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waste, such as spent nuclear fuel. In one embodiment, the invention is a
method of storing high level radioactive waste comprising: a) positioning a
metal canister containing high level radioactive waste having a heat gener-
ation rate in a storage cavity of a ventilated system comprising a cask body,
a cask lid positioned atop the cask body, at least one outlet duct extending
from a top of the storage cavity to an ambient atmosphere, and a plurality
of inlet ducts, each of the inlet ducts extending from a first opening in the
outer surface of the cask body to a second opening in the inner surface of
the cask, body; and b) sealing selected ones of the plurality of inlet ducts
over time as a function of a decay of the heat generation rate to maintain
more a predetermined percentage of a vertical height of the metal canister
above a predetermined threshold temperature.
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METHOD FOR STORING RADIOACTIVE WASTE, AND SYSTEM FOR
IMPLEMENTING THE SAME

CROSS-REFERNCE TO RELATED PATENT APPLICATIONS

[0001] The present application claims the benefit of United States Provisional Patemt
Application Serial No. 617359251, filed November 14, 2011, the entirety of winch i

mcorporated herein by reference.
FIELD OF THE INVENTION

{0002} The present mvention relates generally to a system and method for stoving radivactive
waste, such as spent nuclear fuel andfor other ngh level radicactive waste, and specifically to a
ventilated storage system, such as an overpack system or vault, that is used i the nuclear
mdustry to provide physical protection andfor radiation shielding to canisters contaming

radioactive waste that generates heat.
BACKGROUND OF THE INVENTION

{0003} In the operation of nuclear reactors, it is customary to remove fuel assembhies after their
energy has been depleted down 10 a predeternmned level. Upon removal, this spent nuclear fuel
{“SNF”) 15 still highly radioactive and produces considerable heat, requiring that great care be
taken in Hs packaging, trapsporting, and storing. In order o protect the envionment from
radiation exposure, SNF is first placed in a canister, which 15 typically & hermetically sealed
canister that creates a confinement boundary about the SNF, The loaded canister is then
transported and stored m a large cvlindrical container called a cask, Generally, a transfer cask is
used to transport spent nuclear fuel from location to location while a storage cask is used to store
SNF for a determined period of time.

j0004] One tvpe of storage cask is a ventilated vertical overpack ("VVOU"). A VVO is a massive
structure made principally from steel and concrete and 1s used 1o store a camster loaded with
spent nuclear fuell VVOs come in both above-ground and below-grade versions. In using a
VYO to store SNF, a camister foaded with SNF is placed n the cavity of the body of the VVO.
Because the SNF is still producing a considerable amount of heat when it s placed in the VVO
for storage, it is necessary that this heat energy have a means o escape from the VVO cavity,

This heat energy 1s removed from the outside surface of the canister by ventilating the YVO
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cavity. In ventilating the VVO cavity, cool air enters the YVO chamber through air-inlet ducts,
flows upward past the loaded canister as it 1s warmed from the heat emanating from the canister,
and exits the VVO at an elevated temperature through air-outlet ducts. Such VVOs do not
require the nse of equipment to force the air flow through the VVQ. Rather, these VVOs are
passive cooling systems as they use a natural convective flow of air induced by the heated awr to
rise within the VVO (also know as the chimney effect).

[0005] While it is necessary that the VVO cavity be vented so that heat can escape from the
canister, 1 1s also muperative that the VVO provide adequate radiation shielding and that the SNF
not be directly exposed to the external environment. Beng that VVOs (and the canisters loaded
therein} are intended to be used as long term storage solutions Tor SNF, it is imperative that both
VVOs and the canisters exhibit a long life in which corrosion, cracking andior any type of

compronmuse of structural integrity 1s minmized and/or avoided eatirely.
SUMMARY OF THE INVENTION

[0006] Stress Corrosion Cracking (SCC) of stainless steel nuclear waste canisters and containers
in storage at costal sies with harsh marme environments i3 an important issue receiving
mereased industry and regulatory scrutiny.  The root causes of SCC are present to some degree
m all high level radioactive waste ("HLW™) storage and transport canisters: {1} sensitizabion
caused by heating; (i) stress; and (ii{) the presence of corrosive elements. Canister designers and
manufactures takes prevemtative measares to minimize the chance of SCC developing by
mamtaining  controlled  temperatures  during  welding  processes and  engineering  large
conservative marging into our canisters to keep stresses at a minimuom,

{0007}

[0008] Investigations on SCC have demonstrated that SCC has a strong dependence on the
surface temperanure of the stainless steel canister. The dependence on the surface temperature is
driven by the mechanism of deposit of airborne comtainments {e.g. chlorides) and subsequent
deliquesce of those containments on the stainless steel surface. A higher surface temperature
decreases the relative humidity of the air adjacent to the surface and prevents deliquesce the

contaminants and subsequent penetration into the stamless steed surface, a precursor for SCC.

[8009] The canister surface temperature of a ventilated storage svstem depends on the heat

generation rate of the camister contents and the overall heat rejection rate of the storage systom
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{r.e., heat transfer rate to the surrounding environment). Due to the high heat generation rates of
SNF during the first 20 vears of storage, SCC is not beheved to be a problem for canisters loaded
with SNF due to the surface temperature dependence on the deliquesce of the salt deposits that
may be carried by the cooling air in a marine environment. However, as the heat generation rate
of the SNF subsides due io radioactive decay processes, the camster sarface temperature will

decrease and, therefore, the canister may become prone to SCC.

{8010} In one embodiment, the invention can be g ventlated systern for storing high level
radivactive waste comprising: a cask body comprising an outer swface and an tnner sorface
forming a storage cavity for recetving high level radioactive waste; a cask hid positioned atop the
cask body and enclosing a top end of the storage cavity; at least one outlet duct extending from a
top of the storage cavity to an ambient atmosphere; a plusality of miet ducts, each of the inlet
ducts extending from a first opening in the outer surface of the cask body to a second opening
the inner surface of the cask body, the plurality of inlet ducts comprising a lowermost set of inlet
ducts and an uppermost set of let ducts; and wherein the second openings of the lowermost set
of air inlet ducts are located ai a first vertical distance from a bottom end of the cask body and
the second openings of the nppermost set of air indet ducts are located at a second vertical
distance from the bottom end of the cask body, the second vertical distance being greater than

the first vertical distance.

{0011} In another embodiment, the invention can be a ventilated system for storing high level
radioactive waste comprising: a cask body comprising a bottom end, a top end, an outer surface
and an ner surface, the mmer surface forming a storage cavity for receiving high level
radivactive waste, the cask body extendmng along a vertical axis from the bottom end to the top
end and having a vertical height measured from the bottom end of the cask body to the top end of
the cask body; a cask hd positioned atop the cask body and enclosing a top end of the storage
cavity; at least ome outlet duct extending from a top of the storage cavity 1o an ambient
atmosphere; a plarality of ndet ducts, each of the inlet ducts extending from a first opening wn the
outer surface of the cask body to a second opening in the mner surface of the cask body; the cask
body comprising & fower axial section and an upper axial section, wherein the lower axial section
is defined from the bottom end of the cask body to a vertical height of an uppermost one of the
second openings of the plurality of air inlet ducts, and wherein the upper axial section 1s defined

from the top end of the cask body to the vertical height of the uppermost one of the second

el
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openings of the plurality aw inlet ducts: a metal canister contaming high level radioactive waste
positioned within the storage cavity so that an annular gap exists between an outer surface of the
metal canister and the inner surface of the cask body, the annular gap forming a passageway
from the second openings of the plurality of the inlet ducts to the at least one outlet duct; the
second opemngs of the phaality of air inlet ducts arranged in a pattern on the nmer surface of the
cask body along the lower axial section; and wherein the pattern is configured and the vertical
height of the appermost one of the second openings s selected to maintain more than 90% of a
vertical height of the metal canister above a predetermined threshold temperature for a

predetermined heat generation rate of the high level radicactive waste.

[0012] In vet another embodiment, the invention can be a method of storing high level
radioactive waste comprising: a) posttioning a metal canister contamung high level radioactive
waste having & heat generation rate in a storage cavity of a ventilated system comprising a cask
body, a cask id positioned atop the cask body, at lzast one outlet duct extending from a top of
the storage cavity to an ambient atmosphere, and a plurality of inlet ducts, each of the nlet ducts
extending from a first opening m the owter surface of the cask body to a second opening i the
mner surface of the cask body; and b) sealing selected ones of the plarality of mlet ducts over
time as a function of a decay of the heat generation rate to maintain a predetermined percentage

of a vertical height of the metal canister above a predetermined threshold temperature.

j0013] Further areas of applicability of the present invention will become apparent from the
detailed description provided herenafter. It should be understood that the detailed description
and specific examples, while indicating the preferred embodiment of the invention, are imtended

for purposes of dlustration only and are not intended 1o limit the scope of the wvention.
BRIEF DESCRIPTION OF THE DRAWINGS

[8014] The present invention will become more fully understood from the detatled description
and the accompanying drawings, wherein;

[O015] Figure 1 s a perspective view of a prior art ventilated storage system;

[8016] Figure 2 is a graph of aiv temperature as a function of distance from the bottom end of
the cask body within the ventilated cask of the prior art ventilated storage system of FIG. 1 when
a canister loaded with high level radicactive waste having a heat load 5 positioned within the

ventilated cask;
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[817] Figure 3 is a graph of the temperature of the outer swrface of the canister as a function of
distance from the bottom end of the cask body when the canister is stored i the ventilated cask

of the prior art ventilated storage system of FIG. 11

[8018] Figure 4 iz a perspective view of a ventilated system according to an embodinient of the

present mvention;

{0019] Figure 3 1s perspective view of the bask body of the ventilated system of PG, 4 wherein
a portion of the outer metal shell is cut-away and the conorete fill has been removed from the

annuius to reveal the inlet docts; and

[0020] Figure 6 s a comparative graph of the temperature of the outer surface of a canster a3 a
function of distance from a bottom end of a cask body when stored in the ventilated system of

the present invention as opposed to beiug stored in the priov art venttlated cask of FIG. 1.
DETAILED DESCRIPTION OF THE DRAWINGS

{0021} The description of illusuative embodiments according to principles of the present
mvention is imended to be read in connection with the accompanying drawings, which are to be
considered part of the entire written description.  In the description of embodiments of the
tnvention disclosed heretn, any reference to direction or oriemtation is merely intended for
convenience of description and is not ntended in any way to limit the scope of the present

L

mvention,  Relative terms such as “lower,” “upper.” “horizontal,” “vertical,” “above,” “below”
“up,” “down,” “top” and “bottom” as well as denvatives thereof {e.g. “honzontally,”
“downwardly,” “upwardly,” etc.) should be construed to refer to the orientation as then described
or as shown in the drawing under discussion. These relative terms are for convenience of
description only and do not require that the apparatus be constructed or operated in a particular
orientation unless expheitly indicated as such.  Terms such as “attached,” “atfixed”
“connected,” “coupled,” “interconnected,” and similar refer to a relationship wheremny structures
are secured or attached to one another either directly or indirectly through intervening structures,
as well as both movable or ngid attachments or relationshups, unless expressly described
otherwise. Moreover, the features and henefits of the mvention are iHustrated by reference to the
exemplified embodiments. Accordingly, the mnvention expressly should not be limited to such

exemplary embodiments Hustrating some possible non-limiting combination of featares that

¥
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may exist alone or y other combunations of features; the scope of the invention beinyg defined by
the claims appended hereto.

0022} Referring to FIG. 1, a prior ant venttlated system 1 is shown,  The prior art ventilated
system 1 comprises ventilated cask 10 that comprises a cylindrical cask body 11 and a cask hid
12. The cylindrical cask body 11 comprises a set of air inlet ducts 13 near ity botiom and a set of
air outlet docts 14 near its top. A dry storage canister 20 contaming decaving spent nuclear fuel
stands upright mside the VVO 10 with a small diametral clearance, in the form an annular gap
15, being formed between an inner surface of the cyhindrical cask body 12 of the VVO 10 and
the outer surface 21 of the canister 200 The outer surface 21 of the canister 20 becomes heated
due to the thermal energy being generated by the spent nuclear fuel sealed in the canister 20,
The heat outer surface 21 causes the surrounding air column to heat and rise, resulting in a
continuous natural convective ventilation action. The cold air entering the air inlet ducts 14 at the
bottom of the cylindrical cask body 12 18 progressively heated as it rises in the annular gap 15,
reaching #s maximum value as st exits the cylindnical cask body 12,

{0023} The metal temperature of the canister 20 {which is typically made of austenitic stainless
steel} hikewise increases with increasing height (e, vertical distance from the bottom of the
camister 203, mwore rapidly m the bottom half of the camster 20 where the AT between the air
temperatore and the camister temperature is larger than the top half where the AT between the air
temperatire and the canister temperature is less. A larger AT draws results n the heat of the
canister 20 betny drawn out and away more vigorously., Referrmg to FIGS. 2 and 3, typical aw
and canister temperatures, as a function of canister height, are graphed for the prior art ventilated
systern 1 {@ a 28,74 kW heat load (of the spent nuclesr fuel} and a 26.6 *C temperature for the
ambient cooling air using an axisynunetric model in the computer code FLUENT. As FIG. 3
shows, the surface temperature of the canister 15 within 90 °C of the ambient air temperature at a
reference of 26.6 °C for approximately 10.4% of its height.

{0024} The region where the canister surface temperature is within the range of 90 °C above the
ambient temperature has been identifted by research as a potential “vulnerable zone” to SCC,
espectally 1 marine environments. This is particolarly troe of weld seams and heat affected
zones i the candster's confinement boundary. Thus, weld seams in canisters of ISFSIs located at
coastal sites, ie., those on the Adantic and Pacific coasts, are especially vulnerable to SCC.

Moreover, as the spent nuclear fuel decavs with the passage of time, the emitted heat generation

6
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rate drops as well, which puts more and move of the canister surface i the “vulnerable zone”

{1.e., within 90 “C of the ambient air temperature). This potential degradation of the canister's

confinement boundary is inconsistent with the evolving policy to extend the service hife of
ISFSis by many decades.

[0025] Referning now to FIGS. 4-6 concurrently, a ventilated storage system 1008 according to
an embodiment of the present invention is Ulustrated. The ventilated storage system 1000, The
ventilated storage system 1000 is a vertical, ventilated, dry, SNF storage overpack that is fully
compatible with 1000 ton and 125 ton transfer casks for spent fuel canister transfer operations.
The ventilated cask 50 can, of course, be modified and/or designed to be compatible with any
size or style of transfer cask. Moreover, while the ventilated storage system 1000 is discussed
herein as being used to store SNF, it is to be understood that the invention 1s not so limited and
that, in certain cucomstances, the ventilated storage system 1000 can be used to store other
forms of radicactive waste that is enutiing a heat load, such as any high level radioactive waste.

{0026] The ventilated stovage system 1000 generally comprises a hermetically sealed metal
canister 200 and a ventilated cask 600. The canister 200 forms a fluidic containment boundary
about the SNF loaded therein. Thus, the camster 200 can be considered a bermetically sealed
pressure vessel. The camster 200, however, is thenmally conductive so that heat generated by the
SNF foaded therein is conducted to its outer surface where it can be removed by convection. In
one embodiment, the camster 200 is formed of a stainless steel due to ils corrosion resistant
nature, In other embodiments, the canister 200 can be formed of other metals or metal alloys.
Suitable camisters mchude muoli-purpose camisters ("MPCS™) and, m certain mstances, can
tnclude thermatlly conductive casks that are hermetically sealed for the dry storage of high level
radicactive waste. Typically, such camisters comprise a honeveomb basket, or other structure,
positioned therein to accommodate a plurality of SNF rods in spaced relation. In one
embodiment, the canister 200 15 an MPC that is configured to achieve an internal natural cyclical
thermosiphon flow within the internal volume of the canister 200. An example of one such MPC
1§ disclosed in US. Pat. No, 5,898,747, 1ssued to Singh on April 27, 1999, the entirety of which
18 hereby incorporated by reference.  Another MPC that 18 partcularly suited for uge in the
ventilated storage system 1000 is disclosed in ULS. Par. No. 8,135,107, issued to Singh et al. on

March 13, 2012, the entirety of which is hereby mncorporated by reference.

-~}
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{08271 The ventilated cask 600 is designed to accept the canister 200, The ventilated cask 600,
m the exemphiied embodiment, 1s in the style of a ventilated vertical overpack ("VVO™} and
comprises a cask body 601 and a cask hid 602, However, in other embodiments, the ventilated
cask 600 can 1ake on a wide vartety of structures, including any type of structure that is used 1o
house the canister and provide adequate radiation shielding for the SNF loaded within the
canister.

{0028] The ventilated cask 600 generally comprises a cask body 601 and a cask lid 602
postiioned atop the cask body 601, The cask body 601 comprises an outer swrface 603 and an
mnner surface 604 that forms a storage cavity 605 for receiving high level radicactive waste,
which is in the exemplified embodiment i3 contained within the canister 200, The cask hid is
positioned atop the cask bodv 601 10 encloses a top end of the storage cavity 605, In the
exempiified embodiment, the cask body 601 comprises an inner metal shell 606 and an ounter
metal shell 607 circumferentially surrounding the mner metal shell 600 so that an annulus 608 i3
formed therebetween.  As discussed in greater detail below, the amnulus 608 15 filled with
concrete 609 {or another gamma radiation absorbing material). The cask body 601 further
comprises a metal baseplate 610 and an annular top plate 611 that are connected to the bottom
and top edges of the inner and outer metal shells 606, 607 respectively. In one embodiment,
each of the inner metal shell 606, the outer metal shell 607, the metal baseplate 610 and the
annular top plate 611 are formed of a steel, such as carbon steel or stainless steel.

{6029] The cask body 600 is & rugged, hegvy-walled ovlindrical vessel. The main stroctural
function of the cask body 600 15 provided by s steel components while the mam radiation
shielding function is provided by the annular concrete mass 609, The plain concrete mass 609
between the mner and ouvter metal steel shells 606, 607 18 specified to provide the necessary
shielding properties {dry density} and compressive strength for the ventilated storage system
1000. The principal function of the concrete mass 609 is to provide shielding against gamma and
neutron radiation.

{0030] The cask body 602 extends along a longitudinal axis A-A from g bottom end 614 to a top
end 613, In the exemphiied ersbodiment, the longitudinal axis A-A is vertically ontented. The
cask body has a vertical height Vg measured from the bottom end 614 to the top end 615, The
storage cavity 605, in the exemplified embodiment, has a transverse cross-sectional that

accominodates no more than one of the canister 200, When the canister 200 containing high
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level radivactive waste is posmtioned within the storage cavilty 685, an annular gap 616 exists
between an oater surface 201 of the canister 200 and the inner surface 604 of the cask body 601.
As will be discussed in greater detail below, the annular gap 616 forms a vertical aanular
passageway from the plorality of the inlet ducts to the outlet ducts so that natural convective
cooling of the camister 200 can be achieved.

{0031] The cask Hd 602 is a weldment of steel plates 612 filled with a plain concrete mass 613
that provides nestron and gamuma attenuation to minimize skyshine. The cask hid 602 is
removably secared 1o the top end 615 of the cask body 601, When secured to the cask body 601,
surface contact between the cask Hd 602 and the cask body 601 forms a hd-to-body interface.
The cask lid 601 is preferably non-fixedly secured to the cask body 601 and encloses the top end
of the storage cavity 10 formed by the cask body 601.

{0032} The venulated cask 600 further compnses a plurality of outlet ducts 617 extending from
a top 618 of the storage cavity 005 to an ambient atmosphere 7000 In the exemplified
embodiment, the plurality of outlet ducts 617 are formed i the cask hid 662, However, in
alternate embodiments, the plurality of outlet ducts 617 can be formed in the cask body 301, The
plurality of outlet ducts 617 allow heated air that rises within the annular gap 616 and gather
within the top 618 of the storage cavity 603 to exit the ventilates cask 600,

{0033} The ventilated cask 600 further comprises a plurality of inlet ducts 619A-D. Each of the
mlet ducts 619-A-D) extend from a first opening 620A-D in the outer surface 603 of the cask
bady 601 10 a second opening 621A-D in the inner surface 604 of the cask body 601, In the
exemplified embodiment, the phuality of mlet ducts 619A-D comprise an uppermost set of inlet
ducts 6194, a first middle set of inlet ducts 6198, a second middie set of inlet ducts 619C, and a
lowermost set of inlet ducts 6198, In certam other emboduments, more or less sets of miet ducts
can be used as desired.  As shown in FIG. 3, the second openings 621D of the lowermost set of
air infet ducts 619D are located at a Hirst vertical distance 'V from the bottom end 614 of the cask
body 61. The second openings 621A of the uppermost set of air inlet ducts 6194 are located at a
second vertical distance V; from the bottom end 614 of the cask body 601, The second openings
621C of the first middle set of indet ducts 619C are at a third vertical distance Vi from the bottom
end 614 of the cask body 601, The second openings 621B of the second middle set of miet ducts
6198 are at a fourth vertical distance ¥y from the bottom end 614 of the cask body 601, The

second vertical distance Va is greater than the first vertical distance V. The third vertical

9
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distance Vs is greater than the first vertical distance Vi and less than the second vertical distance
Vi The fourth vertical distance V18 greater than the third vertical distance V; and less than the
second vertical distance V;. In certain embodiments, the second vertical height Vs is equal to or
less than 50% of the vertical height Vy of the cask body 601, In another embodiment, the second
height Vi is greater than or equal to 20% of the vertical height Vi of the cask body 601, In still
another embodiment, the second vertical beight Vs is in a range of 20% to 50% of the vertical
height Vi of the cask body 601.

0034} The plurality of mlet ducts 619A-D are metal tubes that are located within the annulus
608 and extend between the first openings 620A-D, which are formed in the ouoter metal shell
607, and the second openings 621A-D, which are formed n the inner metal shell 606, The
remaining volume of the annulus 608 15 filled with concrete and, thus, the phaality of inlet ducts
619A-D are embedded in the concrete 609

{00358} Each of the plurality of inlet ducts 619A-D forms g tortuous path through the cask body
601 such that a bne of sight does not exast from the storage cavity 605 {0 ontside 700 of the cask
body 601, Thus, radiation cannot escape through the indet ducts 619A-D despite bemng at the
same height as the canister 200, As can best be seen in FIG. 6, each of the plorality of mlet vents
619A-D is independent and distinet from all other ones of the plurality of mlet vents 619A-D
along the entire length thereof.

[0036] The second openings 621A-D of all of the sets of mlet ducts 619A-D are
circamferentially arranged about the longitudingl axis A-A of the cask body 601 {which is also
the longitadinal axis A-A of the storage cavity 60351 in an equi-spaced symmenic manner,
Moreover, in the exemplified embodiment, the second openings 621A-D of il of the sets of inlet
ducts 619A-D are also in vertical alignment each other in colunns.  In other embodiments, the
second openings 621A-D of all of the sets of inlet ducts 619A-D can be vertically offset from set
to set. In con embodiment, each of the sets of inlet ducts 619A-D comprises at least six of the
inlet ducts. In another embodiment, each of the sets of mnlet ducts 619A-D comprises at least
eight of the mlet ducts. In other embodunents, each of the sets of inlet ducts 619A-D may
melude more or less inlet ducts. Moreover, in one embodiment, the number of milet ducls may
vary between the sets of mnlet ducts 619A-D.

[0837] The lowermost set of inlet ducts 619D collectively have a first effective cross-sectional

area. The uppenmost set of inlet ducts 619A collectively have a second effective cross-sectional
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area. In ope embodiment, the second effective cross-sectional area is yreater than the first
effective cross-sectional area. In other embodiments, the first middle set of mlet ducts 619C
collectively have a third effective cross-sectional area while the second middle set of inlet ducts
6198 collectively have a fourth effective cross-sectional area. In one embodiment, each of the
third and fourth effective cross-sectional areas 1s greater than the first effective cross-sectional
area. In another embodiment, each of the second, third and fourth effective cross-sectional areas
arc substantially equal to one another and greater than the first effective cross-sectional areg
0038} The second openings 621A-D of the plurabity of inlet ducts 619A-D are arranged in a
pattern on the mner surface 604 of the cask body 601, As will be described in greater detail
below, this pattern and the second vertical distance V: are selected o maintain more than 90% of
the vertical height Ve of the metal canister above a predetermined threshold temperatwee at a
predetermined heat generation rate of the high level radicactive waste stored therem. The
vertical height Vi of the canister 200 is measured from a bottom end 202 of the canister to a top
end 203 of the canister 200.

{8039} In the exemplified embodiment, the second openings 621A-D are arranged m a pattern of
horizontally aligned rows and vertically aligned columas.  In cerfain other enmbodiments,
however, the second openings 621A-D are arranged in a pattern that does not include distinet
sets of the second openings 621A-D (or sets of the inlet ducts 619A-D}. In one such pattem, the
second openings 621A-1) are arranged in a horizontally and vertically staggered manner.

{8040] The cask body 601, in certain ewbodiments, can be conceptually divided into a lower
axial section AL and an upper axial section AUl The lower axial section AL 15 defined from the
bottom end 614 of the cask body 601 to the vertical height of an uppermost one of the second
openings 621A-D of the plurality of air nlet docts 619A-D. Thus. all of the second openings
621A-D of the plurality of air infet ducts 619A-D will be located in the lower axial section AL.
The upper axial section AU is defined from the top end 615 of the cask body 601 to the vertical
height of the uppermost one of the second openings 621 A-D of the plurality air mlet ducts 619A-
D. Thus, the upper axial section AU 15 free of the second openings 621A-D of the plurahity of air
mlet docts 619A-D.

{0041 In such an embodiment, the pattern of the second openings 621A-D is configured and the
vertical height of the uppermost one of the second openings 621A-D is selected to maintain more

than 90% of a vertical height of the metal canister 200 above a predetermumed threshold
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temperature for a predetermined heat generation rate of the high level radicactive waste. In
another embodiment, the pattern of the second openings 621A-D 1s configured and the vertical
height of the uppermost one of the second openings 621A-D is selected to maintain more than
93% of the vertical height of the metal camster 200 gbove the predetermined threshold
temperatare for the predetermined heat generation rate of the high level radicactive waste. In
even another embodiment, the pattern of the second openings 621A-D is configured and the
vertical height of the uppermost one of the second openings 621 A-D is selected to maintain more
than 97% of the vertical height of the metal canister 200 above the predetermined threshold
temperatare for the predetermined heat generation rate of the high level radioactive waste.

[0042] In one embodiment, the predetermined threshold temperature is the swm of an ambient
air temperature outside 7000 of the ventilated cask 600 and a positive temperature value, In one
embodiment, the positive temperature value 18 equal to or greater than about 90 degrees Celsios
1o prevent SCC.

{0043} The ventilated system 100 can hwther comprises a plurality of plugs detachably coupled
to the cask to body 601 to seal the plurality of inlet ducts 619A-D 1o accommodate for decay of
the heat generation rate of the high level radicactive waste.

[8044] As set forth above, the cask body 601 comprises a large nuwmber of small
circumferentially and vertically distributed inlet ducts 619-A-D. The inlet ducts 619A-D are
suffictently small and curved so that they don't pernut radiation streaming. The inlet ducts
G19A-D are located in the bottom halt of the cask body 601 while the putlet ductis) 617 is/are
located i the top regron as of the ventilated cask 600, The new configuration of the inlet ducts
619A-D reduces the air flow in the bottom region of the storage cavity 605, causing the metal
surface temperature of the canister 200 to become elevated. In addition, air isolator channels
{AICs) can be used to shield the weld seams of the canister 200 and the adjacent heat affected
zones from the cooling sction of flowing ventilation air. The AICs can be made of spring steel
connected o the cask body 601, The combined effect of the AICs and the distributed air mlets
619-A-D is to elevate the surface temperature of the most SCC prone portions of the canister 200
out of the valnerable range ("the Vezone”).

{0045] Finally, as the heat emission rate in the high level radioactive waste within the canister
200 decreases, the small inlet ducts 619A-D can be cappedisealed so that the canister sarface 201

temperature 15 maintained above the V-zone {ig., above the predetermined threshold
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temperatwre). In cold conditions and after many vears of decay, it is entirely concetvable that all
mlet vents 619A-B are capped, and even the outlet veni(s) 617 are capped. After the need for
ventilation no longer exists, it nmay be prudent to fill the annulus gap 616 with mert gas {say,
nitrogen) to permanently banish the specter of SCC and hermetically seal the storage cavity 605,
[0046] To evaluate effectiveness of the enhanced design, the cask body 601 1s modified for a
representative case wherein the bottom ducts area is distsibuted to inlet ducts placed at four
elevations O ft, 4.8 ft, 6.8 fi and 88 ff in the ratio of 1:3:3:3. The meodified cask body 601 is
analyzed using the FLUENT axisymmetnic model at the same conditions as the prior art
ventilated svstem of FIG. 1 (28.74 kW heat load and 26.6 deg. C ambient temperatore). The
canister axial temperature profile is shown in FIG. ¢ for the ventilation svstem 1000 of the
present invention with the profile for the poor ant ventilated svstem 1 supenimposed for
comparison purpose. The resulis show the following: (1) the present invention works as intended
by raising the temperature of the cold bottom end of the canister substantially; (2} the distributed
design of the inlets 619A-D greatly diminishes the SCC prone length {the affected length 15
reduced from 10.4% to 2.4%); and (3) the maximum shell temperatures reached i the upper
region of the camster 200 are essentially wdentical (this provides reasonable assurance that fuel
temperatures inside the canister 200 are not affected by the distributed design of the nlets ducys
§19A-D).

{0047] When the camster 200 1s loaded with SNF and positioned within the storage cavity 603,
heat generated by the SNF within the canister 200 conducts to the outer surface 201 of the
canister 200, This heat then warms the aw located within the annalar gap 616, As a result of
being heated, this warmed air rises within the annular gap 616 and eventually exits the ventilated
cask 600 via the outlet ducts 617 as heated anr. Due to a thermosiphon effect created by the
exiting heated air, cool air 1s drawn into the inlet ducts 018A-I. This cool air flows through the
et ducts 619A-D and s the drawn upward into the annolar gap 616 where it becomes heated
and begins to rise, thereby creating a continuous cycle, known as the chimney-effect. Thus, the
heat generated by the SNF within the canister 200 causes a natural convective flow of alr through
a ventilation passageway of the ventlated cask 600, In the exemplified embodiment, the
ventilation passageway is collectively formed by the inlet ducts 6192A-D, the annular gap 616
and the outlet ducts 617, In the exemplified embodiment, the ventilated cask 600 is free of

forced cooling equipment, such as blowers and closed-loop cooling systems, The rate of air flow
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through the ventilation passageway of the ventilated cask 600 is governed, in part, by the heat
generation rate of the SNF within the canister 200 and the number of inlet ventilation ducts
619A-D that are open.

[0048] In accordance with a method of the present invention, the metal canister 200 containing
high level radioactive waste having a heat generation rate i3 positioned i the storage cavity 603
The cask lid 602 is positioned atop the cask body 601, As time passes, the heat generation rate
of the high level radioactive waste decreases. Thus, in order to keep the outer surface 201 of the
camister above the desired SCC threshold, selected ones of the plurality of inlet ducts 619A-B are
sealed over time as a function of the decay of the heat generation rate to maintain a
predetermined percentage of a vertical height of the metal canister 200 above a predeternined
threshold temperature.  Sealing of selected ones of the plurality of inlet ducts 619A-B reduces
the natural convective flow rate of air throagh the storage cavity 603, In one embodiment, a first
set of the plurality of inlet ducts are sealed at a first point in time. In one example, the first set of
the phurality of mlet dacts can be the lowermost ventilation ducts 6191, As the heat generation
rate of the high level radicactive waste continues to decrease, it will become necessary to further
reduce the convective air flow thwough the ventilated cask 600. Thas, at a second later point 1o
time, a second set of the plurality of inlet ducts are sealed. which can be the second middle set of
inlet ducts 619C. In one embodiment, sealing of the mnlet ducts continues and the inlet ducts
619A-D are sealed in sets moving upward from the bottom end 614 as time passes

[8049] According to the present invention, 1t can be seen that utiizing a plurality of inlet vents
619A-D that are decreased in size and spread out (as compared to prior art ventilated cask 1) so
as to introduce cool ar nto the storage cavity 605 over an increased height of the camster 200
results i an increased portion of the outer swrface 201 of the canister 200 remaining above the
SCC threshold temperature for an mereased period of time. Thus, the dangers associated with
SCC are mininuized.

100501 As used throughout, ranges are used as shorthand for describing each and every value
that is within the range. Any value within the range can be selected as the terminus of the range.
in addition, all references cited herein are hereby incorporated by referenced m their entireties.
in the event of a conflict in a definition in the presem disclosure and that of a cited reference, the

present disclosure controls.
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CLAIMS
What is claimed is:
Lo A ventilated system for storing high level radicactive waste comprising:

a cask body comprising an outer surface and an inner surface forming a storage cavity for

recetving fugh level radioactive waste;
a cask lid positioned atop the cask body and enclosing a top end of the storage cavity;

at least one outlet duct extending from a fop of the storage cavity to an ambient

atmosphere;

a plurality of inlet ducts, each of the inlet ducts extending from a first opening in the
outer surface of the cask body to a second opening i the mner surface of the cask body, the
plurality of inlet ducts comprising 8 lowermost set of inlet ducts and an uppermost set of inlet

ducts; and

wherein the second openings of the lowermost set of aiv milet ducts arve located at a first
vertical distance from a bottom end of the cask body and the second opemings of the uppermost
set of air ialet ducts are located at a second vertical distance from the bottom end of the cask

body, the second vertical distance being greater than the fivst vertical distance.

2. The ventilated system accordmg to claim 1 wherein the second openings of both the
appermost set of inlet ducts and the lowermost set of miet ducts are circumierentially arranged

about a longitudinal axis of the storage cavity in an equi-spaced symmetric manner.

3. The ventilated svsteny according  anv ong of claims 1 10 2 wherein the second openings of
the uppermost set of inlet ducts are in vertical alignment with the second openings of the

lowermost set of inlet ducts.

4. The ventilated system according to any one of claims 1 to 3 wherein each of the lowermost

and uppermost sets of inlets ducts comprises at least six of the mlet ducts.

fa
Lh
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5. The venttlated system according to anv one of claims 1 to 4 wherein the plurality of inlet
ducts comprises a first middle set of inlet ducts, wherein the second opemngs of the first nuddle
set of inlet ducts are at a third vertical distance from the bottom end of the cask body, the third
vertical distance being greater than the first vertical distance and less than the second vertical

distance,

6. The ventilated system according clanm 5§ wherein the plurality of inlet ducts comprises a
second middle set of inlet dacts, wherein the second openings of the second muddle set of nlet
ducts are at a fourth vertical distance from the bottom end of the cask body, the fourth vertical

distance being greater than the third vertical distance and less than the second vertical distance.

7. The ventilated system according to any one of claims 1 to § wherein cask body has a vertical
height measured from the bottom end of the cask bedy to a top eand of the cask body, and

wherein the second height 1s equal to or less than 50% of the vertical height of the cask body.

8. The venulated system according to claim 7 wherein the second height is greater than or equal

o 20% of the vertical height of the cask body.

9. The ventilated svstenm according to any one of claims 1 to 8 wherein the cask body comprises
an inner metal shell and an outer metal shell circamferentially sarrounding the inner metal shell
so that an anmudus is formed therebetween, and wherein the phurality of miet ducts comprise
metal tubes located within the annulus and extending between the first openings which are
formed 1wy the outer metal shell and the second operings which are formed m the tiner metal

shell, and wherein g remaining volume of the annulus is filled with conerete.

16
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Hi. The ventilated system according to any one of claims | o 9 wherein each of the plurality of
mlet docts forms a tortuous path through the cask body such that a hine of sight does not exist

from the storage cavity to outside of the cask body.

11, The ventilated system according to any one of clams 1 1o 10 wherem cach of the plurality of
inlet vents is independent and distinct from all other ones of the plurality of inlet vents along an

entire length thereof.

12, The ventilated system according to any one of claims 1 to 10 wherein the lowermost set of
inlet ducts have a first effective cross-sectional area and the uppermost set of inlet ducts have a
second effective cross-sectional area, and wherein the second effective cross-sectional area is

greater than the first effective cross-sectional area.

13, The ventlated svsten according to any ong of ¢laims 1 to 12 further comprising a plurality

of plugs detachably coupled to the cask to body to seal the plorality of nler ducts.

14, The ventilated system according to any one of claims 1 to 13 further comprising a
hermetically sealed metal canister containing high level radioactive waste, the metal canister
positioned within the storage cavity so that an annular gap exists between an outer surface of the
metal canister and the nner surface of the cask body, the annular gap forming a passageway

from the second openings of the plurality of the inlet ducts to the at least one outlet dact.

13, The ventilated system according to claim 14 wherein the second openings of the plurality of
inlet ducts ave arranged m a pattern on the jmner surface of the cask body, and wherein the
pattern and the second vertical distance are configured to mamtain more than 20% of a vertical
height of the metal canister above a predetermined threshold temperature at g predeternined heat

generation rate of the high level radioactive waste.

-
o |
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16, A ventilated system for storing high level radivactive waste comprising

a cask body comprising a bottom end, @ top end, an outer surtace and an inner surface,
the mner surface forming a storage cavity for recerving high level radicactive waste, the cask
body extending along a vertical axis from the bottom end to the top end and having a vertical

height measured from the bottom end of the cask body to the 1op end of the cask body;
a cask Hid positioned atop the cask body and enclosing a top end of the storage cavity,

at least one outlet duct extending from a top of the storage cavity to an ambient

atmosphere;

a plurality of inlet ducts, each of the inlet ducts extending from a first opening n the

outer surface of the cask body to a second opening in the inner surface of the cask body;

the cask body comprising a lower axial section and an upper axial section, wherein the
lower axial section is defined from the bottom end of the cask bedy to a vertical height of an
upperniost one of the second openings of the plurabity of air inlet ducts, and wherem the upper
axial section is defined from the top end of the cask body to the vertical height of the uppermost

one of the second openings of the plurality air inlet docts;

a metal canister contamning high level radioactive waste positioned within the storage
cavity so that an annular gap exasts between an outer surface of the wetal canister and the inner
surface of the cask body, the annular gap forming a passageway from the second openings of the

plurality of the inlet ducts to the at least one outlet duci;

the second openings of the plurality of air inlet docts arranged in a pattern on the inner

surface of the cask bodyv along the lower axial section; and

wherein the pattern is configurad and the ventical bheight of the uppermost one of the
second openings is selected to mamntain more than 90% of a vertical height of the metal canister
above a predetermined threshold temperature for a predetermined heat generation rate of the high

level radioactive waste.

17.  The ventilated system according to claim 16 wherein the predetermined threshold

temperatare 15 the sum of an ambient air temperature and a positive temperature value.
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18, The ventilated system according to claim 17 wherein the positive temperature value is equal

to or greater than about 90 degrees Celstus.

19. The ventdated system according to any one of claims 16 1o 18 wherein the pattern is
configured and the vertical height of the uppermost one of the second openings is selected 1o
mamntain wore than 95% of the vertical beight of the metal canister above the predetermined
threshold temperature for the predetermined heat generation rate of the high level radioactive

waste,

20, A method of storing high level radioactive waste comprising:

a) positioping a metal canister containing high level radivactive waste having a heat
goneration rate in a storage cavity of a ventilated system comprising a cask body, » cask lid
posittoned atop the cask body, at least one outlet duct extending from a top of the storage cavity
to an ambient atmosphere, and a plurality of inlet ducts, each of the inlet ducts extending from a
first opening in the outer surface of the cask body to a second opening m the inner surface of the

cask body; and

b} sealing selected ones of the plurality of inlet docts over tine as a fuaction of a decay of
the heat generation rate to maintain a predetenmined percentage of a vertical height of the metal

canister above a predetermined threshold teraperatore.

21. The method according to claim 20 wherein said sealing of selected oney of the plurality of

inlet ducts reduces the natural convective flow rate of air through the storage cavity.

22, The method gccordmg to any one of claims 20 o 21 wherein the predetermined percentage

is greater than 90%.

23, The method according 1o claim 22 wherem the predetermined percentage is greater than

19



WO 2013/115881 PCT/US2012/065117

24, The method according to any one of claims 16 to 23 wherein the predetermined thresheld

temperature is the sum of an ambient air temperatare and a positive temperature value.

25, The method according to claim 24 wheremn the positive temperature vahse is equal to or

greater than about 90 degrees Celsius.

25, The method according to claim 24 wherein the posthive temperature value i equal to or

greater than about 90 degrees Celsius.

26, The wethod according to any oue of claims 16 to 25 wherein the predetermined threshold

temperature 1§ a stress crack corrosion threshold.

27, The method of according to any one of claims 16 to 26 wherein step b) comprises:

h-1} seahing a first set of the plurality of et ducts at g first time, the first set of the

plarality of inlet ducts located at a Birst vertical height above a bottom end of the cask body; and

b-2) sealing a second set of the plurality of inlet ducts at a second time that is subsequent
to the first time, the first set of the plusality of inlet ducts located at a second vertical height
above the bottom end of the cask body, wherein the second vertical hejght is greater than the first

vertical height.
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