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LEGAL DISCLAIMER
This report was prepared as an account of work sponsored by
an agency of the United States Governmant. Neither the
United States Government nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors
or their employees, makes any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or any third patty's usa or the results
of such use of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or,
favoring by the United States Government or any agency
thereof or its contractors or subcontractors. The views and
opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any
agency thereof.

This report has been reproduced from the best available copy.

Printed « t h e United State* of America
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THERMAL HYDRAULIC FEASIBILITY ASSESSMENT OF THE
SPENT NUCLEAR FUEL PROJECT

F. J. Heard
Westinghouse Hanford Company
P.O. Box 1970
Richland, Washington 99352
(509)376-6562

M. J. Thurgood
J. Marvin, Inc.
4808 Collins Road
West Richland, Washington 99353
(509)967-2940

ABSTRACT

A series of analyses have been completed
investigating the thermal hydraulic performance and
feasibility of the Spent Nuclear Fuel Project (SNFP)
Integrated Process Strategy (IPS). The goal was to
develop a series of thermal-hydraulic models that could
respond to all process and safety related issues that may
arise pertaining to the SNFP, as well as provide a basis
for validation of the results. Results show that there is
a reasonable envelope for process conditions and
requirements that are thermally and hydraulically
acceptable.

I. INTRODUCTION

The SNF Project was established to develop
engineered solutions for the expedited removal,
stabilization, and storage of spent nuclear fuel away
from the K Basins at the U.S. Department of Energy's
Hanford Site in Richland, Washington.

The primary objectives of the subject model
development and analyses are as follows:

• Investigate, quantity, and establish the governing
heat production and removal mechanisms for the
various IPS process operations, as shown in
Figure 1, and identify those parameters that have
the greatest impact on-energy transfer and, hence,
temperature control.

• Evaluate each the various process steps within the
IPS for feasibility from a safety and thermal-
hydraulic viewpoint.

• Provide technology-based recommendations for
consideration and incorporation into the design
bases for the IPS processes.

A secondary objective was as follows:

• Independently review and assess results from other
thermal analysts or outside consultants working on
specific issues.

The resulting models are considered sufficiently
advanced to provide clarification, identification, and
resolution of technical issues as they arise, as well form
file basis for the final process and safety analyses.

H. METHODOLOGY

To prevent rapid local temperature excursions
associated with chemical reactions, temperatures must
be maintained as low as possible or the amount of
reactants must be limited. Temperature control
involves maintaining an energy balance where the
energy gains to the system from solar heating, chemical
reactions, and nuclear decay heat equal the energy
losses from the system due to connective and radiative ,
heat transfer. The correct treatment of the energy gains
and system boundary loss mechanisms is very j
important. If the energy gains exceed the capability of I
the system to reject energy, the component temperatures!
will continue to increase. The mechanisms for '
maintaining temperature control must be based on both
analytical studies and engineering tests that help qualify
the design and/or process operating requirements
necessary to limit the amount of residual reactants and
maintain a stable thermal condition.

A. Model Development and Code Description j

Several steady-state one-dimensional analytical and
transient two-dimensional finite-element thermal models



were developed using the HUB" engineering spreadsheet
and FIDAPb computer code for configurations involving
a Multi-Canister Overpak (MCO) containing Mark IV
or Mark la fuel assemblies, within either a
transportation shipping cask or a Canister Storage
Building (CSB) storage tube. Planar views of the above
geometries are presented by Figures 2 and 3 and
discussed further in Section I B .

1. HUB Description. The HUB computer
program is an integrated word-processor and
"spreadsheet like" computational notebook, intended
primarily for engineers and scientists who routinely
require well-documented calculations as a record of
their work. Calculations are based on equations that
are "written" into the document, imbedded in tables and
graphs, and computationally linked throughout the
document.

2. FIDAP Description. The Fluid Dynamic
Analysis Package (FIDAP) is a commercially available
general purpose computer package that uses finite
element methods (FEM) to simulate single or multi-
phase compressible or incompressible flows, including
heat transfer, and mass transport of chemical species in
both non-reacting and reacting flows. The simulation
can be either steady-state or transient and can model
flows in complex arbitrary geometries that are 2-D, axi-
symmetric, or 3-D. FIDAP can be thought of as a
single-integrated environment for the simulation of
thermal-hydraulic problems designed to perform all
aspects of model generation and automatic meshing or
paving, problem setup including view factor
calculations, solution, and post-processing of an

All three modes (i.e., conduction, convective, and
radiative) of heat transfer were used when a fill gas is
present. For vacuum conditions, only conductive and
radiative heat transfer were modeled. Radiative heat
transfer is particularly noteworthy, since for internal
surfaces it involves a series of highly detailed view-
factor calculations involving a series of full or partially
obstructing surfaces. Radiative heat transfer from the
outer surface of the transportation shipping cask was
based on simple black-body losses to an ambient

temperature. Radiative heat transfer losses from the
outer surface of the CSB storage tube was not modeled.
This was done to conservatively estimate the
temperatures associated with a single storage tube
within an array of storage tubes at the same
temperature. The subject storage tube would lose as
much energy by thermal radiation as it would gain from
the surrounding tubes. Estimates of the convective heat
transfer coefficients on the inside and outside surfaces
of the transportation shipping cask or storage tube
within the CSB, MCO walls, and fuel element surfaces
were made using well known empirical treatments for
free convection from vertical flat or cylindrical
surfaces. Convective losses from the outer surface of
the transportation shipping cask were based on the same
ambient temperature as the radiative losses. Convective
losses from the outer surface of the storage tube were
based on a maximum estimated outlet CSB vault
temperature of 140 "F (333.2 °K).

Nuclear decay heat was treated as constant
volumetric heat source for each fuel assembly separate
from the surface heat fluxes or volumetric heat sources
produced by chemical reactions. This allowed for
modeling separate distributions of nuclear decay heat
and/or chemical reactions. The nuclear decay heat ;

values where obtained from a June 1995 inventory of .
the fuel stored in the K Basins. The derived values of
1.58 and 3.44 watts per fuel assembly were used to !
determine the nominal and maximum total heat \
generations rates of 426 and 929 watts per MCO, I
respectively. These estimates were derived for !
Mark IV fuel assemblies and are assumed to remain I
valid for the Mark la fuel assemblies. A minimum
decay heat value of 0.53 watts per fuel assembly was
derived assuming one-third of the nominal value.
A MCO entirely comprised of minimum decay heat fuel!
assemblies would result in a total heat generation value I
of 142 watts per MCO.

The volumetric heat source or surface heat flux

• HUB is a registered trademark of J. Marvin, Inc.,
Richland, Washington.
b FIDAP is a registered trademark of Fluid Dynamics,
International, Evanston, Illinois.

term for chemical reactions are based on various .
Arrhenius Rate Law relationships, which are described I
in Section IH A. The rate relationships are in turn :
based on several constants (i.e, the reaction rate <
constant and the activation energy), the reactive surface
area, the temperature of the fuel, and the availability of,
water vapor and/or oxygen to drive the reaction. j
A surface area-to-volume (A/V) ratio is necessary to •.
convert from a surface heat flux to a volumetric heat ,
source. This is equivalent to the application of the !
Gaussian Divergence Theorem. |



The inherent assumptions in all of the following
discussions and analysis results are that by ignoring
axial effects and using an A/V ratio of 220 m'1,
corresponding to completely declad fuel, the resulting
temperatures represent conservative values.

B. Fundamental Geometries

The individual SNFP process flow steps and
corresponding fundamental geometries for model
development are shown in Figure 1. The fundamental
geometries that were utilized to develop the thermal
models are shown in Figures 2 and 3 and are referred
to as the MCO + shipping cask and MCO + CSB
storage tube models, respectively.

Figure 2 presents a two-dimensional one-twelfth
symmetric cross sectional view of a MCO within a
shipping cask, containing 4.5 Mark IV fuel assemblies
(2 full and 5 halt) each consisting of an outer ring and
inner ring. This is equivalent to 54 Mark IV fuel
assemblies at any given elevation within a MCO for a
total of 270 Mark IV fuel assemblies given five axial
tiers. The one-twelfth symmetry allows for the
expansion of the model to, one-sixth, one-third, half or
full symmetry at a later date. The corresponding Mark
la thermal model contains the equivalent to 48 Mark la
fuel assemblies per tier. Because of criticality concerns
associated with the higher enrichment and shorter length
of the Mark la fuel, the center fuel assembly location
was excluded from each tier by a center tube. The
shorter fuel length results in six axial tiers for a total of
288 Mark la fuel assemblies per MCO.

Figure 3 presents a two-dimensional one-twelfth
symmetric radial cross sectional view of a MCO
containing Mark IV fuel assemblies within a CSB
storage tube. The CSB could eventually house up to
440 MCOs stored two high in a triangular pitch array
of 220 storage tubes within a large vault cooled by
natural circulation driven flows.

C. HUB Analytical Solution

The HUB computer program was used to develop a
series of one-dimensional steady-state analytical thermal
models of a MCO containing fuel assemblies within a
transportation shipping cask and a CSB storage tube.
The mechanism used for the one-dimensional analytical
solution is based on a lumped mass (i.e., heat capacity)
treatment for heat flow between a series of thick
cylindrical fuel elements, as shown in Figure 4. This
model assumes that the fuel region can be modeled as
alternating rings of fuel and air gaps; where the total

surface area of the fuel and the fuel volume were
conserved. The annular fuel rings of the model are
shown superimposed on the actual fuel arrangement.
The volume of air in the gaps was also conserved and is
equal to the volume of air surrounding the actual fuel
rods. The MCO wall and the cask or the storage tube
walls are modeled as cylinders with different wall
thicknesses with different gaps. Heat transfer between
each of the fuel ring surfaces and between the outer fuel
ring and the MCO wall occurs due to conduction and
radiant heat transfer for the condition when the MCO is
at a vacuum and by conduction, convection and
radiation when a fill gas (i.e, helium, air, or argon) is
present.

The analytical solution is obtained by performing
an energy balance across the outer surface of the
shipping cask or storage tube to obtain the temperature
of the outermost surface; where, the energy losses due
to convective and radiative heat transfer equal the
energy gams from the incident solar heat flux, chemical
reactions, and nuclear decay heat. The resulting
surface temperature can be used to derive the
temperature drop across the shipping cask or storage
tube by applying Fourier's Law to an infinitely long
cylinder with known inner and outer diameters.
Successive energy balances and applications of
Fourier's Law across each of the gaps and solid
components results in a series of coupled equations.
Equations for the heat transfer from the fuel to the I
environment through the MCO and tube or cask walls i
are entered into HUB, along with the chemical and i
decay heat generation rates, convective heat transfer j
coefficients and the thermal properties of the materials. !
HUB solves these equations to determine the individual
temperature drops and corresponding surface .
temperatures for each of the cylindrical fuel elements. !
The results of the HUB analyses are presented in
Section IV.A.

D. FEDAP Finite-Element Models

The Fluid Dynamic Analysis Package (FIDAP) !
computer program was used to develop a series of ;
transient two-dimensional finite-element thermal
performance models of a MCO containing fuel ,
assemblies within a transportation shipping cask and a |
CSB storage tube. The thermal-hydraulic finite- i
elements models that were developed are considered
"generic" in nature, given that extensive flexibility was
built into the finite-element definitions, to allow the ,
thermal performance issues described in Section III to
be investigated. Figure 5 presents a representative j
finite-element mesh for a MCO containing Mark IV fuel



assemblies within a transportation shipping cask. The
finite-element thermal models considered the spent
nuclear fuel types, physical condition of the fuel,
multiple chemical reactions and rate relationships,
reactive surface area, the various packing configurations
for loading, and the ambient environmental conditions
including solar heating associated with the transportation
of the fuel to the CSB for interim storage. The results
of the transient FIDAP analyses without chemical
reactions are compared to the corresponding HUB
results in Section IV.A. The results of the transient
FIDAP analyses with chemical reactions are presented
in Sections IV.B. through IV.E.

IH. Thermal Performance Issues

Four issues will effect thermal performance.
These are: (1) fully defining the multiple and
competing chemical reactions that will occur between
water, water vapor, oxygen and uranium as a function
of relative humidity for oxygenated or oxygen free
conditions, (2) determining the reaction surface area
associated with corroded or breached fuel assemblies
and the modeling of highly reactive "hot" or inactive
"cold" spots, (3) quantifying the difference between the
relative rates of water vapor production and rate at
which the reacting mass (i.e, water vapor or oxygen)
can be transported to the reacting surface, and
(4) reducing the range of uncertainties associated with
determining the emissivities of materials (including
corroded fuel) as a function of surface condition and
temperature. All the above issues must be thoroughly .
investigated and understood before conditions within the
MCO can be maintained or designed to prevent
chemical reactions from occurring to such an extent that
a temperature excursion will occur, possibly
compromising the mechanical integrity of the MCO,
shipping cask, and CSB storage tube.

A. Reaction Rate Relationships

Figure 6 presents a comparison of the volumetric
heat generation rate produced by Tyfield,1 Ritchie,2 and
McGillivary3 reaction rate relationships for reactions
between uranium metal and water vapor with and
without oxygen. The Tyfield and Ritchie relationships
address immersion in oxygen depleted water and are
applicable for those portions of the SNFP where the
partial pressure of water vapor is high or liquid water is
,in direct contact with the fuel. The Ritchie relationship
was specifically developed for reactions in an
environment at or near 100% relative humidity and at
atmospheric pressures. In contrast, the McGillivary

relationship is applicable for reactions in reduced
pressure environments with relative humidity levels
ranging from 2 to 90 %. In these environments the
diffusion of water vapor to the fuel surface and the
poisoning effect due to the presence of oxygen are the
significant factors in reducing the rate of reaction below
that shown for the Tyfield and Ritchie relationships.
For highly saturated conditions with oxygen, modified
rate relationships based on Ritchie were used that
incorporated the poisoning effect of oxygen. It must be.
emphasized that these reaction rate relationships were
developed using unirradiated uranium metal samples.
Reaction rate correlations remain to be developed for
irradiated uranium metal. It is expected that a reaction
rate relationship^) for irradiated uranium fuel will be
developed from data scheduled to be obtained by Pacific
Northwest National Laboratory (PNNL) personnel from
chemical kinetic reaction studies of irradiated K West
fuel samples. The irradiation reaction rate
relationship^) will be added to the above thermal
models when they are made available.

B. Reactive Surface Area

The potential effects of degraded, badly damaged,
or missing cladding or fuel on the thermal performance
of the MCO were simulated by multiplying the
geometrical surface area by a factor such as 0.5, 1, 2,
5, 10, etc. Multipliers greater than 1.0 simulate the
effects of highly corroded fuel with a reactive surface
area greater than the geometrical surface area.
Multipliers less than 1.0 simulate reduced reactions that
may be associated with fuel loss or oxide layers that
might reduce the chemical reaction rate. Currently all
the analyses performed to date have assumed a surface
area multiplier of 1.0 and an A/V ratio of 220 m"'.

C. Mass Transport

The chemical reaction can proceed no faster than
the rate at which water vapor is generated by
evaporation (or oxygen can be supplied) and transported
to the reaction surface. None of the thermal models
described within this paper currently model the rate
limiting effects of mass transport. The present analyses
are considered conservative in this sense by assuming
that no energy is required to evaporate water and no
time delay occurs in transporting the chemical species .
to the reacting surface. The thermal models do have |
the capability to limit chemical reactions based on a
total amount of energy produced equivalent to an
assumed mass of residual reactants. Other mass
transport effects that may need to be accounted for are



the rate limiting effects of hydrogen production and
blanketing, an inert gas purge, and the buildup of a
diffusion limiting oxide or scale layer.

D. Thermophysical Properties

Emissivities provide an mechanism to enhance heat
transfer. However, emissivities for most materials as a
function of temperature are rather sparse. Usually a
single value at some temperature and surface condition
(i.e., polished, pitted, oxidized, etc.) is quoted. The
lack of emissivity data represents a significant
uncertainty in the energy removal capabilities of the
system.

IV. RESULTS

Consistency between the two modeling methods
was strived for by using the same material properties,
decay heats, chemical reaction rate relationships, and
where possible component-based dimensional attributes,
such as surface area, fuel volume, etc. It must be
emphasized that the results presented in Sections IV.B.
through IV.E. were performed assuming completed
declad fuel and, therefore, represent conservative
results.

A. Model Comparison

Tables 1 and 2 present comparisons of the steady-
state peak fuel temperatures predicted by HUB and the
corresponding peak fuel'temperatures predicted by
FIDAP after a simulated 15 day transient heatup.
These analyses were performed for a MCO containing
Mark la and Mark IV fuel assemblies within a shipping
cask with an air fill gas and a MCO containing Mark
IV fuel assemblies within a CSB storage tube array for
various fill gases given minimum, nominal, and
maximum decay heats. No chemical reactions were
modeled. Very close agreement was obtained between
the HUB analytical and FIDAP finite-element results.
Considering the differences in methodology this
agreement confinns the modeling basis as applied to the
SNFP. The HUB analytical model produces slightly
higher peak fuel temperatures than the corresponding
FIDAP results. This was expected given the unit view
factor that was assumed by the HUB model for
radiative heat transfer between two facing ring surfaces
versus the more exacting view factor treatment within
FIDAP involving partially obstructing surfaces.
Table 1 indicates that the Mark IV fuel assemblies have
slightly higher temperatures than the corresponding
results for Mark la fuel assemblies. This is expected
considering the reduced fuel loading required for the

Mark la fuel. Table 2 indicates that the CSB will have
the higher peak fuel temperatures, due to the reduced
heat transfer from the MCO, and that the use of helium
as a Bll gas will minimize the peak fuel temperatures.

Figure 7 presents the results of a simulated 15 day
transient heatup for a shipping cask with a dry MCO
containing Mark IV fuel assemblies with an air fill gas
for a nominal decay heat of 426 Watts and an ambient
temperature of 100 °F (310.9 °K) with 10CFR71 based
daily solar heating. The analysis was performed with
FIDAP using the finite-element pattern presented by
Figure 5. Time history plots of the peak fuel
temperature (Node 1207), the MCO midwall
temperature (Node 2785), the MCO - shipping cask gap
centerline temperature (Node 2788), and the surface of
the shipping cask (Node 2901) are shown. The peak
fuel temperature of 376.9 "K (218.7 °F) was obtained
after approximately 6 days (518400 s) into the
simulation. The effect of solar heating is clearly
evident on the outer diameter of the shipping cask. The
effect of solar heating gradually diminishes toward the
centerline of the MCO, due to the heat capacity (i.e.,
thermal inertia) of the shipping cask, MCO, and fuel
assemblies.

B. MCO Loading and Transportation (Wet)

The results for submerged loading operations
indicate that for decay heat only (no chemical reactions)
and assumed 50 °F (10 °K) basin water the predicted
peak fuel temperatures range from a minimum value of
62.4 °F (290.0 °K) to a maximum value of 127.4 °F
(326.2 °K). The same steady-state analyses based on
the Tyfield oxygen free chemical reactions indicate that .
the maximum temperature will increase to 138.7 °F i
(332.4 °K). The maximum peak fuel temperatures
within the basin appear acceptable and do not lead to
temperature excursions. However, during i
transportation of a wet fully loaded nominal decay heat [
MCO to the vacuum drying station the results of a
series of transient analyses indicate that the system will '
not achieve a steady-state stable thermal condition given '
oxygen free reaction rate relationships. It is
recommended that the total time commencing with
MCO removal from the K Basin(s) and arrival at the
vacuum drying station be limited to less than 7 days or j
an auxiliary cooling system be developed to maintain j
peak fuel temperatures less than 170 °F (390.0 °K). It i
is anticipated that the current transportation time will be i
less than 24 hours.



Table 1. Comparison of Peak Fuel Temperatures as Calculated by the HUB and
FIDAP Based Thermal Models for a MCO Within a Shipping Cask for

Air as the Fill Gas and Representative Decay Heats
and No Chemical Reactions.

Decay Heat
Per MCO

(W)

142

426

929

Ambient Air
Temperature

•F(°K>

100 (310.9)

100 C31O.9)

100 (310.9)

Peak Fuel Temperatures °F (°K)

HUB

Mark la

152.5 (340.1)

219.4(377.3)

311.3(428.3)

Mark IV

153.7(340.8)

222.4 (378.9)

316.5 (431.2)

FIDAP

Mark la

151.7(339.7)

213.8 (374.2)

298.9 (421.5)

Mark IV

153.5 (340.7)

218.7<376.9)

307.2(426.1)

Table 2. Comparison of Peak Fuel Temperatures as Calculated by the HUB and
JTDAP Based Thermal Models for a MCO Within a Canister Storage

Building Storage Tube for Various Fill Gases and Representative
Decay Heats and No Chemical Reactions.

Decay Heat
Per MCO

(W)

142

426

929

Ambient Air
Temperature

°F(°K)

140
033.2)

140
(333.2)

140
(333.2)

Peak Fuel Temperatures °F (°K)

HUB

Mark IV
Fuel and
Helium

168.7
(349.1)

214.6
(374.6)

283.8
(413.0)

Mark IV
Fuel and

Air

193.7
(363.0)

277.2
(409.4)

383.1
(468.2)

Mark IV
Fuel and

Argon

200.9
C367.O)

289.0
(415.9)

399.1
(477.1)

FIDAP

Mark IV
Fuel and
Helium

168.3
(348.9)

213.3
(373.9)

279.7
(410.8)

Mark IV
Fuel and

Air

191.7
(361.9)

268.5
(404.6)

369.0
(460.4)

Mark IV Fuel
and Argon

196.5
(364.6)

279.0
(410.4)

384.2
(468.8)

C. Vacuum Drying

The results of a series of transient analyses using
the McGiilivary reaction rate relationship for moist air
and helium with oxygen-indicate that temperature
excursions will occur, but are terminated due to the
consumption of an assumed 2.5 Kg of residual bulk
water that remained after initial draining. The results
of the analyses indicate that the peak fuel temperatures
range from minimum values of 152.5 °F (340.1 °K) for
nominal decay heat and helium fill gas to 355.9 °F'
(453.1 °K) for maximum decay heat and air as the fill
gas. Stable thermal equilibrium conditions consistent
with Table 1 are eventually obtained based on nuclear
decay heat only.

D. Transportation (Dry)

Figures 8 and 9 present the peak fuel temperatures
versus time for a nominal decay heat MCO containing
Mark IV fuel elements within a shipping cask for
2.5 Kg of residual water and ambient temperatures
ranging from 160 °F (344.3 °K) to 80 °F (299.8 °K).
Figure 8 is based on the oxygen free Ritchie Reaction
Rate relationship with Helium as the fill gas. Figure 9
is based on the oxygenated McGiilivary Reaction Rate
relationship with moist air as the fill gas. These
conditions are assumed to bound the expected
conditions. Figure 8 indicates that temperature
excursions will occur for all the assumed ambient
conditions given an oxygen free condition within a



MCO containing residual water, but are eventually
terminated due to the consumption of the limited
amount of reactants. Figure 9 indicates that
temperature excursions occurred only for ambient
temperatures of 160°F (344.3 °K) and 140 °F
(333.2 °K). These observations are based on taking the
second derivative of the peak fuel temperature versus
time and noting if the value was positive. The results
of the analyses indicate that the peak fuel temperature
range from a minimum steady-state value of 156.9 °F
(342.6 °K) with Helium and no chemical reactions for
an ambient temperature of 80 °F (299.8 °K) to a
maximum transient value of 309.2 °F (427.2 °K) with
air for an ambient temperature of 160 °F (344.3 °K)
based on both nuclear decay heat and chemical
reactions. The systems with chemical heat eventually
decrease to thermal conditions consistent with the
ambient conditions and nominal nuclear decay heat after
the residual reactants have been consumed. The Ritchie
reaction rate relationship does not result in the highest
temperature, but does result in the greatest rate of
temperature increase. The McGillivary reaction rate
relationship results in the maximum peak fuel
temperatures, but a lower rate of temperature increase.

E. Fuel Staging

Figure 10 presents the peak temperature versus
time results for a nominal decay heat MCO containing
Mark IV fuel assemblies within a CSB storage tube for
an ambient condition of 140 °F (333.2 °K). The
subject analyses were performed assuming oxygen free
conditions with Argon as the fill gas and different
amounts of residual water ranging from zero to 3.5 Kg.
(Argon was found to produce the maximum transient
temperatures versus Helium, Nitrogen, or Air.) The
maximum peak fuel temperatures range from a
minimum value of 248.4 °F (393.4 °K) assuming zero
residual water to a maximum value of 407.8 °F
(482.0 °K) assuming 3.5 Kg of residual water. Stable
thermal equilibrium conditions consistent with Table 1
are eventually obtained based on nuclear decay heat
only after the assumed residual reactants were
consumed.

V. SUMMARY

The preliminary thermal analyses, which are
conservatively based on one-dimensional analytical and
two-dimensional finite-element models, do not preclude
any of the current path options given nominal material
properties, minimum specified emissivities,

representative environmental conditions, and the
anticipated process timeline sequences. However,
uncertainties in the material properties, definition of the
multiple and competing chemical reactions, reactive
surface area, and concerns about residual reactants
within the MCO after vacuum drying presently make
definitive statements difficult.

During vacuum drying, the supply of oxidants will
be limited to the amount of residual water remaining in
the cask and the amount of air that could flow through
the cask through broken inlet and outlet vacuum lines.
Current estimates show that for nominal conditions the
amount of air flow or the amount of residual water
expected to remain in the MCO after draining and
vacuum drying will not be sufficient to sustain chemical
reaction at a rate that will result in unacceptable
temperatures. Temperatures are expected to increase
given some amount of bulk residual reactants and then
decrease to lower temperatures consistent with mass or
transport limited reactions and nuclear decay heat.

Temperature excursions due to oxidation reactions
in the CSB storage tubes are unlikely because most of
the moisture will have been removed by vacuum drying
and the fuel is expected to be stored in an inert Argon
atmosphere. However, the highest fuel temperatures
will occur within the CSB storage tubes due to reduced
heat transfer. Consideration should be given to special
coatings for the MCO and storage tube surfaces to
enhance the emissivity and, hence, radiative heat
transfer. Use of helium as the inerting gas in the MCO
is also very effective in reducing the temperature of the
fuel, but leakage issues and cost considerations may
limit the effectiveness of this option.

Since maximum fuel temperatures are likely for
high decay heat MCOs, gas generation, especially
hydrogen, and the ability to vent these gases are likely
to be an issue. Large concentrations of hydrogen in the
MCO and/or storage tube could be hazardous if an
atmospheric air (at some relative humidity) ingress
incident occurs. High pressures caused by gas
generation could also become an issue if residual
reactants are present in large enough quantities and the
MCOs and/or storage tubes are sealed.
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Figure 2. 30° Sector of MCO and Shipping Cask With Mark IV Fuel Assemblies.

Figure 3. 30° Sector of MCO and CSB Storage Tube With Mark IV Fuel Assemblies.



Figure 4. Ring Model for MCO and Shipping Cask With Mark IV Fuel Assemblies.

Figure 5. RepresentatiTe Finite-Element Nodalization for 30° Sector of MCO
and Shipping Cask With Mark IV Fuel Assemblies.
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Figure 6. Comparison of Volumetric Heat Generation Rate Versus Temperature
for the Tyfield, Ritchie, and McGilliTary Reaction Rate Relationships.
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Figure 7. Component Temperatures Versus Time for MCO and Shipping Cask With
Mark IV Fuel Assemblies (IS Day Heatup, Nominal Decay Heat, Air Fill Gas).
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Figure 8. Peak Fuel Temperature Versus Time for MCO Within Shipping Cask
With Helium Fill Gas (Ritchie Oxygen Free, Nominal Heat Decay).
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Figure 9. Peak Fuel Temperature Versus Time for MCO Within Shipping Cask
With Moist Air Fill Gas (McGiilivary, Nominal Decay Heat).
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Figure 10. Peak Fuel Temperature Versus Time for MCO Within a CSB Storage
Tube With Argon Fill Gas (Ritchie Oxygen Free, Nominal Decay Heat).
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