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ABSTRACT

Conceptual designs are presented utilizing the Barnwell Nuclear Fuel
Plant for the dry interim storage of spent light water reactor fuel.
Studies were conducted to determine feasible approaches to storing spent
fuel by methods other than wet pool storage. Fuel that has had an
opportunity to cool for several years, or more, after discharge from a
. reactor 1s especially adaptable to dry storage since its thermal load: is
greatly reduced compared to the thermal load immediately following
discharge. A thermal analysis was performed to help in determining the
feasibility of various spent fuel dry storage concepts. Methods to
reject the heat from dry storage are briefly discussed, which include
both active and passive cooling systems. The storage modes reviewed
include above and below ground caisson-type storage facilities and
numerous variations of vault, or hot cell-type, storage facilities.
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1.0 INTRODUCTION

Two policy decisions made by President Carter in 1977 have had a major
impact on the storage and processing of spent nuclear fuel assemblies:

+ On April 7, the reprocessing of spent fuel from commercial reactors
was indefinitely deferred. ‘

« On October 18, the Federal Government offered to take title to spent
reactor fuel. '

These policy changes stopped commercial development of reprocessing,
and, as a result, currently available spent fuel storage space (utility
storage pools) will be filled within a few years, as reactors continue
to discharge spent fuel. . Additional near—-term storage capacity can be
provided by modifying commercial spent fuel storage basins, such as
installing closely spaced storage racks, but by the mid-1980's, some
basins will have inadequate capacity to handle the fuel being
discharged.(l)' "Additional storage could be provided by either an
Away-From-Reactor (AFR) storage facility or a disposal facility.

Studies previously conducted by Allied-General Nuclear Services (AGNS)
have already addressed converting the Barnwell Nuclear Fuel Plant (BNFP)
to an AFR underwater storage facility.(z) This report will address ‘the
feasibility of converting the BNFP to an AFR dry storage facility for
the interim storage of spent nuclear fuel. -

There are potentially at least four general concepts for dry storage of
spent fuel from light water reactors (LWR): (1) a new Federal
repository, (2) storage at existing facilities within the United States,
(3) conceptualized vault storage, and (4) conceptualized caisson
storage.\”»

Repository storage would entail placing LWR spent fuel directly into
geologic burial for permanent disposal (although a 10- to 50-year
retrieval duration would probably be engineered into the repository
design). The repository could be located in underground formations of
salt, basalt, granite, shale, or some other stable geologic media. This
repository is envisaged to be owned and regulated by the Federal Govern-
ment and would be similar to those proposed for New Mexico (WIPP-salt
media), Washington (BWIP-basalt media), and Nevada (NNWSI-tuff, granite,
and shale media). It is estimated that the first govermment repository
will not be on-line until at least 1990.* Since a resolution of the
disposition of LWR fuel needs to be made prior to 1990, near-term stor-
age in a Federal repository is not a viable solution. Repository
storage will not be discussed any further in this report.

*In February of 1980, President Carter established a comprehensive
radioactive waste management program that set the goals of a repository
site selection by aboul 19835 and an operating facility by about 1995.

o



The secbnd means considered for storage of spent fuel is utilization of
existing facilities, i.e., facilities throughout the United States.

Storage facilities outside the United States have been excluded from .

this study. Existing sites, generally nuclear production facilities and
laboratories operated by the Federal Government, include hot cells,
vaults, production canyons, and decommissioned pools. Essentially, the
storage mode in these existing facilities are all variations of the
vault and caisson storage modes discussed in this report. The use of
existing facilities could be valuable from a timing standpoint, i.e.,
they could be modified to accept LWR spent fuel faster than building new
dedicated facilities.

This report deals with various vault and caisson concepts and appli-
cations of existing BNFP facilities for the dry storage of spent fuel.
Each concept is presented separately; and in the case of the caisson
concepts, it is assumed that each caisson contains the equivalent of one
intact fuel assembly or up to four assemblies that have been compacted
by disassembly. Some of the concepts for heat removal could be com-
bined. For instance, cooling fins and forced convection cooling could
be combined in a vault, or heat pipe cooling and natural convection
could be combined in caisson storage. There are many such combinations;
but to simplify the discussion, only the basic concepts are discussed
individually. Likewise, caissons could probably store more than one to
four fuel assemblies (becoming mini-vaults) but this has not been
addressed.



2.0 METHODOLOGY

The objective of this study was to review ways to. store LWR spent fuel
in a dry enviromment, and specifically how BNFP could be utilized to
meet this objective. The following steps were performed to accomplish
the above objective:

+ A literature search was performed to procure information coﬁcerning
the dry storage of spent fuel.

« Criteria and design bases were established to assist in determining
the feasibility of the various concepts and also in comparing one
concept with another.

+ The BNFP was analyzed for all possible facilities or sites that could
"~ be used for spent fuel dry storage.

*+ Design concepts were developed in general, and for specific applica-
tions to the BNFP site. o

. ‘Conceptual drawings were prepared illustrating the various dry
storage concepts.

. + Comparisons were made among the concepts, and about half of the
o potential sites at ’BNFP were rejected from further consideration.

- Thermal and shielding analyses were performed on vault and caisson
’ storage concepts.

'+ This, report was written dOCumenting the findings of the spent fuel
dry storage studies.
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3.0 DESIGN BASES

‘The LWR spent fuel characteristics used for dry storage analyses are
shown in Table 2-1. It 1is assumed that the dry storage capacity is
2000 MTU unless physical constraints of the concepts and existing
facilities under review limit this capacity to a lesser amount. Fuel
receipt and retrieval rate is assumed to be 5 MTU per day over
300 operating days per year. The remainder of the calendar year may be
used for repairs, maintenance, testing, and similar necessary opera-
tions. For purposes of this report it is assumed that reprocessing of
spent fuel would never be permitted at BNFP and, therefore, any of the
existing facilities could be used, or modified for use, for interim dry
spent fuel storage.

The fuel content (kilograms uranium, nominal) in a BWR and PWR assembly
is assumed to be 190 and 480 kilograms, respectively. It is also
assumed that 70% BWR assemblies and 307 PWR assemblies are received at
the storage facility. A simple calculation, utilizing the above fuel
ratio, demonstrates that 7220 assemblies (5054 BWR and 2166 PWR) are
required to yield 2000 MTU of storage capacity. An intact BWR assembly
would be placed in a storage container whose outside dimensions would be
6 1/16-inch square. An intact PWR assembly would be placed in a
9 1/4-inch square container.

In the case of disassembled fuel, it is assumed that 4 BWR assemblies
and 2 PWR assemblies will each fill a metal storage container 9 1/4-inch
square. For the 2000 MTU case, this would require 1264 containers for
BWR assemblies and 1083 containers for PWR assemblies, or a total of
2347 containers.

All of the storage concept drawings in this report show the disassembled
(compacted) and containerized form of spent fuel storage. The fuel
containers (4 BWR assemblies or 2 PWR assemblies) are assumed to be
placed in racks that space the containers 15 inches apart, center to
center. This allows approximately 6 inches between the outside surfaces
of the containers for operational ease, thermal cooling, and criticality
considerations. A preliminary criticality review shows that intact fuel
should be spaced 4 to 5 inches apart (outside surface) and disassembled
fuel may be spaced slightly less, about 3 inches apart. An array of
fuel containing both BWR and PWR assemblies will, therefore, have a fuel
density of about 0.55 MTU per square foot of storage area. A 60-foot by
60-foot storage area would contain about 2000 MTU (assuming 707% BWR
assemblies and 307 PWR assemblies).. '



BWR PWR
1. - Enrichment - (% U-235) -
Initial (maximum) 3.2 4.1
Final (nominal) 0.9 0.9
%2, Average fuel burnup (MWd/MTU) 29,000 29,000
*x3, AQerage-fuel specific' power (MW/MTU) 32 32
*4, Maximum fuel burnup (MWd/MTU) 33,000 33,000
*5, Maximum fuel specific power (MW/MTIU) 35 35
6. .Cooling time prior to receipt (years)
Case 1 5 5
Case 2 10 10
7. Assembly cross-section (inches, nominal) 5.26 8.55
8. Active length (feet, makimum) 12.5 12.5
9. Overall length (feet, maximum) 15 15
10. TFuel content/assembly
(kilograms uranium, nominal) 190 480
11. Assembly weight (pounds, maximum) 700 1,600
12. Removable nénfuel bearing items
included with assemblies None None
13. Number of assemblies received (%) 70 30
**14, Leaking assemblies (% of fuel received)
Shipped by the utility No No
Failure during shipping 0.01 0.01
15. Rail/truck receiving mix (%, MIU basis) 60/40 60/40

TABLE 3-1

FUEL CHARACTERISTICS(22).

*Average values should be used for evaluation of the mixture of fuels
(both BWR and PWR) that will be placed in storage. Such evaluations
would include matters such as dry storage cooling requirements, normal
operation, source terms, etc.

The maximum values will be used only for assessments involving a
discrete amount of fuel. An example is development of source terms
from a cask drop accident.

**Canned leakers from the utilities may be handled on a case-by-case
basis. :
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4.0 SPECIFIC USES OF THE BNFP FOR DRY STORAGE OF SPENT NUCLEAR FUEL

There are at least eight ways (with many variations) of utilizing the
BNFP for ‘the dry storage of spent nuclear fuel. The specific uses of
the BNFP are to store fuel in: (1) the Remote Process Cell (RPC),
(2) the contact cells, (3) the Fuel Receiving and Storage Station (FRSS)
pool without water, (4) the high-level waste tanks, (5) the Emergency
Utilities Area building, (6) new facilities built for above or below
ground caisson storage, (7) new facilities built for vault-type storage
of spent fuel, and (8) the Plutonium Nitrate Cells (PNC) Nos. 1 and 2.
Potential or actual location of facilities employing each of these
. concepts is shown on Drawing 533D-A-5001.

4.1 Remote Process Cell

The storage of spent fuel within the RPC would require that most of the
equipment now in the cells (a shear, dissolvers, concentrators, etc.) be
removed. New equipment associated with fuel storage, such as storage
racks, would be added. Sketches of the RPC and Remote Maintemnance and
Scrap Cell (RMSC) used for dry spent fuel storage are shown in Draw-
ings 533D-A-5002 and 533D-A-5003.

The in-cell cranes, the viewing windows, the ventilation system, and the
cell itself are already existing and would be used for this dry storage
concept. These existing facilities obviously represent a substantial
savings over building a new dedicated facility. The use of the RPC for
spent fuel storage, however, hinders the potential use of the BNFP for
the reprocessing of LWR fuel at some later date. It would also inhibit

the use of the RPC for the disassembly of spent nuclear fuel. ‘

4.2 Contact Cells

The contact cells at the BNFP consist of five shielded process cells
that were to be employed for chemical processing during the reprocessing
of LWR fuel. If these cells were to be used for the dry storage of
spent fuel, the existing tanks and piping would need to be removed. In
addition, the walls between the cells would have to be at least
partially removed to allow installation of an overhead crane to transfer
stored fuel containers to any of the contact cells (see Drawings 533D-A-
5004 and 533D-A-5005).

Another modification to the cells would require that an access opening
for introduction of spent fuel be made in at least one location. This
opening would logically be into the RPC., The RPC could be utilized to

package spent fuel assemblies into storage containers. These assemblies
could either be placed within a container intact or they could be

disassembled (the nonfuel bearing components removed) and placed within
a container. The disassembled process will compact the fuel rods by a

volume reduction factor of two, i.e., two disassembled fuel assemblies
will occupy the space of one intart assembly.
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placed upon a special fixture above the tanks. Fuel containers would be
lowered into the waste tank and remotely set in place (see Draw-
ings 533D-A-5008 and 533D-A-5009).

4.5 PNC No. 1 and No. 2

Spent fuel storage in the plutonium nitrate cells (PNC) Nos. 1 and 2
would require substantial modifications. All of the slab tanks and
shielding walls inside the cells would need to be removed and storage
racks installed. The outside walls of the PNC's were designed for the
storage of plutonium slightly contaminated with fission products. For
this reason, some of the cell walls are only 18 inches thick and would
need to be increased to about five feet thick for spent fuel storage.
Load-in and load-out facilities would also need to be added, as would
access roads and possibly a railroad spur (see Drawings 533D-A-5010 and
533D-A-5011). : '

4.6 Emergency Utility Area Building

To utilize the emergency utility area (EUA) building for the dry storage
of spent LWR fuel, one would have to remove most of the existing equip-

.ment within the building. Since the remaining facility (after the

utility equipment is removed) is only a building shell, a great deal of
modifications would be required. A remote loading/unloading area would
have to be added, as would cranes, viewing windows, storage racks, and
other support equipment. The building has already been built to
withstand tornados and seismic events, but may require additional
materials for shielding (see Drawings 533D-A-5012 and 533D-A-5013).
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5.0 VAULT STORAGE CONCEPTS

The vault concepts considered for spent fuel storage consist of four
possible designs. These four vault, or dedicated building, concepts
include: (1) vault with forced air cooling, (2). vault using heat pipes
for cooling, (3) vault cooled by a natural draft, open to the outside
environment, and (4) vault with no cooling, sealed to the outside
environment. There are numerous possible variations or combinations of
these four concepts. For simplicity, only the four basic concepts are
discussed.

All the vault concepts have many features in common, e.g., they store
many unit quantities of packaged reactor fuel and protect these packages
from accidents. They differ mainly in the method used to remove
radiolytic decay heat. :

The vault concept with forced air cooling is shown in Figure 5-1. This
is typical of the design of most existing vaults and hot cells. It
utilizes well-understood existing technology and dozens of existing
facilities, particularly large hot cells, could be modified to store
spent fuel in this manner. Nearly all nuclear facilities employ forced
air ventilation utilizing High Efficiency Particulate Air (HEPA)
filtration to remove radioactive particles from the air prior to its
exhaust to the enviromment. Therefore, if existing facilities were to

" be used for fuel storage, they would probably employ some variation of

the forced air cooled vault concept.*

The obvious disadvantage of the forced air concept is that it 1is an
"active" system (versus "passive" systems) and requires the continuous
effective operation of the ventilation and filtration systems. This
disadvantage is reflected in yearly operating costs and safety consid-
erations (an active ventilation system with HEPA filters may be
considered a barrier in the containment system). The forced air system
requires an accident analyses to determine what happens when components
of the system fail, which often requires costly secondary backup
("fail-safe") systems or mechanisms. ‘

*Idaho National Engineering Laboratory (Idaho Falls, Idaho) has

designed, built, and is operating two types of dry spent fuel storage
facilities.(2) The two installations, the Peach Bottom Storage Vaults
and the Irradiated Fuels Storage Facility, are both forced convection
cooled storage vaults. Below ground dry storage is also provided for
HTGR spent fuel at INEL.( :
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The vault concept shown in Figure 5-2 relies upon the natural convection
of air to cool the fuel assemblies and is open to the outside environ- .
ment.* One obvious advantage over the forced air concept is that the
"natural draft” concept is passive. Loss of cooling due to the failure
of mechanical equipment is impossible. The major disadvantage is in the
area of safety. . Since the air currents do not develop enough force to
overcome the resistance of HEPA filters (due to the pressure drop across
the filters), it is unlikely that absolute filters could be used.
Therefore, to ensure the safety of the public, the radioactivity in the
spent fuel must be protected by multiple barriers. A case can be made
that the cladding of spent fuel elements cannot be classified as a
barrier, since it may contain cracks, holes, etc. Therefore, to ensure
a minimum of double containment of the spent fuel, the fuel rods (or
entire assemblies) would be placed into a container and the container
would be placed into an overpack. This multiple encasement of the fuel
would require additional facilities, adding to the overall cost and also
to the complexity of the operations.

The vault concept shown in Figure 5-3 relies on heat pipes to cool the
fuel assemblies.** This method of storage has several advantages. The’
system is passive and does not require ventilation on a routine basis.
A backup low capacity (low flow rate) ventilation system may be -
desirable to take air samples, allow major repairs/modifications to the
heat pipes, provide clean airflow control for nonroutine-manned entry,
and allow a degree of safety by providing the required differential air
pressure for normal operations. This system would probably not contain
its own backup systems, such as costly redundant secondary blowers,
power supply, and HEPA filters, and it could also be a recirculating
system. This ventilation system would provide perhaps 0.5 to 2 entire
vault air changes per hour which is less than a typical hot cell
ventilation system used for routine airflow and cooling.

A very similar concept to utilizing heat pipes is shown in Figure 5-4 in
which metal fins are used to transfer heat, by conduction, out of the
vault storage area. This cooling system is passive inside the vault.
Forced convection is used to sweep the heat from the fins outside the
vault storage area. The air from this sweep would be noncontaminated
and HEPA filtration may be optional. In this design, the entire ceiling

*Nukem GmbH of Germany(ll) and Ontario Hydro of canada(12) both have
proposed a dry storage concept for spent fuel that utilizes a concrete
vault cooled by natural convection.

**A heat pipe is a heat-transfer device consisting of a sealed metal
tube with an inner lining of wicklike capillary material and a small
amount of fluid in a vacuum. Heat is absorbed at one end by vapori-
zation of the fluid and is released at the other end by condensation
of the vapor. Fluid circulation is enhanced by the capillary action
of the wick and gravity. The tubes are completely sealed and would
provide no pathway for release of radioactive material from the vault
to the environment. The tubes may be axially or radially finned to
increase their heat transfer ability.
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of the vault could be metal which would assist transferring heat out of
the vault.

This vault concept would also be provided an air recirculation system
that would cool and filter relatively small volumes of air, i.e., about
0.5 to 2 vault air changes per hour. This system would provide a
negative air pressure inside the vault, perhaps -1.0 inch of water.

The vault design in Figure 5-5 assumes a "closed” vault with no cooling
devices. The vault would only be open during placement or removal of
spent fuel. Ventilation would be similar to that discussed in the heat
pipe or metal fin storage concepts, i.e., a recirculating, low capacity
ventilation system employed mainly to retain a negative pressure and not
used for cooling. '

The ability to use a vault design with no specific cooling devices
(other than the heat sink provided by the vault's concrete structure) is
only possible with spent fuel that has been cooled about 8 to 10 years
after reactor discharge. '

One possible location for a vault facility at the BNFP would be just
west of the FRSS and south from the Separations Plant (see Drawing 533D~
A-5001 and 533D-A-5018)L This location would allow use of existing rail
spurs, roads, and the FRSS Vehicle Unloading Bay.

Spent fuel would enter the BNFP and be unloaded from transport casks in
the FRSS. The fuel would be placed in the pool for temporary storage or
go directly to the RPC for packaging into a storage container (either
intact or disassembled). If the fuel were not to be disassembled, it
would probably be possible to perform the container packaging in
facilities adjacent to the Spent Fuel Dry Storage Vault (SFDSV).

Fuel would be stored on racks in the SFDSV and cooling could be provided
by various means as discussed previously. The walls of the SFDSV would

be concrete, thick enough to reduce the radiation exposure immediately
outside the SFDSV to less than one-tenth mrem/hour.
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6.0 CAISSON (SILO) STORAGE CONCEPTS

The caisson concepts reviewed include: (1) caissons with natural con-
vection cooling, (2) caissons with heat pipe cooling, and (3) caissons
with no cooling. In addition, each of the concepts is reviewed on the
basis of aboveground storage and below ground storage. The caisson, or
silo, concepts of storing spent fuel are all similar in that only small
quantities of packaged reactor fuel are stored in each caisson and that
there are many caissons, in contrast to large vaults containing many
fuel containers. )

The caisson concepts with natural draft convection are shown in
Figures 6-1 and 6-2. The aboveground storage concept, Figure 6-1, uses
a large concrete structure for each caisson to provide shielding and
protection  from natural phenomena. Outside air is allowed to enter at
the bottom of the concrete caisson and natural convection currents move
the dir upward and out openings provided at the top of the structure. A
concrete plug is provided at the top of the caisson for insertion and
removal of spent fuel. Since the heated air is vented to the outside
environment without HEPA filtration, the spent fuel must be confined
within at least two containment barriers. These barriers would probably
consist of a metal container with a metal overpack. '

If the caissons are placed underground, the soil would act as a radia-
tion shield and missile barrier, therefore, the need for a massive con-
crete structure is eliminated. Figure 6-2 illustrates a potential
design utilizing natural convection cooling for spent fuel stored
underground. In this case, the spent fuel would be placed in double
containment and placed into caissons within an engineered berm (see
Section 7.0). Vents are provided at the top and bottom of the storage
caisson and pass through the soil to the outside environment. No
filtration is provided because of the secure containment of the spent
fuel.

Caisson storage using heat pipes for cooling, both above and below
ground, are shown in Figures 6-3 and 6-4, respectively. The concept of
aboveground storage, Figure 6-3, is very similar to the natural convec-
tion aboveground storage shown in Figure 6-1. The relative size of the
concrete structure and normal operations would be the same for both.*

The heat pipes could be provided through the upper concrete plug. If
additional heat removal is required, heat pipes could also be introduced
through the sides -of the concrete shield. In either case, the heat
pipes would be placed in orientations that would minimize the amount of

*A conceptual design combining natural convection (Figure 6-1) and heat
pipes (Figure 6-3) for cooling stored spent fuel assemblies has been
proposed by Electrowatt Engineering Services, Ltd. 1 Each concrete
8ile in the Electivwallt couuceptual design would have the ability to
store seven PWR fuel assemblies and could handle a maximum heat load of
40-kilowatt per silo.
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radiation "shining" through the heat pipe access openings. The heat
pipes would transfer heat from the stored spent fuel to the outside air
where it would be dispersed by natural convection and forced convection
(wind).

The use of heat pipes in underground storage of spent fuel is shown in

Figure 6~4. This concept may or may not use an engineered berm. The

concept is shown using a berm, which is likely to be more expensive than

not using an engineered berm. However, it is assumed that storage of .
spent fuel underground can be operated safely without employing an

engineered berm. A detailed engineering safety analysis would have to

be conducted to support this assumption. The heat pipes are inserted

into the concrete shielding plug and draw heat from the spent fuel to be

dispersed by natural convection into the outside air.

‘The final caisson storage concepts reviewed are above and below ground
storage with no auxilliary cooling. These concepts are shown in
Figures 6-5 and 6-6, respectively. These concepts are probably the most
simple and least costly designs assuming they can be operated safely and

that the heat loads from the spent fuel is not too severe. :

The aboveground caisson concept, shown in Figure 6-5, provides no cool-
ing other than the heat sink effect of the large concrete structure,
i.e., heat is lost out the sides of the caisson.* The outside wall of
the concrete will become heated slightly once equilibrium is reached. A
slight degree of cooling will take place on the outer concrete wall due
to natural convection. If there is any wind or ventilation flow, the
concrete will also be slightly cooled by forced convection. This
caisson concept could work either outside or inside a building.

The concept shown in Figure 6-6, underground spent fuel storage without
auxiliary cooling,** is almost the same as the caisson storage designed
by AGNS for their proposed storage of hulls and general process
trash.(7> 8, 9 It was demonstrated in the AGNS design that the use of
an engineered berm would alleviate some of the design problems
concerning earthquakes, floods, and heat removal. The details of such a
berm are discussed in other parts of this report (see Section 7.0). It
may be possible to fabricate caissons directly in the ground without a
berm because of the low seismic classification. If this were possible,

it would eli@inate the expense of designing and building a berm.

*Nuke?lgf ?2rmﬁg¥fll) Ontario Hydro of Canadaflz) and the Nevada Test
Site ’ ’ have proposed dry storage concepts for storing spent
fuel that utilize the aboveground caisson concept with no auxiliary
cooling.

**The ?fgfda Test Site (13, 14, 15) ,p4 the Atlantic Richfield Com-~
pany have both proposed dry storage concepts for storing spent
fuel that employ caissons, or silos, below ground with no auxiliary
cooling. '
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The caisson concepts would require that spent fuel be placed within a
storage container. This operation would be performed in the RPC and
fuel could be either disassembled or left intact for storage. The spent
fuel storage containers would be placed within a bottom-loading shielded
cask and transported to the underground caisson facilities. For above-
ground storage the containers would be moved to the Caisson Loading
Facility for insertion into concrete caissons.

At the outdoor underground storage site, a platform 1s placed over the
storage caisson to interface with the loaded spent fuel container. The
loaded spent fuel cask is placed on the platform using a gantry crane.
The cask doors and platform doors are opened and the "loaded spent fuel
container is lowered by a captive hoist into the caisson. Following
disengagement from the container, the hoist cable retracts into the cask
and the doors on both the cask and platform are closed. The cask 1is
placed on its trailer and a shielding plug is placed on the caisson.
The platform is then ready to be moved to the next caisson and the
on-site spent fuel cask may be returned to the RPC to ‘pick up another
spent fuel container. :

For aboveground caisson storage, the spent fuel will be placed into
containers and then into concrete caissons in the RPC. This would
eliminate the need of an on-site transport cask, but it would complicate
the material handling problems within the RPC and the Caisson Loading
Facility (see Drawings 533D-A-5014 and 533D-A-5015). The concrete

' caissons will be bulky and very heavy (about 100 tons).

An alternative to the Caisson Loading Facility would be to transport the
spent fuel containers in a cask to the caisson storage area. A separate
facility built specifically for loading the fuel containers into
concrete caissons. would be located adjacent to the outdoor storage area.
A shielded mobile boom crane would be used to place the loaded concrete
calssons in place aboveground.
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7.0 ENGINEERED BERM

The calsson storage concepts discussed in this report may, or may not,
require an engineered berm. This would be decided by a safety analysis.
It was assumed that the below ground concepts would require an
engineered berm, while the aboveground concepts would not.

By using an engineered berm*, the entire caisson .assembly may be placed
in soil above grade level. The berm is erected from materials having
known permeability and ion exchange properties. The caissons, which may
be metal, are thus isolated from the natural soil, which could be
acidic. This approach also allows a three- dimensional dry-well
monitoring system to be installed before the berm materials are set in
place. Any leakage 1s monitorable while still within the berm. (4)

The use of a berm also helps in determining that the containment systems
will not be breached during a design basis seismic event or a tornado.
It is much easier to calculate the effect of design basis accidents if
the properties of the soil are well known, as in the case of an
engineered berm.

An example of an engineered berm is shown in Figure 7-1. A clay pad is
laid at the existing grade level and is covered with a layer of
relatively large aggregate. The purpose of the clay and gravel layers
is to break the capillary communication between the original soil and
the berm. The aggregate is then covered with another clay layer to
provide additional capillary contrast. The remainder of the berm 1s
constructed of a homogeneous fill having known ion exchange properties
and a pore structure which is more open and free draining than the clay
pads.

In the fill, above the clay pads, a horizontal network of monitoring
pipes 1is laid which can be made of any appropriate material. The berm
material is added and capped with another relatively impermeable clay
layer. The toe of the berm is open, in the manner of an earth fill dam,
to provide an escape route for water which may pass through any breach
in the clay cap. A monitorable surface drainage system is provided for
surface run-off from the berm.

In the case of underground caisson storage concepts, holes are excavated
in the berm and corrugated caissons (or concrete "“silos") are set in
place. Large aggregate 1is placed around the metallic caisson. The
purpose of the aggregate in this case is to: (1) break the capillary
communication between the caisson itself and the soil, and (2) insulate

the metal from any acidic soil.

*An engineered berm such as described here becomes a barrier in the
confinement system. It could replace one of the fuel containers except
in the natural convection case where the berm is bypassed.
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The caisson may be equipped with a dip leg for monitoring purposes which
is, in turn, equipped with a valve and a pressure gauge. An accumula-
tion of ‘water or change in activity level inside the caisson can be
detected via this route. Beside each caisson is a dry well which,
coupled with the underlying. pipe network, yields a three-dimensional -
"fix" on any leaked radioactivity. The cover blocks are designed to
seal the top of the caisson. ' : ' :

Since caisson breathing will be minor and since tornado criteria (3 psi)
.is not sufficient to break a properly design cover-block seal, there is
.no reason to provide for continual airflow. 1f, however, ‘the need
arises, a small HEPA filter could be mounted on the dip tube and the
valve left open.
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8.0 DISCUSSION

Regardless of the spent fuel storage -concept. employed, certain features
will be common to all. The dry storage facility (caisson, vault, etc.)
may be divided into the following functional areas 21) including:

(1) A truck.and railroad receiving bay providing washdown of vehicles
and air lock ventilation control

(2) A cask receiving and decontamination area where casks are removed
‘ and decontaminated before being placed onto on-site transport
vehicles :

(3) Various operating areas for control and operation of the facility

(4) A fuel handling and transfer -area where ‘fuel 1is removed from the
shipping casks in a dry environment, inspected, placed within a
storage container, and transferred to storage ’ '

(5) A fuel storage area for the dry storage of LWR spent nuclear fuel

(6) Miscellaneous support areas providing for emergency power, health
physics, emergency monitoring, ‘heating, ventilation, data
acquisition, etc. - ’ ' C

Each concept discussed, in addition, may or may not utilize fuel dis-
" assembly and encapsulation which has the effect of reducing the volume
occupied by the fuel and reducing the-.number of canisters by a factor of
two and eliminating nonfuel-bearing components from storage.

Regardless of the vault concept chosen for dry storage, the storage
racks must be designed to remain subcritical for all credible degrees of
moderation, reflection, and stored fuel interaction. The racks must
also be designed to maintain their structural integrity during all
credible accident scenarios. The design of critically. safe storage
racks 1s similar for each of the vault storage options. It might be
possible, however, to fabricate dry storage racks from carbon steel or
other materials less costly than the materials of construction (gener-
ally stainless steel) used for underwater storage. A dry storage facil-
ity would result in a slightly higher exposure to the general public in
the event of a criticality incident, but: would be so designed as to
still remain within existing guidelines. ' Criticality within a caisson
is not a problem, as discussed in this report (there is only one storage
container in each caisson)

In all the concepts discussed in this report, the fuel is placed within
a fuel storage container. Whether the fuel is left intact (one
assembly/container) or compacted via disassembly (two PWR or four BWR
assemblies/container), it will be placed within a storage container.
This storage container will protect and contain the fuel for a minimum
period of 20 years. The most likely material of construction will be
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stainless steel, although other metallic materials may be acceptable
depending upon detailed engineering evaluations. The fuel container 1is
assumed to be a 9~1/4 inch by 9-1/4 inch square with 1/8 inch thick
walls. The 9-1/4 inch square design was selected because it accommo-
dates both intact PWR assemblies and disassembled PWR and BWR spent fuel
assemblies. The ends will be remotely mechanically capped, although
remote welding of the cap is possible. The 1lid will be tamper-proofed
and each container will bear an unremovable, easily read, identification
number.

There are several reasons for placing the intact fuel assemblies within
fuel storage containers. These reasons include: (1) the fuel could
drop off particles of radioactive crud, cladding, or even fuel and they
would still remain secure at the bottom of the container and would not
contaminate the storage area, (2) from an accountability standpoint,
each container can be identified easier from the permanent markings made-
on each container, (3) from a safeguards standpoint, each container may
be individually capped and a tamper-proof seal or lock may be attached,
(4) the racks will be less expensive to fabricate since they may now be
simply support brackets made from angle iron, pipes, etc., (5) the
storage container may meet the qualifications to be classified as a
containment barrier and, therefore, the fuel would be one step closer to
permanent disposal even as it waited on its interim dry storage site,
(6) from an operations standpoint, there would be a maximum of two sizes
of storage containers (BWR and PWR) compared with various widths and
lengths of fuel assemblies, (7) a fuel assembly encased in the proposed
storage container would be able to better survive accident scenarios
involving impacts, rough handling, etc., and (8) if desired, the
container could be loaded with fuel and then some medium other than air
(helium, water, neutron poisons, etc.) could be sealed within the
container to provide better heat transfer, less corrosion, or reduce the
possibility of criticality. It is not known, at this time, whether the
use of individual containers would be beneficial or undesirable in its
impact upon seismic criteria.

8.1 Integration of Wet and Dry Storage

If one were designing a dry storage facility "from scratch,” it would be
more economical to build ‘either wet pool storage or dry storage but not
both. A unique advantage of the BNFP is that a fuel storage designer is
not starting from scratch. Indeed, there is already an existing pool
specifically designed for the storage of LWR spent fuel. To increase
the spent fuel storage capacity of the BNFP, one has a choice of
expanding pool storage or adding dry storage.

If one were to combine wet and dry storage at the same location (e.g.,
BNFP), the pool would be used for high burnup fuel recently discharged
from a reactor, say one- to five-year-old fuel. The dry storage would
handle only fuel that had been stored at least five years after
discharge from a reactor. This segregation of fuel results because the
wet storage mode, due to water's capability to reject greater quantities
of heat than air, is capable of storing fuel which has a much higher
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heat load. This five-year or greater storage period would normally be
accomplished at the utility storage pools but could also be done at the

- BNFP pool. For example, assume. a group of assemblies three years old

(from discharge) is transported to the BNFP and placed in the pool.
After two more years, this fuel could be removed and placed in dry
storage.

Of course, the only reason one would want to remove fuel from wet
storage into dry storage is 1f the dry storage were less costly, safer,
or suitable space was already available at the facility. Otherwise, one
would just build more pools and accommodate increased storage require-
ments. Whether dry storage is less costly is difficult to judge without
a detailed cost comparison of the two storage modes. Intuitively, the
dry storage would be less expensive because it 1s less complex than pool
storage. However, Reference 21 concludes that wet and dry spent  fuel
storage facilities, based on feasibility studies, would result in
approximately the same cost. :

If fuel were stored long enough, perhaps 10 years following discharge
from LWR's, then it could even be possible to design a dry storage
facility that relied on passive means for heat removal. Such passive
means might include cooling fins, heat pipes, or natural convection.

- Forced convection could be eliminated and ‘along with it a large portion

of the facility cost. Using passive cooling, a dry storage facility
would quite likely cost less than a wet storage pool.

8.2 RPC and RMSC

The use of the RPC for spent fuel storage is shown conceptually in
Drawings 533D-A-5002 and 533D-A-5003. It was originally intended to
show that the RMSC could also be used for. fuel storage, but physical
constraints (e.g., limited height) within the RMSC and other operational
uses of the cell made this undesirable, if not impossible. The plan
view (Drawing 533D-A-5002) shows the proposed disassembly equipment in
the RPC, and all of the equipment associated with reprocessing removed
except for the existing windows, manipulators, -and cranes.

It is assumed that the FRSS pool 1is also utilized for storage of fuel
(particularly fuel that has not had a chance to cool a long time).
Therefore, fuel would enter the BNFP in truck or rail casks and be
handled and unloaded in the same manner that was originally proposed for
reprocessing. Fuel would enter the RPC via the fuel transfer canal (see
Drawing 533D-A-5003). Here the fuel would either be disassembled or
left intact. In either case, the fuel would be placed in a storage
container and placed in the storage rack.

Compared to other alternatives, the use of the RPC for dry fuel storage
is impractical. The total storage area, assuming the fuel has been
compacted by disassembly, is only 438 MTU. Just as important as the
inadequate capacity is the fact that the use of the RPC for storage
hinders the disassembly operations planned  for the RPC. If disassembly
were not conducted in this cell, the capacity would not increase



(indeed, it decreases) because the extra room made available by removing
the disassembly equipment is more than lost by the fact that fuel is no
longer compacted and intact fuel assemblies are stored.

In addition, the storage of fuel is expected to be for an interim period
of time, approximately 10 to 30 years. The RPC is essential for repro-
cessing LWR fuel. If the RPC were committed to storage, the potential
use of the BNFP, sometime in the future, for reprocessing would be
severely restricted. For these reasons, the RPC is considered impracti-
cal for storing spent fuel (except for relatively small quantities used
for in-cell operations or tests) and its use for this purpose will not
be pursued further. ' '

8.3 Contact Cells

The use of the contact cells (UPC, ILC, HLC, HILC, and PPC) at BNFP for
the dry storage of spent fuel is shown in Drawings 533D-A-5004 (plan
view) and 533D-A-5005 (elevation view). All of the existing tanks and
piping are shown removed and portions of the walls between the indivi-
dual cells would also be removed. An overhead crane has been added that
runs the length of the five cells. Maintenance for the crane would be
performed in the crane maintenance area (formerly the PPC). A portion
of the wall between the RPC and the HILC has been removed (shown in
Drawing 533D-A-5005) to allow fuel transfer between the two cells.

Two of the negative features of utilizing the RPC for storage are elimi-
nated by using the contact cells, i.e., the limited storage capacity and
the interference with the potential disassembly operations. The only
major disadvantage of using the contact cells is that the potential
option of using BNFP at some future date for reprocessing would be lost.
The five cells currently contain most of the equipment necessary for the
separation of the dissclved LWR fuel into uranium and plutonium streams
and the subsequent processing of those streams.

Fuel would be unloaded in the FRSS pool and brought to the RPC via the
transfer canal. In the RPC, the fuel is either placed in storage con-
tainers directly, or first disassembled (compacted) and then placed into
storage containers. The contained fuel is then transferred by the fuel
transfer cart to the contact cell storage area. An overhead crane lifts
a container (filled with fuel) and places it in a storage rack.

Due to the height of the cells, fuel may be vertically stacked (double-
tiered) which yields a storage capacity of 3341 MTU for disassembled
fuel and half that for noncompacted fuel. This is a large enough
capacity to make the contact cells a viable dry storage option for LWR
spent fuel. Any expansion of this capacity would be difficult, however,
since these cells are surrounded by existing facilities.

8.4 FRSS Pool

The fuel receiving and storage station pool may also be used for the dry
storage of spent fuel and is shown in Drawings 533D-A-5006 (plan view)



and 533D-A-5007 (elevation view). Fuel would enter the BNFP in truck or
rail casks and be unloaded into the test and decontamination pit. The
cask would be cooled down by steam/water and then lifted by the 135-ton
crane and lowered into the Cask Unloading Pool (CUP) via the cask access
hatch (see Drawing 533D-A-5007). The crane would be unhooked from the
cask, leave the CUP, and the access hatch would be replaced.

Spent fuel inside the cask would be remotely removed and sent to the RPC
to be either disassembled and placed in a container or to be placed into
a container intact. The containerized fuel would be sent back to the
FRSS pool and placed into a storage rack. The capacity of the FRSS
would be about 976 MTU for disassembled fuel and 488 MTU for intact
fuel. ' '

To convert the FRSS pool to accommodate dry spent fuel storage would
require extensive modifications. In wet storage, the wWater acts as a
radiation shield, but since the water is removed for dry storage, a
structure would need to be added over the pool area to provide shield-
ing. A large movable shielding wall would also need to be added to seal
off the CUP area to allow maintenance to be performed on the pool
crane.

The use of the FRSS for dry fuel storage is a misallocation of
resources. Wet storage of spent fuel is much better for removing ther-
mal loads, particularly from one- to five-year-old fuel, than dry stor-
age is. In addition, dry storage would decrease the storage capacity of
the pool and would add additional costs due to the many modifications
required to allow the pool to be used for dry storage. The usée of the
FRSS for dry storage appears undesirable and impractical. This concept
will not be pursued further.

8.5 Waste Tank Storage

The use of the existing, but modified, waste tanks at BNFP for the dry
storage of spent fuel is shown in Drawings 533D-A-5008 (plan view) and
533D-A-5009 (elevation view). As with the other concepts discussed so
far, fuel enters the FRSS and is sent to the RPC for possible disassem-
bly and containerization. At this point, the scenario changes for the

. waste tank storage concept.

The waste tanks (there are three 400,000-gallon tanks at the BNFP) are
located away from the Separations building, which contains the FRSS and
RPC. To get the containerized fuel from the Separations area to the
waste tanks requires the use of an on-site transport cask. This cask is
envisioned to be bottom unloading, similar to an existing cask at the
BNFP which was to be used to transport hulls containers. The cask would
transport one to four spent fuel containers to the waste tanks for
unloading (see Drawing 533D-A-5009).

A polar-type crane would be used to deposit the fuel within a storage

racke A crane maintenance and an operating/viewing area would also be
provided. All of the internal piping and equipment now in the waste
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tanks would be taken out. The modifications required to transform the
waste tanks into a dry spent fuel storage facility are extensivé and

costly.

All three waste tanks together would provide about 3600 MTU capacity for
disassembled fuel and about 1800 MTU capacity of intact fuel. Future
expansion would be limited by physical constraints and economics.

The use of the waste tanks for dry storage of spent fuel appears to be
unrealistic and uneconomical compared with some of the other concepts
reviewed in this report. The limited expansion capability, the costly
modifications, and the difficult operating conditions combine to
eliminate the waste tanks from further consideration in this report as a
dry spent fuel storage concept.

8.6 PNC No. 1 and No. 2

The use of the plutonium nitrate cells (PNC) for the dry storage of
spent fuel is shown conceptually on Drawings 533D-A-5010 (plan view) and
533D-A-5011 (elevation view). Spent fuel entering the BNFP, in this
concept, would first be containerized in the RPC and placed inside an
on-site transport cask. The cask would be transported by truck to the
cask unloading bay which would be built next to the PNCs.

The cask would be removed from the truck, lifted up, and then lowered
through the access hatch into the cask unloading cell. The fuel would
be removed from the cask and placed horizontally in the storage area.
Horizontally oriented storage was selected, despite operational
problems, because the existing cell height precludes vertical
placement. ‘

The walls of the existing PNC's are from 18- to 20-inches thick. To be
used for spent fuel storage, the walls would need to be increased in
thickness by three to four feet. In addition, the wall separating cell
No. 1 from cell No. 2 would need to be removed as would all of the
existing slab tanks and shielding panels. All of the facilities to
unload the cask and handle the fuel would need to be constructed.

The use of the PNC's would restrict the potential use of the BNFP for
reprocessing spent fuel. Physical constraints would limit the expansion
of the PNC's if additional storage was desired. The present capacity of
the PNC storage concept is 366 MTU. Because of the many negative
features of using the PNC's for fuel storage (most notably the extensive
modifications ‘and new construction required), this concept has.been
rejected and will not be studied further. :

8.7 Emergency Utility Area (EUA)

As with many of the other concepts reviewed, the use of the EUA for fuel
storage only makes sense (to even consider) if it is assumed that the
use of the BNFP for reprocessing is not a viable option, i.e., the BNFP
would not be used for reprocessing. The EUA, modified for spent fuel



storage, is shown conceptually in Drawings 533D-A-5012 (plan view) and
533D~A-5013 (elevation view). Spent fuel would first be containerized
in the RPC (disassembly 1is optional) and sent to the EUA inside an
on-site truck cask.

The cask would be placed inside a cellland remotely unloaded. The spent
fuel would be placed in storage racks via cranes. The capacity as shown
in Drawing 533D-A-5012 is 2680 MTU.

Very little of the existing EUA building would be usable in its present
forme All of the equipment presently inside would need to be removed.
The existing walls would need to be increased in thickness (by three to
four feet) and additional hot cells would need to be constructed for
handling the spent fuel. - The modifications would be very extensive, in
fact, it would probably be easier and perhaps less costly to build a new
facility rather than trying to modify the EUA. Overall, the negative
aspects of utilizing the EUA for spent fuels storage outweigh any posi-
tive factors. Therefore, the EUA will be eliminated from further
consideration as a dry spent fuel storage facility.

8.8 Caisson Storage Abovegfound

Caisson storage aboveground will first require that incoming fuel be
containerized in the RPC, where it may also be disassembled (optional).
The packaged spent fuel will be tramsported through the GVOS fuel trans-
fer tunnel (new construction) and into the Caisson Packaging Facility.
Once the fuel is placed into a concrete caisson, the caisson will be
loaded onto a truck and sent to the aboveground caisson storage area.

8.8.1 Caisson Packaging Fac1lity

The Caisson Packaging Facility (CPF) is shown in Drawings 533D-A-5014
(plan view) and 533D-A-5015 (elevation view). This facility is not used
for storage in the aboveground caisson concept but only to load spent
fuel containers into concrete caissons.

The concrete caissons themselves are assumed to be fabricated at the
BNFP site and transported to the CPF. The transporting vehicle,
presumably a large flat-bed truck, would back into the CPF truck loading
and unloading bay. The caisson handling crane would unload the empty
caisson and set it down in the caisson storage area.

To load a caisson with fuel, an empty caisson would be taken out of
storage, via the storage crane, and lowered into the caisson loading
cell through the access hatch in the cell's ceiling. The caisson would
be detached from the crane, the crane would be lifted out of the cell,
and the cover blocks in the ceiling would be replaced. The 1lid on the
caisson would be removed with the in-cell crane.-

Meanwhile, spent fuel containers would be loaded into a fuel transfer

cart in the RPC and decontaminated in the fuel transfer tunnel. Smear
samples would be taken and deposited into a glovebox where radiation
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readings would be taken. If the samples showed the container was still
too "hot" from external .smearable contaminants, it would be decontami-
nated further (a second decontamination for any container would be
unusual). When the container was deemed clean, it would be transferred
into the caisson loading cell via the fuel transfer cart.

In the caisson loading cell, the overhead crane would lift up a sﬁent‘
fuel container and deposit it within a concrete caisson. The caisson
1id would be placed back on top of the caisson and locked. The entire

operation inside the caisson loading cell is free from contamination and -

once the spent fuel is placed inside the caisson, it 1is also essentially
free of radiation.

A filled caisson may be lifted out of the cell and temporarily set down
in the caisson storage area. The shielding provided by the caisson's
concrete reduces outside surface radiation levels to safe working
levels. - For this reason, the caisson may be approached by personnel and
tasks, such as attaching identification tags, painting, additional
locking of the lids, etc., may be performed manually without the use of
remote equipment. When the required security and accountability
operations have been performed, the caisson is lifted by the handling
crane and set upon the bed of the truck. This could be the same truck
"that brought in an empty caisson. The truck would then transport the
calsson to the on-site .storage location.

The storage site, known as the Caisson Spent Fuel Storage Area (CSFSA),
would consist of approximately 20 acres of land dedicated to dry spent
fuel storage. The storage area is shown in Drawing 533D-A-5016. It
would require about 12 acres of land to store 2000 MTU of mixed PWR and
BWR fuel. This assumes disassembled fuel spaced 15 feet apart, center
" to center. Two PWR assemblies or four BWR assemblies are stored in each
"caisson. ' A

8.9 Caisson Storage Below Ground

The below ground caisson storage area is shown in Drawing 533D-A-5017.
Fuel that arrives at the Barnwell Nuclear Fuel Plant and is determined
to be destined for dry storage, would be first sent to the RPC to be
containerized. The fuel would be placed individually, or in small
groups, within a metal container. A 1id would be placed on top of the’
container and secured in place.

Fuel containers would be loaded out of the RPC (or perhaps the RMSC) via
a bottom loading cask, similar to the existing hulls cask at the BNFP.
This cask would be lifted onto a flatbed truck and transported to the
below ground caisson storage area. A gantry crane would lift the trans-
port cask and place it above a storage caisson. The lower shielding
doors on the cask would be opened and a fuel container would be lowered
into a caisson. '

The cask would be removed and the crane would place a concrete shielding
1lid over the loaded caisson. The conceptual design only shows one
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container (two PWR assemblies or four BWR assemblies) in each caisson,
although it would be possible to have more than one fuel container per
caisson.

Each caisson would include a concrete pad, at ground level, to accept
the size and weight of the transport cask. These concrete pads could be
combined to form a solid mat above the storage area or they could be
just large enough to support the cask, allowing for drainage between the
concrete pads. Which of these variations is used would depend upon cost
and drainage requirements. The caissons are assumed to be spaced
15 feet apart and will require about 12 acres of land for 2000 MTU of
fuel storage (assuming disassembled fuel). Two PWR assemblies or four
BWR assemblies are stored in each caisson.

The below ground storage concept shown on Drawing 533D-A-5017 uses an
engineered berm. A detailed description of such a berm is discussed in
" Section 7.0 of this report. The below ground caissons could also be
used in non-engineered soil, if a safety analysis confirmed the validity
of this approach. In general, the below-ground storage concept 1is
viewed as being more difficult to expand (particularly if an engineered
berm is used) than would be the aboveground storage concept.

8.10 Storage Vault Concept

A dedicated vault storage concept for the dry, interim storage of LWR
spent fuel is shown in Drawings 533D-A-5018 (plan view) and 533D-A-5019
(elevation view). The conceptual facility is shown attached to the west
side of the existing FRSS and the south side of the existing Separation
Plant at the BNFP.

As with the other conceptual storage facilities and scenarios discussed,
the spent fuel is first containerized in the RPC. As with all the
concepts, the fuel may be left intact or disassembled. Intact BWR and
PWR fuel would be individually placed in approximately 6-inch square and
9-inch square metal containers, respectively. Disassembled fuel would
be placed in 9-inch square containers; 2 PWR assemblies/container, or &
BWR assemblies/container.

Full containers of fuel would be sent out of the RPC through an
airlocked decontamination area (which would be part of what is now the
GVOS). The decontamination step is optional since the containers will
remain in a hot-cell type vault remotely stored for perhaps 10 to 30
years. The decontamination step may be used to facilitate general
"housekeeping” rather than necessary to preclude the spread of contami-
nation outside the facility.

The spent fuel containers are transferred from the decontamination area
into the fuel storage area. An in-cell crane will place the container
in a storage rack for interim storage. The fuel storage area shown on
Drawing 533D-A-5018 has a capacity of about 2000 MTU, which is comprised
of 70% BWR assemblies and 30%Z PWR assemblies (see Table 2.1). A rcrane
waintenance area is provided at the southern end of the storage area.
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9.0 CONCEPTS ELIMINATED FROM FURTHER CONSIDERATION

The following concepts, discussed in Section 8.0, have been eliminated
from further consideration:

» FRSS pool without water
- Waste tank storage

"+ Emergency Utility Area Building (EUA)
+ PNC Nos. 1 and 2 :
+ Remote Processing Cell (RPC)

The use of the FRSS pool for dry storage of spent fuel was eliminated
because: (1) extensive modifications would be required to protect
personnel from excessive radiation exposure and to remove the fuel's
thermal load, (2) use of the pool for dry storage does not allow
acceptance of even moderate quantities of short-cooled fuel, and
(3) pools appear to be more expensive than hot-cell facilities; and,
therefore, the use of the pool for dry storage appears to be a
misallocation of scarce resources.

The use of the three existing waste tanks for dry storage of spent fuel
at BNFP was eliminated because: (1) extensive modifications would be
required, (2) it would be a misallocation of resources, (3) storage
capacity would be restricted from expansion, (4) operations would be
awkward and difficult, and (5) it would severely limit the use of BNFP
at some future date for the reprocessing of spent fuel.

The Emergency Utility Area (EUA) was eliminated from further considera-
tion because: (1) extensive modifications would be required,
(2) storage capacity would be limited, and (3) the potential use of BNFP
for reprocessing would be restricted.

For similar reasons, the plutonium nitrate cells Nos. ] and 2 were
rejected. The PNC's would (1) require extensive modifications, (2) have
a very limited storage area, (3) severely limit the use of BNFP for
potential reprocessing, and (4) require. building new access facilities.

Lastly, the RPC was rejected because: (1) storage capacity would be
very limited, (2) storage would interfere with the disassembly
operations, and (3) the use of the RPC for fuel storage would limit the
potential use of BNFP for possible reprocessing of spent fuel at some
later date.
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10.0 SHIELDING ANALYSIS SUMMARY

It was determined that PWR fuel would, in general, require more

shielding than BWR fuel; so, the shielding analysis was based on PWR
fuel. The analysis is presented in the Addendum to this report.

The following fuel specifications were used in the shielding analysis:

. Fuel . PWR
Maximum enrichment (%U235) . 4.1
Maximum burnup (MWd/MTU) ' . 33,000
Maximum specific power (Mw/MTU) - 35
Assembly outside square (inches) 8.55
Maximum active fuel length (feet) 12.5
Fuel loading (MTU per assembly) 0.480
Number of assemblies in storage (%) 70
Canister outside square (inches) 9.25
Canister wall thickness (inches) ' 0.125
Disassembled assemblies per canister 2

An ORIGEN calculation was performed to generate neutron and gamma-ray
source terms (see Table 2 of Addendum). The computer program QAD
shielding calculations included the neutron-concrete Kernel and
gamma-ray point Kernel techniques. Concrete nuclide densities are
summarized in Table 4 of the Addendum. The shielding models used in the
QAD analysis are illustrated in Figures 7 through 10 of the Addendum.

For shielding analysis purposes an array of about 1800 PWR fuel
containers was assumed to be uniformly spaced within a vault (hot cell).
The containers (2 PWR assemblies in each container) are assumed to be
spaced about 15 inches apart, centerline to centerline.

An example of the shielding analysis results which shows ordinary
concrete thickness, to achieve a 0.1 millirem/hour dose rate, for
various PWR assembly heat loads, is shown below. More detailed results
are described and illustrated in the Addendum.

Heat Load, Kw/PWR Assembly

[O.l millirem/hr @ 1 fOOt] 400 2.0 1.0 005
Caisson wali, thickness (inches) .64 63 61 57
Cassion ceiling, thickness (inghes) 50 48 46 43
Vault wall, thickness (inches) - 70 69 66 63
Vault ceiling, thickness (inches) 64 63 60 57

The dose rate of 0.l millirem/hour shown above is a conservative limit.
A more realistic limit might be about 'l millirem/hour. A chart similar
to the one above is shown below for a dose rate of 1.0 millirem/hour at
one foot from the concrete on the "cold” side.
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Heat Load, Kw/PWR Assembly

[1.0 millirem/hr @ 1 foot] ' 4.0 2,0 1.0 0.5
Caisson wall, thickness (inches) .56 55 52. 49 -
Caisson ceiling, thickness (inches) 42 40 38 35

" Vault wall, thickness (inches) 62 60 57 54
Vault ceiling, thickness (inches) 56 54 52 49

One can see from the above that for reasonable dose rates and heat loads
(which reflect the time from reactor discharge) the shielding required
from the caisson walls, in general, is about 4 to 5 feet of ordinary
concrete., The shielding required for vault (hot cell) walls, 1in -
general, is about 4-1/2 to 5-1/2 feet of ordinary concrete. ' )

It should be noted that the caissons will normally be much further away
than one foot which was used in the shielding analysis. In actual
storage the caissons will be placed in an open area with at least one
fence surrounding the storage site. Personnel would not get any closer
than 100 to 200 feet except to move or handle the caissons for brief
-periods of time. Therefore, the wall and ceiling thicknesses of the
caissons could probably be reduced while still maintaining safe
conditions to personnel and the general public.

A summary of the caisson wall shielding requirements at 10 and 100 feet
from the caisson's exterior wall is given below.

Heat Load
Kw/PWR Assembly

Distance Dose
(feet) (mrem/hr) 4.0 2.0 0.1 0.5

Caisson wall, thickness (inches) 10 0.1 57 55 52 50
10 1.0 48 46 44 40

' 100 0.1 41 40 38 34

1 100 1.0 33 31 28 25

Another dose rate calculation was made involving "sky shine" (radiation
reflected from a source by the atmosphere) during the loading of an
underground caisson. The dose would be received by personnel who would
be semi-remotely installing the shielding 1lid on an underground caisson.
The fuel in this analysis was assumed to have the following properties:
4.1% enriched, 29,000 MWd/MTU burnup, 32 MW/MTU specific power, and
2-year cooled (conservative). The dose point location in both cases was
assumed to be three feet above ground level. The tops of the fuel rods
were located at an elevation of -5.5 feet relative to ground level. It
was determined that the dose rates due to gamma sky shine from 1.0 MTU
of fuel, located in an open caisson hole in the ground, were
170 mrem/hour at 10 feet from the hole and 6 mrem/hour at 50 feet.
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11.0 THERMAL ANALYSIS SUMMARY

The means of storing LWR spent fuel will be based, to a great extent, on
thermal considerations. An analysis was performed to determine the
feasibility, for various concepts, of storing spent fuel in a dry
environment. The complete analysis (includes shielding and thermal
considerations) is presented as an Addendum to this report. In general,
surface and centerline temperatures were determined for intact fuel,
disassembled fuel, and fuel stored in arrays for the various storage
concepts., Heat loads of 4 kW, 2 kW, 1 kW, 0.5 kW, and 0.25 kW per fuel
assembly (both BWR and PWR) were analyzed. Various concepts for storing
the spent fuel in a dry mode were reviewed for feasibility from a ther-
mal standpoint. Various means of cooling such as natural convection,
forced convection, use of heat pipes, use of cooling fins, and no
cooling devices were also analyzed for their feasibility.

11.1 No Auxiliary Cooling

Part of the thermal analysis was to determine the feasibility of not
cooling the spent fuel (no auxiliary cooling devices). It was assumed
that the walls of the vault were 5-foot thick concrete. A 2000 MTU
array of 30% BWR/70% PWR assemblies (more conservative than design
bases) each with a heat load of 1 kW was assumed to be stored within the
vault. The temperatures reached by the fuel .and the concrete were in
excess of safe storage conditions, which makes the "no cooling" concept
infeasible. This situation results from the low thermal conductivity of
concrete, the relatively low operating temperature limit of concrete,
and the relatively small surface area within a vault to dissipate heat.
The decay heat from 2000 MTU of stored fuel is shown (for various
individual assembly heat loads) in Table 9 of the Addendum.

The aboveground caisson concept with no cooling is feasible for intact
and disassembled fuel assemblies, if adequate space surrounds each
caisson. Table 10 in the Addendum summarized the caisson wall, canister
surface, and fuel pin temperatures utilizing the aboveground caisson
concept.

The below ground caisson concept with no cooling is also feasible for
intact and disassembled fuel assemblies, if the decay heat is no greater
than 1 kW for a PWR and 0.5 kW for a BWR fuel assembly. Calculated
temperatures are presented in Table 11 of the Addendum.

11.2 Natural Convection

The thermal analysis (Appendix B of the Addendum) indicates that natural
convection cooling is feasible and adequate to cool vaults and caissons
to the maximum limit of decay heat studies (4 kW for PWR and 2 kW for
BWR fuel assemblies), if the vault and caisson are constructed to freely
permit the entrance and exit of air. Thus, the use of natural
convection relates not only to thermal feasibility but also to the
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suitability of convecting air around a caisson and releasing it into the
environment without filtering. Perhaps double containment would be
required which would increase the maximum fuel pin temperature. The
thermal analysis assumed single containmerit for all concepts, but did
not take credit for any containment offered by the fuel cladding (the
actual containment system would be decided by a safety analysis).
Table 12 of the Addendum presents temperatures in natural convection
cooled vaults and caissons either above or below ground.

11.3 Forced Convection

Increasing the airflow velocity by forced convection (blowers) versus
natural convection results in a relatively small decrease in temperature
difference between the air and the fuel storage canister. Using forced
convection to significantly decrease fuel pin temperature appears to be
futile. The major advantage of forced convection is to provide a posi-
tive, constant supply of air that allows the placement of HEPA filters
within the ventilation system (the forced alr system can overcome the
pressure differential across the filters and the ductwork).

11.4 Heat Pipes

Cooling by using heat pipes is feasible for all of the storage concepts.
For example, in the vault. storage concept a 2-inch-diameter copper heat
pipe may be placed in the center of four canisters which each contain
two PWR disassembled fuel assemblies (see Figure 18 in the Addendum).
Four fins, each 12 inches long, conduct 8 kW of heat from the fuel
assemblies by natural convection and radiation. The operating tempera-
ture of the fins is estimated to be 400 to 450°F. The rack supports may
pass through holes in the fins, which will not greatly reduce the fin
efficiency. The number of heat pipes required, in this example, is
one—fourth of the total number of fuel canisters (assuming 2 kW heat
load per canister). '

11.5 Metal Fins

The concept of using fins through concrete walls is not feasible.
Assuming a total conducting length of 6 feet and the use of carbon steel
with a thermal conductivity of 30 BTU/hr-ft-°F, the maximum temperature
differential across the fins is 400°F. By assuming a maximum concrete
temperature of 500°F (very conservative) and a total decay heat of
5089 kW (1.736 E7 BTU/hr), the cross sectional area of the fins
calculates to be approximately 26,000 square feet. This represents a
prohibitively large mass of steel. To reduce the concrete to a more
reasonable temperature, say less than 200°F, would require even more
fins. .
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12.0 CONCLUSIONS

The storage of LWR spent fuel in a dry environment appears to be
technically feasible and intuitively more economical than wet storage,
if existing wet facilities are not already available. For small
quantities of spent fuel (an individual reactor site), it 1is probably
more economical to store utilizing the caisson approach rather than
vault storage. For larger quantities of spent fuel, the vault storage
concept is probably less costly.

The major difference among the various vault and caisson concepts is the
means of eliminating the radiolytic decay heat from the fuel. The ther-
mal analysis demonstrated that the only concepts that are not feasible
on a thermal basis are the "no auxiliary cooling” concepts and the use
of metal fins. :

The most timely and least costly approach appears to be storing the
spent fuel at an existing nuclear facility. Previous studies(18) have
surveyed existing hot cell facilities in the United States to determine
their ability to receive, handle, disassemble, and reconstitute
full-length Light Water Reactor (LWR) spent fuel assemblies. Several of
the hot cells examined would be adaptable to the storage of spent fuel.

0f the nine methods evaluated (see Table 12-1 for summary of storage
concepts) for utilizing the BNFP for dry storage of spent LWR fuel, five
have been rejected from further consideration. The five rejected con-
cepts are: (1) FRSS pool without water, (2) waste tanks, (3) Emergency
Utility Area building, (4) PNC Nos. 1 and 2, and (5) the RPC. The
above concepts were rejected for a-variety of reasons, but in general,
because they required extensive modifications to the BNFP, the
operations would be difficult, the storage capacity would be limited,
and their use would severely limit the use of BNFP for other purposes,
e.g., reprocessing. g

The four remaining concepts are all deemed feasible for dry storage of
LWR spent fuel. The four concepts include: (1) contact cells,
(2) caisson storage aboveground, (3) caisson storageé below ground, and
(4) a dedicated storage vault. This study was made assuming that the
BNFP would not be used for reprocessing now or in the future. If the
BNFP were to be used for reprocessing, the concept of utiliziﬁ the
contact cells for spent fuel storage would be totally impractical.

The caisson (above and below ground) and dedicated vault storage con~
cepts could be used at BNFP or at hundreds of other possible locations.
However, existing facilities at Barnwell make the use of the BNFP very
attractive compared with virtually any other potential storage site,
including existing national laboratories. The BNFP may utilize the
existing RPC for fuel disassembly and containerization. The site also
has a relatively large, new, and uncontaminated pool that may be used to
store relatively hot fuel (cooled one to five years after discharge from
an LWR). In addition, the close location of the RPC, the pool, and

_49_



available adjacent land (either for vault storage or for the caisson
loading facility) will facilitate the handling of the spent fuel.

To meet the shielding constraint of 0.l millirem/hour dose rate limit at
one foot from the concrete wall or ceiling on the "cold" side, 43 to
70 inches of ordinary concrete are required for a range of 0.5 to
4.0 kW/PWR assembly, respectively, in caisson or vault storage of LWR
spent fuel. To meet the shielding constraint of 0.1 millirem/hour dose
rate limit at ten feet from the caisson concrete wall on the "cold”
side, 49 to 57 inches of ordinary concrete are required for a range of
0.5 to 4.0 kW/PWR assembly in caisson storage of LWR spent fuel. To
meet the shielding constraint of 0.1 millirem/hour dose rate limit at
one hundred feet from the caisson concrete wall on the "cold"” side, 33
to 42 inches of ordinary concrete are required for a range of 0.5 to
4.0 kW/PWR assembly in caisson storage of LWR spent fuel.

Vaults, either above or below ground or for intact or disassembled fuel
assemblies, can not adequately conduct sufficient decay heat across
their walls to dissipate the heat without some type of auxiliary
cooling. '

" A single-canister caisson above ground can dissipate the decay heat
adequately, but below ground, auxiliary cooling is required for canister
decay heat greater than approximately 2 kW, depending on established
design criteria.

Natural convection cooling of a wvault and a caisson in which air is.
circulated into and out of the vault and caisson is feasible if large
openings are provided at the bottom and top of the vault and caisson
with no filters in the inlet or outlet. No attempt was made to quantify
pressure drops across filters and determine their effect on cooling.

Forced convection, although not theoretically needed for thermal
performance of a vault or caisson, is desirable to supply specific
quantities of coolant air. Forced convection also assures adequate
pressure head for filtering the coolant air, which might eliminate
double containment depending on safety analyses.

A properly finned heat pipe is a good passive system that can remove
sufficient quantities of decay heat in a vault or caisson. Also,
sufficient numbers are required that a built-in redundancy is provided
when installed in a vault, i.e., if several heat pipes should fail, the
total heat dissipation capability would not be significantly reduced.
Installing metal fins through the concrete wall of a vault or caisson is
not thermally practical due to the amount of fins required and is not
recommended.
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TABLE 12-1

SUMMARY OF .SPENT FUEL DRY STORAGE CONCEPTS AT BNFP

Disassembled
Dry Storage (Compacted) Remarks Concerning Dry Storage
Location Capacity (MTU) of Spent Fuel

RPC and RMSC 438 Impractical - limited capacity -
operational problems

Contact Cells 3341 Desirable assuming no reprocess-—
ing - Facilities in place - cost
effective - vertically stacked
(two tier)

FRSS Pool 976 Impractical - extensive modifi-
cations

Waste Tanks 3600 Undesirable - extensive modifi-
cations

PNC No. 1 and No. 2 366 . Impractical - limited capacity -
extensive modifications

EUA 2680 Undesirable - extensive modifi-
cations

Caisson - Aboveground 2000 + Acceptable storage concept -

(unlimited) some handling problems with

heavy caissons

Caisson - Below ground 2000 + Cood storage concept — harder to

(unlimited) expand than aboveground - may

require engineered berm

Vault 2000 + Good storage concept - expansion
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ABSTRACT

A shielding énalysis was perforred for Tight water reactor (LWR) spentl
fuel storage in caisson and yau]f environments for parametffc degay-}
heat in ki]owatts/assemb]y. The shielding wa]] and cef]ing
requirements for ordinary concrete vary from 70 to 43 inckes for
caisson and vault storage over a range 6f‘4 to 0.5 KK/PWR assembly.
These.shielding requirements provide dose rate;iimits-of less than 0.1

millirem/hour at one foot away from the concrete on the “cold" side..

Tb provide dose rate limits of less than 0,1 millirem/hour at ten feet
avay from the concrete on the "cold" side, the shielding requirements
for ordinary concrete vary from 57 to 49 inches for caisson storage

over a range of 4 to 0.5 KW/PKR assembly.

To provide dose rate limits of less than 0.1 millirem/hour at one

hundred feet away from the concrete on the "cold" side, the shielding

_requirements for.ofdinary concrete vary from 42 to 33 inches for

caisson storage over a range of 4 to 0.5 KW/PWR assembly.

Thermal analyses were performed for PWR and BWR spent fuel stored in .

~vaults and caissons above and below ground and for an engineered berm

’

“for. various cooling methods. Ranges of decay heat of 0.25 t0'4Akw per

PWR fuel assembly and 0.25 to 2 kw per BWR fuel assembly were
considered. These analyses provide maximum fuel pin temperature and
maximum canister suirface lemperature, Intact and disassenbled fuel

assemblies were assumed.



Also, cooling of two Pledisassembled fuel assemblies was studied for a
range of decay heat of 0.5 to 4 kw per assembly, a range of divider

. plate thickness of 0 to 0.25 inch, a range of pin gap size (average

‘ disténce'bétwgeh pins) of 0 to 0;009.inch, and for one side.bf,the

| canister insuiated. Cooling of a canister in a raék in a waték pool

also was analyzed.



INTROCUCTION

In compliance with the request of the May 3C, 198C, letter (1)

USRS B

 DOE/3026-80-105, DOE-3026-0.2 from the Allied General Nuclear Services

. (AGNS) to Ridihalgh, Eggers and Associates (REA), a thermal and

'l%’.\..‘, »i.’

shielding analysis were perforied for light water reactor (LWR) spent

(RN J

fuel storage in caisson and vault environments. The GAD (2)

" point-kernel computer code with three-dimensional geometry and

self-shielding capability was used to perform the neutron and gamma

2

shielding calculations. The GRIGEN (3) isotope generation and
-dep]etion‘computer code was used to prepare the neutron and gamma ray
-
»_é source strengths and the energy spectra. .
4 Thermal analyses were performed with mathematical models of the PWR and -
“BWR fuel assembTigs in intact and disassembled configurations. The

TRUMP (4) heat transfer cdmputer code was used to calculate

i ; ;;;j- .

| temperatures for the various parametric studies. Hand calculations .
vere used for feasibility ca]cu]ations‘df cooling requirements, total
heat load calculations, and theoretical gap éizes. Standard heat

"? transfer correlations were used or placed in a form suitable for use in

the TRUMP program.
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" reduce-the dose rate to a level of 0.1 millirem/hour at ten énd'one

SUMMARY OF SHIELDING AND THERMAL RESULTS

The shielding requirements of ordinary concrete to reduce the dose rate', 

fo a level of 0.1 mi]lirem/hour at one foot from'the concrete on the

"cold" side are illustrated in Figures 1 and 4 throUgh_6, Figures 2

~and 3 illustrate the shielding requirements of ordinary concrete to

hundred feet, respectively, from the caisson concrete wall oh the
"cold" sidé. The parametef of 4 to 0.5 kiiowatts/PWR aséemﬁly is shown ‘&” R
on all the figures. The caissqns confain two disassembled PWR | ‘
assemblies in a single canister and the vaults are riodeled as 42 x 42"
canisters containing two disassembled PWR assemblies in each canister;
Figure 1 illustrates the caisson concretelﬁall shigidihg requirements:
at one foot from the exterior wall. Figure 2 illustrates the caisson
concrete wall shielding requirements at ten fget;froﬁ the e*terior
wall. Figure 3 illustrates the caisson}concrete wall shielding

requirements at one hundred feet from the extericr wall. Figure 4 | - :

-illustrates the caisson concrete ceiling shielding requirements.

Figure 5 illustrates the vault concrete wall shielding requirements.

Figure 6 illustrates the vault concrete cei]ing shielding requirements. -

The results of the thermal analysis are presented in tables and figures '

- which are presented later, and detailed calculations are presented in

Appendices.
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SHIELDING DISCUSSION

The shielding analysis was based upon PWR fuel only. The fuel.
specifications were taken frcm AGNS supplied documents (5,6,7) and are

reported in Table 1.

An ORIGEN calculation was perforried to generate neutron and ganma-ray

..source terms and are reported in Table 2. The gamma photon spectrum

for the 4 KW/PWR assembly fuel is outlined in Table 3.

The QAD shielding calculations included the neutron-concreté kernel and
gannma-ray point kernel techniques. The concrete nuclide densities are

summarized in Table 4.

-_The shie]ding geometry models used in the QAD ana]yéis are illustrated
in Figures 7 throdgh 10. Specifically, Figures 7 and 8 are the caisson

:“shie1ding model; Figureslll and 12, the vault shielding modél.'

The vaultzstorage capacity is specified to be 2000 MTU-and loaded 70%
with PWR assemblies and 30% with BWR assenblies. At 0.190 MTU/BWR

assembly and 0.480 MTU/PWR assenbly, approximately 3562 PWR assemblies

may be stored or 1781 canisters of two disassembled PWR assemblies

"each. This constitutes an-array of canisters of approximately 42 x 42

and was used in this analysis.

The caisson and vault shielding models were based.upon designs in AGNS

documents (8,9). :
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TABLE 1. FUEL SPECIFICATIONS . .

~-Fué]

Maximum specifi¢ p0wer (MW/MTU)

Maximum_énriéhment (% v235) i

Max imum burnup-(MwD/MTU)

‘-Assemblyltross séctién (ihéhes) R

]Manmum active fuel Tength (feet) .

Fyel:loading-(MTU) -
PwR'assemb]ies (% of total in storage)
Canister dutside cross section (incheé)‘,

Canister wall thickness (inches)

Disassenbled assemblies per canister

PR
 ,4r£ﬂ'. ,
33,000
-3
8.55
12,5
30180'
;70_“
9.25 |
0.125




13

TABLE 2. NEUTRON AND GAMMA SOURCE TERMS

KW Cooling

- Time, .

PWR  MNonths

Photons

(Sec-PWR)

Neutrons

(Sec-PWR)

4 17.2

2 41.4
1 62.8

0.5 151.7

1.203(16)
7.572(15)
3.986(15)

1.639(15)

(a) .

8.693(7)
8.106(7)
7.813(7)
5.314(7)

(a) 8.693(7) --> 8.693%10

7
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" TABLE 3. GAMMA SOURCE SPECTRUM FOR 4 KW/PWR

. Energy (Mev) o [photoné/(sec-PWR).]
; 0.03° ‘; .A : 1.186(115(3).
- 1 0.04 S o 2?127(12)
P 006 ,1.485(;2)»}
0.10 1.452(10)
) 0.15 3 © 8.313(10). "
; S 3 . 0.20 1 4.684(10) -
) T 030 © 1.815(15)
| 0.63 . 9.664(15)
.10 3.752(14)
1,55 1.287(14)  '
1,99 | 6.372(13)
2.38 | - 5.908(12)
2.5 4.473(11)
3.25 1.409(10) -
3.70  1.755(06)
4.22 © 1.106(06)
4.70 E 5.233(05)
5.25 : 3.291(05)
1.203(16)

| 11
(a) 1.186(11) --> 1.186*10
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TABLE 4. ORDINARY CONCRETE DENSITY

Nuclide

Density,
3

grams/cm

1

R

xeiod .

hydrogen

carbon

_ oxygen

magnesium
é]uminum
silicon
sulfur
potassium
calcium

iron

0.020

0.118
1.116
0.057
0.085
0.342
0.007

0.004

0.582

-~ 0.026

2.390
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THERMAL DISCUSSION

- The maximum fuel pin temperature and approximate location were -

est1mated. The surface temperature of the can1ster also was
'fdeterm1ned but th1s task was performed separate from the max]mum fuel'Ln :

' 7p1n temperature study so that the data would be more useful. For .

'A.examp1e the surface temperature depends on the type coo]1ng and the A

' opt1m1zat1on of a particular type of cooling. Optimization is beyond ’
'~'the 5cope'of this study. As the surface temperature varies depend)ng

on the method of cooling, the maximum fuel pin temperature also changes”

"<fgg.by-a nonlinear amount due to radiatfon. Thus, if it were decidedhtor

"’vary the.surface temperature, it would be diffioult t0'estimate'ther
4Hmax1muw fuel pin temperature from data depending on a part1cu1ar value
of canlster surface temperature. Therefore the maximum fuel p1n
'“temperature is displayed ouer ranges of canister surfaoe temperature
and‘decayhheat‘ As engineering studies effect a specific;coolingr

‘system design, a new surface temperature would be calculated. ‘with theA?
latest value of surface temperature, the maximum fuel pin curves WOU]d{

 be entered to obtain the newpva]ue of maximum fuel pin temperature..

h To show feasibility of cooling, the most favorable situations were"
-considered first. If a situation was shown to be not feasible, then
- other s1tuat1ons that can be shown to be viorse by deduction were not

f mathematica]ly analyzed.
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The major portion of this stUdy pertains to dry storage, which meéns A

with air as the coolant. Other gases were not éonsidered.

In analyses of natural convection on the external surface of the .°
: N 8
canister and whenever the Rayleigh number Was‘less'thanll x 10, the

foi]owing correlation was used in calculating the heat transfer’

 coefficient.

0.25
h = 0.52 Ra

heat transfer coefficient, Btu/h-sq.ft-F

Ra ‘Rayleigh number
8

For values of Rayleigh number greater than 1 x 10, the fo]lowfng"J

- correlation was used.

' 0.333
“h = 0.126 Ra

On the outside of the vaults and caissons in which natural convection

f otcurs‘atlrelatively low temperature, the fo]10wing}corre]ation was

, 0.333
h=0.18dt °

. where dt = temperature difference between‘surfacé and ambient

' Ih{aT] analyses of spent fuel in a'hot'celi, only PWR disassembled

spent fuel was assumed.



SHIELDING RESULTS:

'In order t6 achieve the 0.1 millirem/hour dose rate liniits at:oné}fgot.:;i
" from the exterior concrete,'the following amounts of.ordinary‘ponﬁféte ;"
are needed for the caisson wall correspending to 4, 2, 1 and O.SzKW/PWR: S

) assenbly, respéctively: 64, 63;_61‘and.57,inches.

~In ordér,fo achieve the 0.1 millirem/hour dose rate limits at ten feet
" from the exterior concrete, the following amounts of'ordinary con@rete
. are needed for the caisson wall corresponding to 4, 2, 1 and 0.5 Kw/PWR>.. o

uassemb]y, respectiVe]y: 57, 55, 53 and 49 inches..

" In order to achieve the 0.1 millirem/hour dose rate 1imits at one
hundred feet from the exterior concrete, the following amounts of
ordinary concrete are neeced for the caisson wall corresponding to 4,'

2, 1 and 0.5 KW/PWR assembly, respectively: 42, 40, 37 and 33 inches.

In crder to achieve the 0.1 millirem/hour dose rate liniits at one foot
from the exterior concrete, the following amounts of ordinary concrete - -
are needed for the caisson ceiling corresponding to 4, 2, 1 and 0.5

KW/PWR assewbly, respectively: 50, 48, 46 and 43 inches.

Inorder to achieve the 0.1 milliremn/hour dose rate 1imits at one foot
from the exterior concrete, the following amounts of ordinary concrete =
are needed for the vault wall corresponding to 4, 2, 1 and C.5 KW/PWR

assembly, respectively: .70, 69, 66 and 63 inches.
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E In order to achieve the 0.1 m11]1rem/hour dose rate 11m1ts at one foot

fron the exterior concrete, the fo]10w1ng amounts of ordinary concrete

- are needed for the vault ceiling correspond1ng to 4, 2, 1 and 0. 5

}-(7 ~ KW/PKR assemb]y, respectively: 64, 63, 60-and 57 inches.

ot

L emenid




' :D1men510na] data used in the analysis are also Jnd1cated F1gures 13i;?

used for various canister cooling conditions.

24

THEKMAL RESULTS

Maximum Fuel Pin Temperature in Dry Storage

Maximum fue] pin temperatures were ca]cu]ated for ranges of can1ster

surface temperature and are presented in the form of general1zed des1gn; B

: curves. Can1ster,surface temperaturesvwere calculated for spec1f1c““

¢

cool1ng 51tuat1ons and max1mum fuel p1n temperatures for the spec1f1c‘“

51tuat10ns were determ1ned from the des1gn curves.

‘Tables 5'and 6 present the maximum fuel pin temperature“for rangesfofsT«fﬁr?

decay heat and can1ster surface temperature for the PVR and BwR 1ntact

fuel assembl1es, respect1ve]y. The 1ocat1ons of the max1run j.”

emperatures are- 1nd1cated 1n Figures 11 and 12, respect1ve1y.

and 14Agraphica11y present the temperature.data in a form thatAcan be_”:;-

»Tables.7'and,8.present the maximum fuel pin temperature for ranges of*'

decay heat and can1ster surface temperature for two d1sassemb1ed PWR
and four d1sassemb1ed BkR fuel assemb11es respect1ve1y."A ,
0. 125 1nch thick d1v1der plate was assumed and gap sizes are 1nd1cated
in the tab]es. The. locations of max1mum temperature are shown on
F1gure'15_for a number of'situations.' For the situation with heat

transferred from the four sides of the canister, two locations,

Locatlons 1 and-2, were equa]]y ‘hot. These locations also are

: approx1mate1y three pins away from the d1v1der plate which conducts = .-
b.heat toward the sides.of the canister. Moreover, these locations areff

on the diagonal nhich‘is-perpendicu]ar to the divider plate. Figures
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.16 and 17 graphically show trends.
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TABLE 5. MAXIMUM FUEL' PIN TEMPERATURE (F) FOR ONE « -
- INTACT PWR FUEL ASSEMBLY IN DRY CANISTER .~

Decay Maximum Fuel Pin Temperfiture for. Indicated
Heat, - Canister Surface Temperature, F - -
kw 100 300 500 700
0.25 132 322 514 709 1005
0.5 160 342 528 718 - 1010
1.0 210 378 552 735 1020
2.0 296 441 597 766 1038
4.0 431 546 676 824 1074
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TABLE 6. MAXINMUM FUEL PIN TEMPERATURE (F) FOR ONE
' INTACT BWR FUEL ASSEMBLY IN DRY CANISTER

Deéay : Maximum Fuel Pin Temperature for Indicated

"',Heat, Canister Surface Temperature, F

kw 100 300 . 500 . 700

1000

0.25 - 132 ' 321 513 - 708

0.5 159 339 525 716
1.0 209 374 548 . 732

2.0 - 293 435 581 - 76l

1005
1009

1018
1035

erned
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. TABLE 7. MAXIMUM FUEL PIN TEMPERATURE (F) FOR TWO DISASSENBLED E .
© PWR FUEL ASSEMBLIES IN DRY CANISTER WITH-0.,125 INCH THICK
DIVIDER PLATE AND 0.0085 INCH GAP BETWEEN PINS R

Decay - Maximum Fuel Pin Temperature for Indlcated :
Heat, ' Canister Surface Temperature, F*© . 5" . F. .
kw 100 200 , 500~ 700" . - 1000 T

o251 521 715 f'fﬁl{S_TIOOQ”;f%:”;
o w3 s osa 70 o010 el
R L S T 2 7 B T SRRt S e
2.0 360 | Cs00  ee9 81l ER 1of1ﬁ:Iﬁ%;%- o
4.0 549 Cess a1 Ces s
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o TABLE 8. MAXIMUM FUEL PIN TEMPERATURE (F) FOR FOUR DISASSEMBLED
' . BWR FUEL ASSEMBLIES IN DRY CANISTER WITH 0.125 INCH THICK
DIVIDER PLATE AND 0.0099 INCH GAP BETWEEN PINS '
Cecay _Maximum Fuel Pin Temperature for Indicated
: - Heat ,. Canister Surface Temperature, F :

T kw 100 3C0 ~ 500 700 1000
i 3 N | | .
‘ 0.25 179 - 359 543 S 731 - 1019

[E 0.5 . 251 413 583 760 . 1037
- 1.0 36 - 510 . 655 g15 1073
s 2.0 569 666 780 912 1139

]

t
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[_’.;

it -obes kas-
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Total Decay Heat

Table 9 presents the total decay heat from 3562 PWR and 1527 BWR fuel

assenblies for a range of decay heat rate.

Cooling Concepts

To determine feasibility of a cooling concept, the value of decay heat
of 1 kw was used, which is typical of 5 to 6 year qob]ing time and
represents the value for the "average" fuel assembly.  If a concept was -

determined to be feasible, the analysis a156 vias extended over a range

" of decay heat so that the thermal performancé of fuel with cooling

times different than 5.to 6 years can be aésesseda
No Cooling

Ahpéndix'A presents the analysis of vault and caisson nb—codling
concepts and shows sample calcuiations. A11 of. the vault Concebts with
no cooling are not feasib]e‘because of the relatively low thermal
‘conductivity of concrete, the relatively low operating teﬁperature'
limit of concrete, and the relatively small surface area to dissipate

heat.

The above-ground caisson concept with no cooliny is feasible for intact

and disassenbled fuel assemblies, if adequate environmental space

“surrounds$ each caisson., Table 10 sunimarizes the various temperatures

for intact and disassembled PWR and BWR fue1 assemblies.

The below-ground caisson concept with no cooling is feasiblé'for iﬁtact ‘
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TABLE 9. DECAY HEAT FROM 30%/70% BUR/PHR FUEL ASSEVBLIES el
FOR TOTAL STORAGE OF 2000 MTU .~ - W

- Total Decay Heat Rate kw S o
Decay : . 3562 PWR B o 1527 BKR
Heat co -~ Fuel ’ ~ Fuel -

kw .~ " -Assenblies S Assemblies

0.25 - 8 o T2

0.5 . s . S Tes - ‘
1o 3562 Coasar o o o

2.0 S N 3054
40 14248 . -

.thes:

B e T

1. Total decay heat rate depends on value assumed . . . 0
for PHR and BkR mixture. Maximum total is with 4 kw IR A
per PR and 2 kw per BWR fuel assembly or a tota] Ty ST T s n
14, 248 kw plus 3054 kw, wh1ch is 17,302 kw.” - B SR

2. Values apply for intact or disassembled fuel = : A .
assemblies. For stored PWR disassembled fuel 4 : S
assemblies, the number of canisters is half that for
stored 1ntact fuel assemblies, but the decay heat -
rate per canister for disassembled PWR fuel o

~assemblies is twice that for intact fuel assemblies,
thus these effects offset each other. 'A similar
effect occurs with the BWR fuel assemblies, but the - R N
factor is four (four assemblies in a can1ster) _ A
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TABLE 10. TEFPERATURES (F) FOR NO-CGOLED ABOVE-GROUND CAISSONS WITH
' INTACT AND DISASSEMBLED PWR AND BWR -SPENT-FUEL ASSEMBLIES

- Temperature or
Temperature Difference, F

Total Canister Decay Heat, kw

160

466
194

0.25 0.5 1 2 4 8
Ambient‘temperaturé~ . 100 100 .K,IOOV 10 100
Anbient-outside wall dt 1 I‘  2 : 4 '8 15
‘Caisson outside tenperature 101 101 102 104 108 115
Caisson wall dt 11 22 4 88 '175 '351
Caisson inside temperature 112 . 123 146' - 192 283.
Canister-caisson dt | 23 . 43 76 119 189
Canister surface temperature 135 166 222 311 - 472 660'
, Max1mum fuel pin temperature: - ‘
-PWR 1ntact fuel assemb]y 165 220. A3ié N 450 .:'658’ --
PUR disasserbled fuel Ll 20 28 416 628 879
BWR intact fuel assembly 165 218 3100 444 -- -
BWR disassembled fuel - -- 289 422 635 886

%

dt refers to temperature difference

Note: '
For individual assembly decay heat load, divide column

headings by 2 for PWR disassembled fuel and by 4 for BWR
disassembled fuel. Thus, the individual assembly decay heat
ranges of 0.25 to 4 kw per PWR assemb]y and 0.25 to 2 kw per
BWR assemb]y are included.
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_disassembled fuel assemblies, if the decay heat 1in each‘ﬁuelvassemb1yii'

is no greater than 1 kw for a PWR and 0.5 kw for a BWR 7uel asSemb]y,‘_”'"“u:*

.Calculated temperatures are presented in Table 11. As the tab]é

indicatés' with a total of 2 kw in the caisson, the conerete

temperature in the vertical side wall is 629 F, which is greater thanf

the somewhat arbitrary value of 500 F discussed in Append1x A. A

detailed des1gn study with optimization, redefining of des1gn cr1ter1a~<?

| and the use of a detailed thermal model instead of the’closed forim
soiutipn used in Appendix A may reveal that the 2 kw deeay heaf iSi_~
acceptable. Thus, with these reservations, 2 kw is 1nd1cated as
feasible in Table 11. Above 2 kw, storage in a be]ow-ground no- coo]ed

caissop does not appear to be feasible.

‘The data in Tab1eA11vare valid for a caisson or an array of caissons in

level ground or in an engineered berm, if the center-to-center spacing

is at ieast 9.44 feet, which is the overall size of the caisson‘that'

vas anglyzed.

Natural Convection

Tab]e 12 presents temperatures in natural-convection coo]ed vau]ts and

caissons either above or below ground Values in the table mere -

calculated assuming no heat is conducted through the walls of the vau]t“.~ =

or caissom. As discussed in Appendix B, the use of Table 12 irncludes a

small amoupt of conservatism for the vaults and below-ground caisson,

but for the above-ground caisson the amount of conservatism is

approximately 20 percent. Thus, a correction can be applied by the use.

of Table 10 With Table 12, if desired. This procedure'is.described ih

“Appendix B.
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TABLE 11. TEMPERATURES (F) FCR NO-COOLED' BELOW-GROUND. CAISSONS WITH
INTACT AND DISASSEMBLED PWR AND BWR SPENT-FUEL ASSEMBLIES

PR

Temperature.or
Temperature Difference, F

Total Canister Decay Heat, kw‘

-BWR disassembled fuel

4 8

. 0.25 0.5 1 2
Abient temperature 100 100 100 160 Not
~ Ambient-outside top dt 7 12 23 42 Feasible
Caisson outside temperature ' 107‘ 112 123 142 Not
Caisson access plug dt 36 73 146 | 292 | Feasible .
Céisson inside top temp. 143 185 269 434 Not :l A
Caisson topQwall dt 24 49 98 195 Feasib1é 
~ Caisson fnside wall temp. 167 234 367 629 Not .
Canister-caisson dt 22 33 42 41. Feasible‘
Canister sqrféce temperature 189 26f - 409 670 -: th | ‘
. Maximum fuel pin température: A | . Feasib]é,
PWR intact fuel assembly 217 312 473 741  Not
PWR disassembled fue] -- 296" 456 731 Feasible
BWR intact fuel assembly 216 309 468" 736  Not
-- -- 459 733 Feasible

*

dt refers to temperature difference

Note:

“For individual assembly decay heat load, divide column

headings by 2 for PWR disassembled fuel and by 4 for BWR

disassenbled fuel.

Thus,

the individual assembly decay heat.

. ranges of 0.25 to 4 kw per PWR assembly ond 0.25 to 2 kw per
,BWR assembly are included.
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TABLE 12. TEMPERATURES (F) FOR NATURAL CONVECTION.COOLED VAULTS AND

CAISSONS WITH INTACT AND DISASSEMBLED PWR AND Bw

SPENT-FUEL ASSEMBLIES

Temperature or
Temperature Difference, F

Total Canister Decay Heat, kw

396

167

0.25 0.5 12 4 g
~ Ambient temperature 100 100 100 100 100 41@6
Inlet-outlet air dt 6 10 16 26 - 42 6
Outlet air temperature 106 110 116 126 142
Canister-air dt 0 51 87 153 273 488
Canister surface temperature . 136 161 203 279 .415 : 655
Maximum fuel pin temperature: | | o |
~ PWR intact fuel assembly 166 216 297 426 €21 --
PWR disassenbled fuel -~ 195 267 390 586 876
BWR intact fuel assembly 166 214 284 420 -- --
BWR disassembled fuel -~ -~ 272 563

*

dt refers to temperature difference

Note:

For individual assenbly decay heat load, divide colunin

headings by 2 for PWR disassembled fuel and by 4 for BwR.'

disassembled fuel. Thus, the individual assembly decay heat
ranges of 0.25 to 4 kw per PWR assembly and 0.25 to 2 kw per
BWR assembly are included. , ,
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The analysis in Appendix b indicates that natural convection cooling is

feasible and adequate to cool vaults and caissons to the maxinum

expectea limit of décay heat (4 kw'fpr PWR and 2 kw for BWR fuel

assenblies), if the vault and caisson are constructed to freely permit
the entrance and exit of air. Thus, theAuse of natural convection

relates not only to thermaT feasibility but to the environniental

suitability of convecting air around a caisson and ejecting it into the -

environment without filtering. Perhaps double containment would be
required, and this analysis does not include doutle cdntainmenf, which

would increase the maximuni- fuel pin temperature.

Forced Convection

In Appendix B, the velocity of . 5.67 ft/s is shown to be attainable for

~ natural convection with a resultant value of heat transfer coefficient *

-of 1.11 Btu/h-sq. ft-F. A forced convection correlation reveals that -

if the air flow velocity were increased to 10 ft/s, the value of: heat

transfer coefficient would increase to only 1.52 Btu/h-sq. ft-F. This

" would result in considerably greater fan power with a relatively small

decrease in temperature difference between the air and the canister.
Also, this temperature differential is relatively small cowparedAto the
overall temperature'differencevbetween the air and the hottest fuelf
pin. Therefore, using forced convection to ‘decrease fuel pfn

temperature appears to be futile.

The major advantage of forced convection is to provide a positive,
constant supply of air in which filters can be installed to ensure a
clean environment. For least fan power, the air flow rate would be

adjusted to the mininum level consistent with the maximum allowable
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fuel pin temperature.

Heat Pipes

The heat pipe concept is feasible for all of the storage concepts. For ..

the vault storage, above and below ground, a 2-inch-diameter copper
heat pipe may be placed in the center of fouf canistersiwﬁfch eontain
PWR disassembled fuel as shown in Figure'18. Therefore;:ehe‘heatlpipe'
capacity is 8 kw. Four fins, each 12 inches'1ong,ACOnduct‘heat<frdm
the fuel assemb]ies, which transfer heat to the fins by natural |
convection and radiation. The operating temperatufe of .the fins is
estimated to be 400 F to 450 F, depending on the efficiency desiredtand
the expense. The rack supports may pass throUgh‘hoies in the fins,
vhich will not greatly reduce.the fin effectiveness. The nﬁmbef of
heat pipesArequired is one-fourth of the total number of PwR caniete}s;
For BWR disassembled fuel with 4 kw per canister, twice as many heat

pipes would be required as that for an equal'numbek of PWR canisters..

The copper fins can be coated to increase their emittance to
approximately 0.9, which is equal to that of concrete. Therefore,
maximum fuel pin temperatures can be determined'from Table 10 for
no-cooled caissons. Temperature values are approximate]y'equel whether
natural convection occurs by circulation within a closed caisson
between canister and concrete or betiween canister and fins. - In this
example, a total decay heat of 8 kw is essumed. Entering fable 10 with
8 kw, the temperature differential between the canister and caisson |
(intrepreted ae canieter and fins in this example) is 1§4AF, Thus,

.assuming a fin temperature of 450 F, the canister surface témperature,

would be 450 F plus 194 F or 644 F. Using this value and the data of




FIGURE 18.
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maximum fuel pin temperature as a function of canister surface

temperature, the maximum fuel pin temperature can be determined.

Fins

The concept of using fins throughAthe concfete walls ﬁs th;feésiblé.:
In this concept, the fins should bé insta]ied slanted inxfélation"fd
the wall cross section to reduce nuclear.radiationitﬁrough the steel.
Assuming a total conducting length of 6 feet, the use of carbon steel 'f o
with thermal conductivity of 30 Btu/h-ft-F, the maximum_#eMperaturé |
differential across the fins is 400 F (maximum cbncrete témperature of
500 F), and total decay heat of 5089 kw (1.736 E7 Btu/h); the croés
sectional area of the fins would be approximately 26,000 square feet;

This represents a prohibitively large mass of steel.

‘Fins are feasible, if used with a heat pipe as discuésed previous]y. 
Inside vault fins were discussed. Carbon steel, stainless Steel;'or",-f'
copper fins also would be placed around the heat pipe ektérnglvto thé
vau]t; Assuming a view factor between fins to the environment 6f30.2
for 6-inch-high fins spaced 2 inches on center, a temberature
difference between the fin surface and the environment of_300 F, and a
‘heat transfer cqefficient value for natural convection of 1.2 o
Btu/h-sq. ft-F; the required total fin surface area would be 28,000
square feet; Since adequate space exists on top of the vap]t, the fins
could be spaced farther apart to increase heat transfer by radiation.
Fins in two or three decks vould be required on top of the vault for
disassembied fué] assemblies. Whether the fins woﬁ]d be inﬁtalled in
decks, which are commercialfy available, or installed a; circular fins.v.

directly on the heat pipes and protrude several feet abbve the top of
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the vault is a design decision beyond the scope of this report.

Effect of Decay Heat in a Hot Cell

In this analysis, the ambient température.of 100 F was specified, thus

the maximum temperature for each case has been calculated using the

specified ambient temperature. Table 13 presents the maximum fuel pin

‘temperature with a 0.125-inch-thick divider plate in the ganistef and a
. 0.0085 inch gap between fuel pins in a square array for two
disassenbled PWR fuel assemblies, Heat was assumed to be transferred

e fkbm four sides of the canister by natural convectibn and'radjétion.

An emittance of 0.4 was. used on the external surface of the canister.
If 10 air changes per hour were assumed in the hot cell, the resulting =

velocity would not increase the heat transfer coefficient greater ‘than

-that which could be attained by natural convection. By a'heat'baIance;'

the mininum supply of air must bLe 84.3 standard cubic feet per minute:.

(SCFN). This is equivalent to the fuel being in a room 17.2 feet cube. '

The locations of the maximum fuel bin temperature are Locations 1 and 2-

- in Figure 15, which is approximately three pihs away from the divider' 

plate. .
| Effect of Divider Plate Thickness

Table 14 presents the maximum fuel pin temperature for a range of
" divider plate thickness for two disassembled PWR fuel assemblies each

" with 2 kw decay heat. For no divider plate, the centrally located fuel .-

pins in the 20 by 20 pin array are hottest (416kp1ns are in the
canister, but only 20 pins will fit in a row, assuming a square
matrix). With a divider plate, the hottest pfns are approximately in

Locations 1 and 2 in Figure 15.



48

MAXIMUN TEMPERATURES OF THO DISASSEMBLED PWR FUEL ASSEMBLIES

L e iy e e

TABLE 13. JEL
STORED IN DRY 100 F ENVIRONMENT WITH 0.125 INCH:THICK
DIVIDER PLATE AND 0.0085 INCH GAP BEThtEN PINS L
SHOWING EFFECT OF DECAY HEAT -
Decay ‘ Maximum . Waximum
Heat Rate Maximum Storage © Divider
Per Fuel Pin : Canister - . Plate
Assembly, Temperature, Temperature, Temperature,
kw F F . F
0.5 221 162 S as
1.0 328 200 307
2.0 488 - 289 o ass
4.0 713 - 42 e
J
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MAXIMUM TEMPERATURES OF TWO DISASSEMBLED PWR FUEL ASSEMBLIES

o " TABLE 14. ,
Lo STORED IN DRY 100 F ENVIRONMENT WITH 2 KW PER ASSEMBLY
. (TOTAL 4 KW) AND 0.0085 INCH GAP BETWEEN PINS -
— SHOWING EFFECT OF DIVIDER PLATE THICKKNESS
. , Maximum Maximum
; Divider Maximum , Storage Divider
Plate Fuel Pin . Canister , Plate
‘ Thickness, Temperature, - - Temperature, Temperature,
S inch S CF . F o
L ' '
; 0 535 293 S
:fx ' 0.0625 506 290 o 484
i 0125 488 289 454
= 0.875 475 - 22 433
3 0.25 466 . 291 a8




With the thinnest plate, the location may nove one or twolpinS'closer 4
to the plate, because little heat is conducted from the center of the’

canister with a thin plate.

Effect of Pin Gap Size

Table 15 presents the maximum fuel pin temperature for'a‘rangé of dap -
size for two disassembled PWR fuel assemblies each with.2 kw decéy.; |
heat. The gap size correspondiﬁg to the specified 1.04 area factor is
0.0085 inch for the 0.430 inch diameter fue]'pins."THis‘valﬁe:was
éa]cu]ated by using the relationship that the yap size is equal to ‘
(1.098 - 1)(0.430) or 0.0085 fnch, where the fact6r~1.098'is the square'>.
root of the factor 1.04. Although slightly differenf heat transfer
coefficient va]ueﬁlwere used inside the canister to account for the
different spacing, gap size had ]ift]e difference in maximum
temperature, except for zero gap. For zero gap, ]owestlmaximum-
temperature was predicted because of the additional conduction afbundv

the fuel pin cladding.

Effect of Insulating One Side of Canister

Teble 16 presents maximum fuel pin temperatures for two disassemb]ed'
PWR fuel assemblies for a range of decay heat with one side of the
canister insulated, i.e., heat is transferred from three sides only.
The location of the maximusi fuel pin temperatufe is. at Lbcation 3 in
AFigure 15. Maximum canister temperature occurs on the insulated side,
vhich acts asAa fin‘to conduct heat to the corners of.the canister.
Thus the divider plate does not transfer heat to the one hot corner,

and the location of the hottest pin shifts toward the hot corner
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MAXIMUM TEMPERATURES OF TWO DISASSEMBLEL PWR FUEL ASSEMBLIES

TABLE 15.
STORED 'IN CRY 100 F ENVIRONMENT WITH 0.125 INCH THICK
DIVIDER PLATE AND 2 KW PER ASSEMBLY (TOTAL 4 KW)
SHOWING EFFECT OF PIN GAP SIZE
. Meximum - - Maximum -
Gap Maximum , Storage Divider
- Between “Fuel Pin B Canister : Plate
Pins, Temperature, - Temperature, Temperature,
inch F F : ' F
0 469 - 288 a2
. 0.003 483 288 452
0.006 . 486 | 288 483
10.0085 488 | 289 - 454
0.009 438 289 o 454
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TABLE 16. MAXIMUM TEMPERATURES OF TWO DISASSEMBLED PWR FUEL ASSPNBLIES=1'1; ;
STORED IN'DRY 1C0 F ENVIROKMENT WITH 0.125 INCH THICK B O RS
DIVIDER PLATE AND 0.0085 INCH GAP BETWEEN PINS SHOWING, . <~ - . -7 -=7 %
EFFECT OF INSULATING. ONE 'SIDE OF CANISTER FOR A RANGE ~ ' " :
OF DECAY HEAT

Decay ‘Maximum = . Maxdmum o
Heat Rate Maximum Storage o  Divider.
Per Fuel Pin Canister: = -~ Plate '
Assenibly, Temperature, - Temperature, = ~ Temperature,.

kw F : Fo . O F

0.5 2 s o 1} ',-'if1 ='1“;3:1§3';}
o » AA | . . s . o , :
2.0 s97 . saa sz o7
4.0 . 865 o812 s
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a few pins.

Cffect of Environmental Temperature

" Table 17 presents the hottest fuel pin température for a range of

environmentai temperature for two disassembled PWR fuel assemblies each vh
with 4 kw décay heat; The value for 100 F ambient was copied from a
previous analysis to comp]eté'the trend. The maxinum value decreases
with increasing envifonmenta] temperature because heat can be

transferred more efficiently by radiation at higher temperatures.

Effect of Pool Water

TabTe"18‘presents the maximun bulk water temperature inside a canister.

containing two disassenmbled PWR fuel assenmblies with the canister in a

rack with 0.12% incli clearance betvieen the canister and rack dn all

. four sides. Natural convection is sufficient to maintain temperatures

~ below boiling assuming an inlet temperature of 120 F. If the insidé of -

fhe canister were to be dry, the surface temperature, which is a
function of how nuch heat crossed the surface, would be the same

because the decay heat wviould not have changed. However, the maximum

<pin~tehperature would be greater and this value can be ascertained from

the general curves of maximum decay heat versus canister surface
tenperature, which were presented previously herein. Thus, boiling
would not occur outside of the canister and the temperature would be

the sanie as if the inside of the canister had water.
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MAXIMUNM TEMPERATURES OF TWO DISASSEMELED PWR FUEL .ASSEMBLIES.

TABLE 17.
: STORED IN DRY ENVIRONMENT WITH 4 KW PER ASSEMBLY, 0.125 INCH -
THICK DIVIDER PLATE, AND 0.0085 INCH GAP BETWEEN PINS S
SHOWING EFFECT OF INSULATING ONE SIDE OF CANISTER FOR A
RANGE OF ENVIRONMENTAL TEMPERATURE
Environ- Max mum K :fMaximum‘jlﬁ
mental Maximum Storage - - Divider
Tenper- Fuel Pin “Canister . =~~~ . Plate -
ature, Temperature, Temperature, . Tewperature, -
F F F . N
100 865 . 812 | o
150 880 830 R O
200 897 | 849 810




Bl

T

s

; TABLE 18.

55

MAXIMUM CANISTER WATER TEMPERATURE AND CANISTER-RACK ANNULUS" 

WATER TEMPERATURE RISE FOR TWO DISASSENMBLED PWR FUEL
ASSEMBLIES IN A RACK FOR A RANGE OF DECAY HEAT
Cecay Maximum " Temperature
Heat Rate Water " Rise in
- Per Temperature. Canister-Rack
Assenbly, in Canister, - Annulus,
‘ kw F F
. *
0.5 112 5
1.0 118 7
2.0 131 10
4.0 154 15
*

Témperatures calculated with a water inlet temperature of 120 F.



CONCLUSIONS

- To meet the shie]ding constraint of 0.1 millirem/hour dose rate limit}

To meet the shielding constraint of 0.1 millirem/liour dose rate 1imit'~

at one foot from the concrete wall or ceiling on the "co]d" side, 70 to

43 inches of ordinary concrete are required for a range- of 4 to 0 5

KW/PWR assembly in caisson or vault storage of LwR,spent fuel.

at ten feet from the caisson concrete wall'on the lI'cold" side' 57 to 49

inches of ordinary concrete are required for a range of 4 to U 5 KW/PMR t 

assemb]y in caisson storage of LWR spent fue].

To meet the shielding constraint of O. 1 m1]11rew/hour dose rate ]1m1t

at one hundred feet from the caisson concrete wall on the cold" 51de,

42 tp 33 inches of ordinary concrete are required for a range of 4 to

0.5 KW/PWR assembly in caisson Storage of LWR spent fuel.

For the same canister surface temperature and total decay heat in a

canister with intact fuel assemblies, decay heat can be transferred

interna]]y from a 7 by 7 pin or an 8 by 8 pin BWR assembly and a 15 by ]

15 pin PWR assembly in approximately the same ratio as their respective

canister surface areas, therefore, the maximum fuel pin. temperatures

are approximately egual.

For the same total decay heat in a canister with dlsassembled fueIA
p]ns the maximum fuel p1n temperature for EWR fuel pins is cn]y A
s]ight]y greater than that for PWR fue] pins because the BWR fuel pinst

and the spaces aniong fuel pins are only slightly greater:thah those for
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Vaults, either above or below ground or for intact or disassembled fuel

" canister decay heat greater than aproximately 2 kw, depending'on

Natural convection cooling of a vault and a caisson in which air is

quantify pressure loss of filters and determine their effect on

cooling.

-Forced convection, a]though not theoretically needed for thermal

. pressure head for filtering the coolant air; which might eliminate

. sufficient quantities of decay heat in a vault or caisson. Also,

when installed in a vault, i.e., if several heat pipes should fail, the

57

PWR fuel pins.

aséemb]ies, can not adequately conduct sufficient decay heat acfoss-its-

walls to dissipate the heat without some type of auxiliary cooling.

A single-canister caisson above ground can dissipate the decay heat

adequately, but below ground, ‘auxiliary cooling is required for

established design criteria.

circulated into and out of the vault and caisson is feasible if large -

- openings ‘are provided at the bottom and top of the vault'and_ca{sson‘,,.

with no filters in the inlet or outlet, but no attempt was made to

performance of a vault or caisson, is desirable to supply specific

quantities of coolant air. Forced convection also assures adequate
double containment depending on design criteria.
A properly finned heat pipe is a good passive system that can remove

sufficient numbers are required that a built-in redundancy is providéd

total heat dissipation~capabi]ity would not be significantly reduced.
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Installing fins through the concrete wall of a vault or-caisson is not

thermally practical and is not recommended.

A 0.25-inch-thick divider plate in a canlster decreases the max]mum 4
fuel pin tenperature 69 F below that with no d1v1der plate for a tuta]

of 4 kw decay heat in the canister.

The major wechanism of heat transfer Within a dry tenistef is
radiation. Therefore, if conditions are changed which increese the
teﬁperature differential betwee& the canister and ]ocatidn.of maximdm
fuel pin temerature (such as increasing environmenta].feﬁperaturé,<
insulating ene side of ‘a canister, or increasing the gap-befween.pine);
- the rate of change of temperature differentia] with inckeasing decéy
heat decreases because radiation heat transfer at elevated tenperature'
-is niore efficient owing to the fourth -pcwer dependency of rad1at1ve

heat flux on temperature of a radiating surface.
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APPENDIX A

ANALYSIS OF NO-COOLING CONCEPTS

Calculations are preéented which indicate the thermal performance of a
vault and a caisson with no cooling.

Above-Ground Vau]t for Intact Fuel -

The following data were used in this ana]ysié:

Ambient tenperature (ta), F ~ 100

Thermal conductivity of concrete (k), Btu/h-sq. ft-F 1.05
Maiimum temperature of concrete, (ti), F | - 500
Emittance of concrete, (e) : 4A 0.9
Inside vault ceiling area, square feet 7146

Inside dimensions (length and width) of square vault, feet 84.53
Inside he15ht of vau]t, (H), feet ‘ ‘ 36
Concrete wall thickness (ceiling and wal]s), (L), feet 5
Outside dimensions (1ength and width) of square vault, feetf 94.53
Inside surface area (ceiling and~walls), (Ai), sq. ft 17,290 |

Outside surface area (ceiling and walls), (Po), sq. ft 24,060

The va]ﬁe of thermal conductivity of concrete was obtained from '
Reference 10. The maxinum temperature (5C0 F) that concrete can
confinuoesly withstand with approximately a 10 percent reduction of
strengtﬁ, but Qith no deleterious termperature effects, was confirned
with the Portland Cement Association, 5420 01d Orchard Road, Skokie,

I11inois (312) 966-6200.
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Decay heat was assumed to be conducted through the ceiling and four |
vertical walls of the vault, but not through the floor, since the

thermal conductivity of dry soil is relatively low compared'with that

of concrete. A]so the conduct1ng d1stance through the 501] 1s greater :

than that of concrete, except around the per1meter of the vau]t.

Therefore, heat removal through the floor was neglecteq. v.u

Heat conducted through the walls of the.vau1t~without considering

kS

effects of the thick corners is calculated as follows: >

Qw

= 3630.9 dtw_

]

where Qw

dtw

temperature difference between inside and outs1de walls, F

and other symbols and values were presented prev1ous]y in the tabulated

data.

Rohsenow (11) presents a method of correcting for heat conducted'

through the thick corners of the vault as follows:

Qcorr = 0.559NkH(dtw) = 0.559(4)(1.05)(30)(dtw) .. (A-2)

= 70.4 dtw

where Qcourr = heat conducted through corners, Btu/h

N = 4, number of corners

Adding the correction for the corners to the heat transferred through

the walls of dimensions equal to the inside dimensions of the vault,

- the total heat conducted through the walls and ceiling of the vault,

Qt, is

K(A1)(dtw)/L = 1.05(17,200) (dtw)/5 = - e

heat conducted through vault wa]]s,'exc1uding cornerse Btu/h” ]";

s e —_
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[~ Gt = Qw + Qcorr = 3630.9 dtw + 70.4 dtw | (A-3)
) = 3701.3 dtw
- - At this stage in the analysis, the temperature of the 6utside wall is

not known, fherefore, dtw can not be determined. The temperature of
the inside walls is assumed to be the maximum value of 500 F. The

outside wall temperature can be calculated by considering natural

— - |
’ convection and radiation to the atmosphere, which was assumed to be at -
— 100 F.. The quantity of heat transferred by natural convection is
. 0.333 | B
_ © Qc = h(Ao)(dta) = 0.18 (dta) (24,060)(dta) (A-4)
' | | 1.333
= 4330.8 (dta)
vhere Qc = heat transferred by natural convecticn, Btu/h
| - 0.333
h = 0.18 (dta) , heat transfer coefficient, Btu/h-sq. ft-F
[ ' - dta = temperature difference between cutside walls and ambient, F -

The quantfty of heat transferred from the outside walls to the
‘environrent by radiation is

-8 4 4
0.172 x 10 e(Ao)[To - Ta ] _ (A-5)

1)

Gr

.8 4 4
= 0.172 x 10 (0.9)(24,060)[To - (560) ]

' _ -8 4 4
= 3724.5 x 10 [To - (560) ]
vhere Qr = heatbradiated from outside walls to ahbient, Btﬁ/h
o e = 0.9, emittence of concrete walls
To =4températuke of outside wall surface, R

Ta.= 5C R (100 F), temperature of environment

The overall temperature difference from the inside surface of the vault



to the environnent is

¢tw + dta = 500 - 100 = 400 F U (A6)
Also, the total quantity of heat conducted through the walls must be-
transferred from the external surface of the walTs;’therefore,;‘

Qt = Qc + Cr ' | , . "(A-7v)‘v

Equations A-3 through A-7 were solved simu]taneous]y,»énd the fol[owing;i“

values were determined, to the nearest integer values of temperature§

dtw = 368 F T
dta = 32 B LR
Qt = 1.36 E6 Btu/h (399 kw) . R L "ﬁﬂ; 4:77_¢¥ P
Ge = 4.39 £5 Btu/h (128.7 kw) - o o ;r
Qr = 9.12 E5 Btu/h (267.3 kw) e T A

Assuming 1 kw in each -fuel assembly, the total quantjty bf_deﬁay heat

that must be transferreq is 5089 kw. ‘Therefore, on]y‘7;8.percent70fif
the required heat can be transferfed out of the vault with ﬁo cadling S
and within the assunied 500 F:temperature limit for congreté; ’Hénce,

the vault concept with no cooling is not feasiblé for ihtactlspent fuel -

assenblies each with 1 kw decay heat.

It also can be assumed that the no cooling concept is not feésibleffor
disassembled fuel assemblies, since the vault would be smaller than
that for intact fuel. Therefore, with less surface area, less héét

would be transferred than that calculated previously. -

By similar reasoning, the no cooling concept with a below-ground vault

is not feasible, since only the top of the vault would be éxposed to



the environment.

Rbove-Cround Caisson for Disassembled.Fuel

The thernial aha]ysis for the abdve-ground caisson is similar to that

discussed previously for the vault. It was assuned that an adequate

air space exists between adjacent caissons for natural convection and

radiation t¢ the environment, otherwise the configuration wou]d be

similar to that of the below-ground caisson, which is assessed later

herein. The followiny data were used during the analysis of the"
above-ground caissoh:

Aubient temperature (ta), F : o ‘A .. 100

. Thermal conductivity of concrete (k), Btu/h-sq. ft-F | - 1.05 
Maximus température of concrete, F | } ,'l' 500
Emittance of concrete, (é')- . o E 0.9
Emfttaﬁce;of stain]éss‘steel cahister, (e"y : 7 ‘0.4 N

'ZInside caisson Cej]ing area, squareifeet_" | .‘ g ’, 3 _2;07-

Inside dimensions (Tength and width) of square caisson,'feet 1.44‘.
Inside height of caisson, (H), feet . | ' 20'
Concrete w:all thickness (ceiling and walls), (L), feet ' 4

Qutside dimensions (length and width) of square caisson, feet 9.44

‘Inside surface area (ceiling and walls), (Ai), sq. ft 117.3
Outside surface area (ceiling and walls), (Ao), sq. ft 1146
Outside surface area of steel canister, (As), sq. ft 44,9

Decay heat was assunied to be conducted thirough the ceiling and four
vertical walls of the caisson, but not through the floor, since the
thermal conductivity of dry soil is relatively low compared with that

of concrete. Also, the conducting distance through the soil is greatek.

than that of concrete, except around the perimeter of the caisson.
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Therefore, heat removal fhrough the floor vias neg]ettéd:f‘Moreover,
since the above-ground caisson concept with no cooling”is féasib1e as -
shown later, neglecting heat transfer through the f]OpF?is;

conservative.

" Heat conducted through the wa]]s of the calsson w1thout cons1der1ng

effects of the th]Ck corners ‘is Cdlcu]ated as follows

Qw = k(Ai)(dtw)/L = 1.05(117.3)(dtw)/6 - = .. - (A& .
= 30.79 dtw B
vihere Qw = heat conducted through wa]]s, exc]udlng corners, Btu/h
dt = temperature difference between inside and outs]de \alls F

and other symbols and values were presented previously in theﬂtabuTated‘,!vl .

data for the caisson.

Using the method of Rohisenow discussed previously for'correcting fof\"‘

heat conducted through thg thick corners of the-caisson, the correctioh‘

is

0.559NkH(dtw) = 0.559(4)(1.05)(20)(dtw)' ) ’ (A;Q)"

il

Qcorr

= 46.96 dtw

vihere Qcorr = heat conducted through cornérs, Btu/h

N = 4, nunber of corners

Adding the correction for the corners to the heat trahsferred through

the walls of dimensions equal to the inside dimensions of the céissdn,

the total heat conducted through the vialls &and cei]ing'of the caisson,

Qt, is

Gt = Qu + Qcorr = 30.79 dtw + 46.96 dtw o (A-10)

S NS SR
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= 77.75 dtw

At this stage in the analysis, the temperature of the cutside wall is
not known, therefore, dtw can not be determined. Also, the tesiperature

of the inside walls might be less than the maxinum value of 500 F. The

outside wall temperature can be calculated by considering natural
convection and radiation to the atniosphere, which was assumed to te at
100 F. The quantity of heat transferred by natural convection is

| r " | Qe

0.333 - '
h(Ao)(dta) = 0.18 (dta) (1146)(dta) . (A-11)

1.333
= 2066.3 (dta)

where Qc = heat transferred by natural convection, Btu/h

0.333

h = 0.18 (dta) , heat transfer coefficient, Btu/h-sq. ft-F

'dta

temperature difference between outside walls and anbient, F

The quantity of heat transferred from the outside walls to the
environment by radiation is

-8 4 4 , v ' '
0.172 x 10 e'(Ro)[To - Ta ] . : © (A-12)

o

: -2 4 4
0.172 x 16" (0.9)(1146)[To - (560) ]

R 4
= 177.4 x 16 [To - (560) ]

.where‘Qr heat radiated from outside walls to ambient, Btu/h

el

0.9, emittance of concrete walls

To

temperature of outside wall surface, R

e - - Ta ‘560 R (100 F), temperature of enVironment

.The total quantity qf<heét conducted through the walls must be

l,, o transferred from the external surface of the walls, therefore, for two-



A-8

disassenbled PWR fuel assemb]ies each with C.5 Kvi detayJFeat (tota] 1
kv or 3412 Btu/h), or one-irtact fuel assemb]y with 1 LM detay heat

the tota] qtantlty of heat transferred is 'j;f?f

GE=Qe+Cr e GLLWA) LT

'EqUat1ons A 10 through A-13 wiere solved s1mu1taneously, and the

fol]ow1ng values were determined, to the nearest 1nteger va]ues of -

temperature. » . . ) | o
 dta= 2F o | - AR
qt = 3421 Btu/h (1 kw) -
Ge = 520 Btu/h (0.15 k)
Qr = 2510 Btu/h.(0.74'kW)

Since the interior temperature.df‘the concrete_is'weII below the

maximum -1imit for concrete, the above-ground caisson concept with- no

cooling is feasible. Thus, this analysis is continued to ca]culate theﬂ,_ P

tenperature difference between the 1nter1or surfaces of the calsson and e

the exterior-surfaces of the can1ster. From th1s temperature

difference, the external sdrface of the canister was est1mated.,'Usfhg}~‘;
the previously calculated data of maxinum fuel pin temperature asva4
function of canister surface teniperature, the maximum fuei pin |

temperature was determined.

The correlation of Jakob (12) was used to calculate the heat transfer
coefficient due to natural convection in the 4-inch-wide sbace'betﬂeenw:" )
the canister and caisson. The Grashof number was calculated first to S

determine whether a laminar or turbulent cOrrelatiohhshou]d be‘uSedQ

The access plug over the caisson was assurmed tc nct be sealed tightly, ' ""g;"f“
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thus the Crashof number was calculated using air propérties ét elevated

tenperature but at atmospheric pressure. The Crashof nurber is

Cr = g(b)(L)3(dt)/(V)2 o © o (A-14)
, 3 2
= 32.2(0.001552)(C.333) (76)/(0.0C0233)
='A2.583' E6 |
where Gr1= Grashof number, based on 4-inch-wide air space
' g = 32.2 ft/s/s, gravitational acceéleration -
;b = 0.001552 (1/F), coeff1c1ent of cubical expansion of air
!L = 0.333 ft (4 inches), air gap between caisson and canister
C L dt =76 F, temperature difference tetween caisson and canister.
v o=

= 0.000233 sg. ft/s, kinematic viscosity of -air

‘Thg temperature.difference of 76 F was deterniined by iteration after
" the equations which follow were solved. The Grashof number is between
'}f the limits of 200 000 and 11,000,000 and Jakob reconimends the fo]10w1ng

correlation to ca]cu]ate the effective thermal conduct1v1ty of air in

the 4-inch-wide space between the canister and caisson.

: 0.333 0.1111 e C
0.065 (k) (Gr) (L/H) ' S ".’ (A-15)

o A 0.333 0.1111
0.065 (0.0176) (2.583 E6) (0.01665)

ke

]

0.0991 Btu/h-ft-F

_ wliere ke = effective conductivity of air, Btu/h-ft-F

‘ k

0.0176 Btu/h-ft-F, thermal conductivity of air

. L/H = 0.333/20 = 0.01665, ratio of air space width to height

The quantity of heat transferred from the canister to the caisson by

natural convection (ca]cu]atedjas conduction, using the effective
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thermal conductivity) is

Qc

"

()t e
0.0991(44.9)(76)/(9.333) R L LY

1016 Btu/h (0.30 kw) -

where Gc =.heat transferred across.théﬁ4éinchawide!aiffgap:by | ;i(_-" i
conduction o |

ke

0.0991 Btu/h-ft-F, effective thermal conductivity of air -

As

]

44,9 sq. ft, surface area of cahiStéfﬁsideé'anq-gnasf‘

"dt = 76 F, temperature difference between caisson and:canister |

0.333.ft (4 inches), air gap between caisgog¢$n8~éapisfér $~34i;:

‘

The quantity of heat radiated from the canister to the cdisson is ffm”.wgg_'.”v?_:j'

- -8 4 4 T U e T T
Gr = 0.172 x 10 F (As)[Ts - Ti ] ey
- (606) J.

= 2390 Btu/h (0.70 kw) ST I T

-8 : '
= 0.172 x_lO (0;38)(44.9)[(682)

where Qr = heat radiated from canister to caisson, BtQ/h.~ T fff; 7fj:‘ 3 7'¢fE3%
| 1/[(1/e" + 1/e") - 1] S g;',:-Eiv;lelii g
= 1/[(1/0.9 +1/0.4) - 1] | T P I o

F

1]

= 0.38, radiation factor between canister and -caisson

e' = 0.9, emittance of concrete walls

o
L]

0.4, emittance of stainless steel éanister‘ ", “1 . ’ - 5;? ;.3‘>" g o
As = 44.9 sq. ft, surface area of steel canistéF » - : |
Ts = 682 R (222 F) temperature of caniéter sufface' .
Ti = 606 R (146 F), temperature of inside caisgonfsurféce-_;" -
This analysis (indicates that fhe above-groundvcaiséoﬁjﬁith*no Eooifng.-f'v"'u'
is feasible for 1 kw decay heat, whichfrepresents thé aesign decay heat

for one inta;t fuel asseﬁb]y or 0.5 kw for each of two disasserbled
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fuel asserblies. Since the inside temperature of the caisson is well

below the maxirum value of 500 F for concrete, this analysis was

repeated for the range of decay heat, which results are‘summarized in .

Tatle 9 in the report.

- Since the concept of above-ground caisson with no'coo]ingyis7fea§fble p

for d1sassemb1ed fuel assemblies, it also is feasible for 1ntact fue1”°”

asserblies which have less total decay heat than that of d1sassemb1ed |

fuel. Temperature values for the Can1ster and caisson walls can be

-~ ubtained from Table 9 using the apprOpr1atg value of total decay'heat

in the canister. After the canister surface temperature was

- ‘determined, the maximum fuel pin temperature was éstimated.usingfthe}‘ﬁf."
,fappropriate data of waximum fuel pin temperature presented as a

funct1on of canister surface tenperature.-

Below- Ground Ca1sson for D1sassewb1ed Fue]

The fo]]owing data were used during the analysis of thé~be]dw4§f0und

caisson:

‘Ambient temperature (ta), F | . | - iOO.
A:Thermal conductivity of concrete (k), Btu/h-gq. ft-F _f_ ©1.05
Maximum temperature of concrete, F . 500
.Em1ttance of concrete, (e') - ;' 0.9
' Emlttqnce of sta1nless steel can1ster (e" o '4‘0.4‘
'Ins1de caisson ceiling area, square feet _ ) 2.07

Inside dinensions (length and width) of square caisson, feet 1.44
:fInside height of caisson,. (H), feet ‘ ' 20
‘chhgrete wall thickness’(cei1ing and walls), (L),'feet 4

Outside dinensions (length and width) of square caisson, feet. 9.44:

AIﬁside surface area (ceiling and wa]]s); (Ai), sa. ft _ 117.3A-
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Outside top surface area , (Ao), sq. ft - . '»‘ _ .}: - 89.1v A}__:t" '
" Qutside surface area of stee]réanister, (As),aéq; ft ”<'* H.‘il4.9 R
The canlster was assumed to contain two PWR dlSassembled fuel .5

assemb11es each with 1 kw decay - heat or a tota] of 2 Pw 1n tre ca1sson.’ K
Heat was assumed to be transferred from the 9. 44 foot square top to the ,i‘ﬁ !”T'” {_;.rf

env1ronment by natural convection and rad1ation,' The quantity of heat

transferred by natural convection is L e L e ;f;f{:ﬁ,j': 3i}‘7?
Cc = h(Ao)(dta) = 0.18 (dta) (89.1)(dta) . & T (A-1B) il ot s BT

1.333
= 16.038 (42)

= 2340 Btu/h (0.69 kw)

heat transferred by natural convection, Btu/h -

where Qc =
. 0.333 e
h = 0.18 (dta) » heat transfer coefficient, Etu/h-sq. ft-F
dta = temperature difference between outside top‘and'ambjehf, Fo “,f(l ;aﬂﬁ'ff;}[éf
The temperature difference of 42 F was determinedsby-iteratian:after‘ i
solvingy the natural convection and radiation equations. Tﬂe quaﬁtity ‘ ‘: 1 ' ~.; "
of heat transferred from the outside top surface of the.caissonipbbfha . 1
environnént by radiation is | | .
-8 4 4‘ ' ] . L ,
Qr = 0.172 x 10 e'(Ao)[To -~ Ta ] - - (A-19) - , i
. . A 4' - B .
= 0.172 x 10 | (0.9)(8’9.1)((602) - (560) 1 - R f 0
= 4550 Btu/h (1.33 kw) | | | | R
Where Qr = heat radiated from outside top to amb1ent Btu/h . o -fi;i
~e' = 0.9, emittance of concrete walls o
To = 602 R (142 F), temperature of outside toa surface |
Ta = 560 R (100 F), temperature of environment
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The total quantity of heat transferred fron the top surface of the

caisson to the environiient nust be equal to the quantity conducted

across the 4-foot-thick top; therefore,

- dtw

Qu{L)/Tk(R0)] L | (A-20)
6824(4)/[1.05(89.1)] |

292 F

where dtw = temperature differential across caisson top, F

Qw = 6824 Btu/h (2 kw), decay heat of two PKR assemblies

itand other symbols are defined in the aforementioned table of data.

" The temperature of the inside top surface of the caisson 1s 434 F (100 ‘

F plus 42 F plus 292 F). The average temperature of the 1ns1de

vertical walls of the caisson was estlmated by the method of Rohsenou
(11). This method assunes that the 434 F inside temperature extends
un1form]y across the plane of the inside top and that: heat from the
inside vertical walls is conducted outward and upward through the side
wa]]s; The thermal conductivity value of 1.05 Btu/h4tt-Fiwa§'used for
the vertical side walls, hence the side walls werevassumed'td;be‘

constructed either of concrete, wet 5011 encased. by a stee] 11ner or

“sorie finning arrangement attached to the steel llner and extend1ng into

dry soil to produce the equ1va1ent therma] conduct1v1ty as that of
concrete. Also, s1nce the method is for a cyllnder an equ1va1ent

d1ameter was ca]cu]ated by assuming the c1rcumference of the equ1va1ent'

cylinder is equal to the perimeter of the four square walls of
‘ diniension 1.44 feet. Thus, the equ1valent diameter (D) is 1.834 feet.ﬁ_‘,:hn
The 1ns1de height (H) of 20 feet also was used in the-calculation for”

‘the temperature olfference between the'vertical inside wa]] and the f
inside top of the caisson as follows:
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atc = (Gw)In[4H/01/[6.28kH] - L j.'(A'-‘:21')"i
= (6524)1n[4(20)/1.8341/(6.28(1.05)(20)] IR

where dtc = temperature difference between ca1sson top and s1des, F and

other symbols have been def1ned prev1ous]y

The temperature of the inside walls is 629 (434 F p]us 195 F) ' Theu
temperature d1fferent1a1 between the inside caisson halls and the

canister was calculated by the same method shown prev1ously (Equat1ons gﬁf*.uf

A-14 through A-17). After determ1n1ng the canister’ surface |

temperature, the maximum fuel pin’temperature was estimated frometheji”L'
. : : - s RS b

appropriate data of maximum fuel pin temperature as a function of = . @ =~ . - . "%’

canister surface temperature,

The various temperature and temperature differentials in the fuel and

“caisson for ranges of decay heat for intact and disassembTeq PWR and

BWR fuel assemblies are summarized in Table‘lO in the repert;
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" APPENDIX B o S

ANALYSIS OF NATURAL CONVECTION CORCEPTS

Calculations are presented which iﬁdicate the thermal pefformance of a_l
vault and a caisson with natural convection cooling, i.e., with air
circulating from outside at 100 F end exiting the vault or caisson
without restriction. Since filters were not assumed at the exit,

filter pressure loss was not included in this analysis.

Vault with Disassembled Fuel

Since only 7.8 percent of the decay heat can be conducted across the -

above-ground vault walls (Appendix A), this heat loss was neglected in

" this analysis. Thus, thisAana]ysis'app]ieS to‘above-ground and -

below-ground vaults. The following data were used in the natural

convection analysis:

Ambient temperature (ta), F | . . 100
Maximum‘temperature of conerete, F ' . “ 506

" Canister height, (L), feet ~ . ' | 14.17

| Cenister pitch (center-to-center.distance), inches 4 15

- Canister outside dimension, inches . ' © 9,25
Oufside'surface area of steel canister, (As), sq. ft | 44.9.
Flow area beiween'canisters, (Af), sq. ft : 0.968

g ;An open type rack was assumed thus effects of the rack were neglected

~'and the outside surface area of the canlster was used for heat

l transfer. Also, in an 1nf1n1te array of canisters, the heat ‘transfer .

characterlstics 1n the space between a group of four canisters'were
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assunied to be like those everywhere'in the array. Thus, only

one-fourth of four canisters (i.e., one canister) need bé:coﬁSfdefed; L
The flow area between four canisters was calculated by suﬁtracting thé”
cross sectional area of a canister (or one-fourth~of_fdur; which is

85.6 square inches) from the area in a 15- by ISjinéhuarray (225 SQhare;
inches). Hence, the flow area is 135.4 square inches or 0.968 sqpaféj.
. feet. The perimeter of a canister is 9.25(4) or.37 inchgs (3.083-

feet), thus the hydraulic diameter (D) of the flow area fsA' B .
4(0.968)/3.083 or 1.256 feet. The decay heat of foﬁf'disaSSembled-BWR o
fuel assemblies, which is 4 kw or 13,650 Btu/h, was assumed for the o

sample calculations which follow.

The quantity of air needed to cool a canister is

W = Q/[C(dt)] = 3.791/[0.24(dt)] = 15.8/dt (B

vhere W. = air fTow rate to cool canister, 1b/s

q = 3.791 Btu/s (13,650 Btu/h), decay heat
C = 0.24 Btu/1b-F, heat capacity of air
dt =

temperature differential between inlet and outlet air .-

The gquantity of air that is convected in the space amongAcanistefs
depends on the pressure loss in flowing into and out 6f the space among
canisters and on the frictional pressure loss in flowing along the
canistérsf This pressure loss must also be balanced by the available
'potential energy (bucyency) which depends on the density difference of :

the inlet and out]et.air.

For the calculations which follow, a value of 42 F was assumed for dt.

Thus, the outlet air was assumed to be 142 F and the average
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terperature of 121 F was used to calculate the avgrage’aif,density-

between the inlet and outlet of thelvault. A value cf 0;0684 pounds

.. per cubic feet was calculated.

The velocity of the air is

V = W/[(DENa)AF] = 0.376/[(0.0684)0.968] = 5.67 ft/s .~ (B-2)
vihere V = air velocity, ft/s '
W= 15.8/42 = 0.376 1b/s, air flow rate from Equatioh B-1
CENa= 0.C684 1b/cu. ft, average air density
Af = 0.968 sq. ft, flow area among four canisters

The Reynold's nunber, which was usedito'estimate the frfttfbh factor,
is

Re = VD/v = 5.67(1.256)/0.0001941 = 36,690 - (B-3)

where Re = Reynold's number ‘
D = 1.256 ft, hydraulic diameter of flow afea.‘

v = 0.0001941 sq. ft/s, kinematiQ»viSCOSity_u

A friction factor (f) of 0.022 was determined from standard frictiona

factor curves using the smooth-surface curve. Expresséd -as a pressure

doss coefficient (Kf), the value of Kf is

Kf = fL/D = 0.022(14.17)/1.256 = 0.25 - . o (B-4)

" where Kf = nunber of velocity heads due to fkiction

f

0.622, friction factor

'L = 14.17 feet (170 inches), height ot a canister

The standard values for entrance and exit pressure loss coefficients -
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are 0.5 and 1.0, respectively. Thus, the total preééure loss

coefficient (K) is K = 0.25 + 0.5 + 1.0 = 1 75, which- is the sum of the

frictional pressure loss coefficient and the 1n1et and outlet va]ues. SR

Since calculations were performed over a range of f]ow rates and the
friction factor was as great as 0.04 for low ve]ocitjés,'a value of Kf -

equal to 2 was used subsequently.

The velocity head is _
DENa(V) (V)/[2c] | | S (8-5)
= 0.0684(5.67)(5.67)/[2(32.2)]

Vh

= 0.0342 1b/sq. ft

where Vh = velocity head, 1b/sq. ft

gc = 32.2 1bm-ft/1bf-s/s, gravitational constant . . I o
The total pressure loss is

= K(Vh) = 2(0.0342) = 0.0684 1b/sq. ft = - ' o (B-6)

This value of pressure loss must be balanced by potential energy, whichb"
overcomes the flow resistance (pressure loss calculated in Equation
AB-6). The potential energy from buoyancy force is

= [DENin-DENout]L = [0.071-0.0659]14.17 = 0 0721 1b/sq. ft(B 7)

where PE = potential energy, 1b/sq. ft
DENin = 0.071 1b/cu. ft, density of inlet air at 100 F
DENout= 0.0659 Ib/cu. ft, density of outlet air at 142F. . . . . g

Sinée the potential energy is epproximately eqgual to the bressure loss,

the assumed value of 42 F for the temperature differential betveen the
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outlet and inlet air is valid.

Instead of substituting values'into‘Equations B-2 through B-7, the

required flow rate to balance the resistive pressure loss and potential
energy can be derived as follows:

,dP = K(DENa)(V)(V)/[2gc] = [DENin-DENoutlL (B-8)

By substituting previously defined symbols into Equation B-8, the

following equation for flow rate can be determined. -

2 2 0.5

‘Wp = 14.62[(0.071) - (DENout) ] _ (8-9) 1;'W,:

. where Wp = flow rate calculated from pressure loss considerations

The flow rate, Wp, must be at least equal to that calculated from

Equation B-1, which can be verified by substituting previous values

. into Equations B-1 and B-9.

The tenperature differential between a canister surface and the maximum 4:

(outlet) air temperature was calculated from a standard correlation for

natural convection on a vertical wall. Air properties were eva]uatéd
at the average of the temperature differential between the canister
surface and the average air temperature at atmospheric preésure. The

Rayleigh number is

Ra=g(b)(L)3(dt)Pr/(v)2 S  (B-10)
. 3 . A '2 '
= 32.2(0.001316)(14.17) (273)(0.69)/(0.000307)
-241E1l |
vhere Ka = Rayleigh number, based on 14.17-foot-high canister
¢ = 32.2 ft/s/s, gravftational acceleration
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b = 0.001316 (1/F), coefficient of cubical expahsion of éir"

L = 14,17 ft (170 inches), canister height - o
dt = 273 F, temperature difference between the air and‘cénistert*A'
.. .

0.000307 sq. ft/s, kinematic viscosity of air

The heat transfer coefficient due to natural convection is N

=
]

0.126(k) (Ra) /L ' | o "4",_ A4<(B—}15

0.333
0.126(0.0203)(2.21 E11) /14.17

1.11 Btu/h-sq. ft-F

The guantity of heat convected from the surface of the canister tb the
air is calculated next, and the value of temperafure ﬁifferential'of
- 273 F was selected so that the quantity of heat would equal 4 kw, which

was assumed at the start of Appendix B.

Gc = h(As)(dt) = 1.11(44.9)(273) = 13,600 Etu/h (4 kw)  (E-12) R

where Qc = quantity of heat convected from'canister surface, Btu/h

As

44.9 sq. ft, canister surface area

]

dt = 273 F, temperature differential between canister and air
The quantity of heat radiated to the top of the vault has been
estimated to be approximately 4 percent of the total; thérefore; it was
nég]ected. The reason for the small value is due to the small view
factor of a vertical canister to the top of the vault when other

canisters are in close proximity.

Using the maximum air temperature of 142 F calculated previously, the
méximum surface teuperature of a canister is 142 F plus 273 F or 415 F

as indicated in Table 12 under the column headed 4 kw.
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Temperature differentials fok'a range of flow rate was calculated“énd

summarized in Table 12 in the réport. Maxinum fuel pin temperatures -

were determined from data of maximum fuel pin temperature as a function

of canister surface temperature.

The concept of natural convection cooling -is feasible for a vault, if
no filters or other significant pressure losses are in the exit froﬁ
the vau]t‘and-if the maximum BWR disassembled fuel temperaturé of 593 F
is éccepfab]e for an assenbly with 1 kw for long-term storage;

Below-Cround Caisson with Disassemb]ed Fuel

The flow area around a céuister in a caisson is 1.472 équare,feét,
which is greater than than around a canister in a vault. Tﬁefefqre,
the pressure loss is less in a caisson than that in‘fhe vaultvanalyzed
previously. The temperature differential to dissipate 4 kw was
detérmined té be 32 F instead of 42 F, ﬁsing the same procedure as
shown previously in this appendix. Thisldifférence (10 F) is small
compafed to(the overall temperature difference from the hotfest fuel

pin to the outlet air. Therefore, temperature values in Table 12 can

also be applied to below-ground caissons with a small amount of

conservatism.

For the above-grqund caisson, considerable heat is conducted across the 
walls of the caisson to the environment. Therefore, Tables 10 and 12

are used to estimate the decay heat that can be dissipated, assuming a

© maximum fuel pin temperature. Entering Tab]e'lz with 320 F for the

maxinun fuel pin temperature of a disassembled PWR fuel assenbly, the
“decay heat dissipated to the air is a total of 2 kw (1 kw per.assembly)

'4énd'the outlet air temperature is 126 F. Assuring that the inside
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caisson walls will alsc be at the maximum air temperatﬁfe,’entéring
Table 10 witk 126 F for the inside caisson wall‘temperature, a tété] of
approximately 0.5 kw can be dissipated. Thus, the iptéildecay heét’
that can be dissipated is 2.5 kw (1.25 kw‘per assemb]j). By sfmilah
use of these tables of data, if a specified,fota] de;ay heat»js wanted,
the temperatures can be interpolated. A]ternatively;‘if‘some;'»
conservatism can be tolerated in the estimate,'on1yATéb]e 12 neéd be e

used, since the quantity of heat conducted through the above-groﬁnd

caisson is approximately 0.5 kw divided by 2.5 kw or 20 percent of the ..

total.
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