source Term for the Multicanister Overpack
	Neutron Source Term for the Multicanister Overpack
	Energy Distribution of Neutrons from Fission Events
	Energy Distribution of Neutrons from a, n) Events
	Materials and Densities Used for Shielding
	Photon Dose Conversion Factors
	5-7 Neutron Flux to Dose Rate Conversion Factors
	5-8 Photon Dose Rates for a Multicanister Overpack with the Lid Off
	5-9 Photon Dose Rates for a Multicanister Overpack with the Lid On
	Description of N Reactor Fresh Fuel Elements
	Material Densities and Weight Fractions Used in Calculations
	Inventories Decayed to January
	12-1 Multicanister Overpack Temperature System Limits
	12-2 Mu1 ticanister Overpack Pressure Limits
	12-4 Multicanister Overpack Transient Limits
	13-1 Multicanister Overpack Component Safety Designation

