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SUMMARY

This report fulfills the M3 milestone M3FT-13PN0810025, “Perform Sensitivity Analysis Report”,
under Work Package FT-13PN081002.

This report has been approved by all internal reviewers and is entered into the PNNL publication
database (ERICA) as PNNL-22646.

The U.S. Department of Energy Office of Nuclear Energy (DOE-NE), Office of Fuel Cycle
Technology, established the Used Fuel Disposition Campaign (UFDC) to conduct research and
development (R&D) to support storage, transportation, and disposal of used nuclear fuel and high-
level radioactive waste. Since nearly all potential degradation mechanisms are sensitive to
temperature and in some cases, temperature history, the need for realistic, detailed temperatures and
temperature distributions in the used nuclear fuel, storage canisters, and storage systems has been
identified in an R&D gap analysis as one of several key cross-cutting needs.

The work reported here is an investigation of the sensitivity of component temperatures in a
specific storage system, including fuel cladding temperatures, in response to modeling assumptions
that differ from design-basis, including age-related changes that could degrade the thermal behavior
of the system. Preliminary evaluations of representative horizontal and vertical storage systems at
design basis conditions provides general insight into the expected behavior of storage systems over
extended periods of time. The sensitivity analyses were performed using the detailed computational
fluid dynamics (CFD) model of a horizontal storage module developed for the inspections
performed at the Calvert Cliffs Nuclear Power Station’s Independent Spent Fuel Storage
Installation (ISFSI) in June 2012.

This storage module (designated HSM15) is a site-specific variant of the standard NUHOMS®
module, and contains a 24P dry shielded canister (DSC) loaded with twenty-four CE 14x14 spent
fuel assemblies. The total decay heat load for the DSC in HSM15 was 10.58 kW at the time of
loading (November 1996), after the fuel had spent approximately 12 years in wet storage. At the
time of inspection (June 2012), after approximately16 years in dry storage, the total decay heat in
the canister was calculated to be 7.58 kW. For the sensitivity analyses, the decay heat load for this
fuel was projected to 300 years, and evaluations were performed for 6 kW, 4 kW, and 2 kW,
corresponding to fuel approximately 50 years, 100 years, and 300 years old, respectively.

The purpose of these sensitivity studies is to provide a realistic example of how changes in the
physical properties or configuration of the storage system components can affect temperatures and
temperature distributions. The magnitudes of these sensitivities can provide guidance for
identifying appropriate modeling assumptions for thermal evaluations of extended storage of used
nuclear fuel. Three specific areas of interest were identified for this study:

e degradation of the canister backfill gas from pure helium to a mixture of air and helium,
resulting from postulated leakage due to stress corrosion cracking (SCC) of canister welds
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e uncertainties or changes in surface emissivity of system components, resulting from
corrosion or other aging mechanisms, which could cause potentially significant changes in
temperatures and temperature distributions

o the effect of fuel assembly position within the basket cells on fuel cladding and basket
temperatures in the canister.

In general, the results of this study have shown that variation in the parameters examined have
relatively small effects on peak temperatures and temperature distributions within a storage system
initially loaded at approximately 45% of maximum thermal design basis. The results also show that
these effects tend to diminish with time, due to the general decrease in temperatures with decreasing
decay heat load. In particular, this study suggests that changes in surface emissivities of system
components over long periods of time are not expected to have significant effects on overall
temperatures for extended storage conditions. However, the uncertainty of the emissivity of
cladding with much higher burnup or of newer cladding materials could have a large enough effect
on the calculated peak clad temperature that some mechanisms (e.g., hydride reorientation and
annealing of radiation damage) could be affected.

The evaluations of the effect of backfill gas composition on DSC surface temperature distribution
suggest that measurements may provide information to assist in monitoring for evidence of the
possibility of SCC of the DSC welds. However, it must be noted that these temperature differences
are due to significant natural recirculation of the backfill gas within the 24P canister. Canister
designs that do not have significant natural circulation flow paths around the basket would not show
the variation in the top-to-side temperature difference with fill gas composition observed in this
study. The possibility of using this behavior to detect temperature differences that could potentially
provide information on backfill gas composition is limited to canisters of similar design to the 24P
DSC.

Evaluation of natural recirculation within the closed container of the DSC using a CFD model is constrained
by the limitation of using the Boussinesq approximation to capture the buoyancy effects that drive natural
circulation of the fill gas, rather than treating it as an ideal gas. The ideal gas law can be used only if
the problem is solved as a transient calculation. A transient solution is impractical for the HSM15
model, or any typical spent fuel storage system, due to the large size of such a model and the
computational effort required by the long thermal time constants of the system. The Boussinesq
approximation is accurate for small temperature differences, and temperature differences in dry
storage canisters are generally much larger than the verified range of the model.

Based on comparisons with results for simplified models where the ideal gas law can be used to
obtain an appropriate solution in steady-state and transient evaluations, there is some confidence
that the Boussinesq approximation approach can produce a reasonably accurate solution for the
range of conditions evaluated in this study, even though the large range of temperatures exceeds the
recommended range for this approximate model. However, additional modeling studies are
strongly recommended, to verify and validate the natural circulation behavior predicted with CFD
models of flow dynamics within the dry storage canister. This is particularly important if
evaluations are to be carried out for vertical systems, and for evaluations in horizontal and vertical
systems at decay heat loads approaching system design-basis limits. In such systems, the temperature
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differences are likely to be much larger than encountered in this study of a DSC that was initially
loaded at less than 60% of design basis.

The results of this study show that at low decay heat loadings, changes in surface emissivities of
components of the canister and storage module have only a minor effect on system peak
temperatures, and this effect diminishes with time, due to decreasing decay heat load. However,
this study should be extended to systems at thermal design basis and to systems without significant
internal natural convection heat transfer within the DSC. At higher decay heat loading, and with
the generally steeper temperature gradients in systems that rely on thermal radiation and conduction
only, without convection, to remove heat from the fuel assemblies, the effect of surface emissivities
may have a greater influence on peak temperatures and temperature distributions than are indicated
by the limited scope of the current study.

The homogeneous effective conductivity model used by necessity in this study with a CFD model
of the storage system allowed only limited evaluation of the effect of fuel assembly eccentricity
within the storage compartment. The effect of eccentricity of the fuel assemblies within the basket
was shown to be negligible when using the homogeneous ke model to represent the fuel
assemblies, and ignoring potential effects due to contact conduction. Additional work is needed
with a detailed model that can take into account conduction due to contact between the fuel
assembly structure and the compartment wall in a multi-assembly canister model. The specific
recommendation is to develop detailed models using the COBRA-SFS code for representative
horizontal and vertical systems.
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THERMAL PERFORMANCE SENSITIVITY STUDIES IN
SUPPORT OF MATERIAL MODELING FOR EXTENDED
STORAGE OF USED NUCLEAR FUEL

1. INTRODUCTION

The U.S. Department of Energy Office of Nuclear Energy (DOE-NE), Office of Fuel Cycle
Technology, established the Used Fuel Disposition Campaign (UFDC) to conduct research and
development (R&D) to support storage, transportation, and disposal of used nuclear fuel and
high-level radioactive waste. As part of this work, an R&D gap analysis was performed (Hanson
et al. 2012) identifying data gaps and prioritizing efforts to develop the technical bases for
demonstration of continued safety of extended storage and subsequent retrieval of used nuclear
fuel. The need for realistic, detailed temperatures and temperature distributions in the used
nuclear fuel, storage canisters, and storage systems was identified as one of several key cross-
cutting needs, since nearly all degradation mechanisms are sensitive to temperature and in some
cases, temperature history.

The work reported here is an investigation of the sensitivity of component temperatures of an
operating storage system, including fuel cladding temperatures, in response to modeling
assumptions that are different from the design-basis for thermal evaluation of the system. Three
specific areas of interest were identified for this study:

e degradation of the canister backfill gas from pure helium to a mixture of air and helium,
resulting from postulated leakage due to stress corrosion cracking (SCC) of canister
welds

e uncertainties or changes in surface emissivity of system components, resulting from
corrosion or other aging mechanisms, which could cause potentially significant changes
in temperatures and temperature distributions

o the effect of fuel assembly position within the basket cells on fuel cladding and basket
temperatures in the canister.

The purpose of these sensitivity studies is to provide a realistic example of how changes in the
physical properties or configuration of storage system components can affect temperatures and
temperature distributions, and to determine areas where additional data may be required to
remove the conservatisms typically included in thermal models. The magnitudes of these
sensitivities can provide guidance for identifying appropriate modeling assumptions for thermal
evaluations of storage conditions for extended periods and for areas where additional research or
modeling may be required. The sensitivity analyses were performed using the detailed
computational fluid dynamics (CFD) model of a site-specific NUHOMS® module containing a
24P DSC developed for the inspections performed at the Calvert Cliffs Nuclear Power Station’s
Independent Spent Fuel Storage Installation (ISFSI) in June 2012 (Suffield et al. 2012).

As a baseline to illustrate the expected temperature versus time behavior in typical spent fuel
storage systems, Section 2 contains a preliminary study of temperatures in extended storage for
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representative horizontal and vertical systems evaluated at design basis conditions. Section 3
provides a detailed description of the CFD model used to represent the specific spent fuel storage
system used in the sensitivity evaluations. Section 4 describes the matrix of sensitivity cases
developed to evaluate the thermal consequences of uncertainties in properties or age-related
changes in the system. Section 5 presents the results of the sensitivity evaluations, and Section 6
discusses general conclusions derived from the studies of this specific system, and provides
recommendations for future work. Cited references are listed in Section 7.
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2. PRELIMINARY SCOPING STUDY OF TEMPERATURES IN

EXTENDED STORAGE

Initial temperatures in dry storage systems are a direct function of the decay heat of the
assemblies at the time of loading in the canister. The general relationship between decay heat
and cooling time is shown in Figure 2-1, with a sample exponential radioactive decay curve
(based on ANSI/ANS-5.1 2004) normalized to decay heat at time of discharge from the reactor.
The vertical (blue) line on the plot corresponds to the point in time when the decay heat has
dropped low enough for an assembly to be a candidate for dry storage. In general, the hotter the
fuel assembly at time of discharge (effectively, the higher the burnup), the farther to the right the
blue line would have to shift before that assembly would be cool enough for dry storage. This
plot does not include an absolute time scale, because the decay heat value at which a given
assembly would be eligible for dry storage depends on the particular fuel design, its burnup
history, and the design of the dry storage system that would receive it.
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Figure 2-1. Illustration of Time to Reach Decay Heat Level Where Dry Storage is Possible
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A storage module, in conjunction with a dry storage canister that contains the fuel assemblies, is
licensed for a specific maximum design basis total decay heat load and maximum per-assembly
decay heat load. For systems that permit preferential loading of the canister (i.e., not all
assemblies at the same or nearly the same decay heat load), the maximum per-assembly heat load
varies by location within the canister. The maximum decay heat load in canisters with uniform
loading is typically 1 kW or less for pressurized water reactor (PWR) fuel, and 0.4 kW or less for
boiling water reactor (BWR) fuel, for both horizontal and vertical storage systems. With
preferential loading of fuel assemblies in the dry storage canister, which is a design feature of
some advanced storage system designs (such as NUHOMS® HSM-H for horizontal storage and
HI-STORM100 for vertical storage), the maximum design-basis loading can approach 1.5 to 2.0
kW per assembly for PWR fuel, and up to 1 kW per assembly for BWR fuel. However, for these
preferentially loaded canisters, fewer than half of the total number of assemblies in the canister
can be at the maximum decay heat value, while the remainder must have much lower decay heat
values, to bring the total decay heat load within licensed limits. For example, a canister that is
allowed to have up to a third of its assemblies at 1.5 kW might be allowed no more than 0.5 kW
per assembly for the remaining two-thirds of its assemblies, within the constraints of design basis
maximum decay heat loading.

Given these thermal design basis limits for storage systems, and also the conservative practice of
loading dry storage systems at no more than ~60% of design basis capacity, the higher the
burnup of a given fuel assembly, the longer it is likely to be in wet storage before being
transferred to dry storage. Fuel with very low burnup, (<25 GWd/MTU) may be eligible for dry
storage 3-5 years after discharge from the reactor. More typically, fuel with burnup in the range
35-45 GWd/MTU might be cool enough for dry storage 10 to 20 years after discharge,
depending on the capacity of its destination dry storage system. With more aggressive loading
practices, some higher burnup fuel (>45 GWd/MTU) might be transferred to dry storage after
only 10 to 15 years in wet storage, but much of it is likely to reside at least 25 to 30 years in the
pool before it is transferred to dry storage. Some of the most highly enriched, high burnup fuel
can be expected to have even longer cooling times (on the order of 30 to 50 years) in wet storage
before transfer to dry storage. However, it must be noted that these times are estimates only, and
actual cooling time for an assembly depends on the storage system configuration, maximum
licensed decay heat load, and whether zoned or uniform loading is implemented

Figure 2-2 and Figure 2-3 illustrate the relationship between assembly burnup and required
minimum cooling time before the assembly would be allowed in a typical horizontal dry storage
system. The horizontal lines in the plots in these two figures correspond to the design-basis
maximum initial decay heat values for dry storage systems. These two figures are illustrative
only, as the actual decay heat curves used in detailed analysis of dry storage conditions for a
specific system depend on the particular fuel assembly types to be stored, their initial
enrichment, and their in-reactor exposure history. However, these plots show the general
behavior of decay heat as a function of burn-up for spent fuel assemblies. Curves for burnup
values above 62 GWd/MTU would have similar shapes, but would lie increasingly farther to the
right on these plots; that is, with longer time after discharge before crossing the horizontal lines
corresponding to maximum initial decay heat values permitted in dry storage .
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Figure 2-2. Representative Decay Heat for PWR Fuel Assemblies as a Function of Burnup
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As an illustrative example of fuel cladding and component temperatures over time in extended
storage, two advanced, high-capacity storage modules, one horizontal and one vertical, were
analyzed for the design-basis maximum initial decay heat loading. Analyses were also
performed with decay heat values representing the initial loading projected out to 300 years. The
horizontal storage module evaluation was performed using a Star-CD (CD-adapco Group, 2004)
model of the NUHOMS® HSM-H containing a 32PTH1 dry storage canister (DSC) at design-
basis thermal loading and two postulated lower, more typical loading conditions. The vertical
storage module evaluation was performed using a COBRA-SFS (Michener et al., 1995) model of
the HI-STORM 100 system containing an MPC-32 dry storage canister at design-basis loading
for the non-uniform loading configuration permitting the highest assembly decay heat load.

For the fuel assemblies in the 32PTHL1, the decay heat curves were projected assuming that the
canister contained WE 14x14° fuel at 62 GWd/MTU, with a nonuniform basket loading
configuration allowing 40.8 kW for the initial total decay heat load. This is the maximum design
basis decay heat load for this horizontal system. Calculations were also performed assuming
more typical initial decay heat loads of 22 kW and 12 kW (~55% and ~30% of design basis,
respectively), to evaluate the sensitivity of results to initial conditions. For the fuel assemblies in
the MPC-32, the decay heat curves were projected assuming that the canister contained WE
17x17 OFAP at 62 GWd/MTU, with a non-uniform loading configuration corresponding to the
largest permitted per-assembly decay heat load, allowing 30.2 kW initial total decay heat load.
Figure 2-4 shows the total decay heat loadings assumed for these canisters, projected out to

300 years.

The curves in Figure 2-4 show two characteristics that are particularly relevant to detailed
thermal analysis of extended storage conditions. First, the largest fraction of the decrease in
decay heat load occurs in the first 50 years of storage. In this example, the projected decay heat
load values decrease by 50%-60% in this time period. Second, after about 150 years, the rate of
decrease in the decay heat load amounts to only a few percent per century. This suggests that the
greatest temperature changes will occur in the first 50 to 100 years of storage, regardless of the
initial starting point for any particular canister and fuel loading.

For the purposes of this analysis, the ambient conditions were treated as constant in time for the
entire 300 year period, at 38°C (100°F) for the horizontal storage module and 27°C (80°F) for
the vertical storage module. These values are based on “hot normal conditions of storage” as
defined in current licensing evaluations for these systems. Calculations at each projected decay
heat value at specified points in time out to 300 years were performed assuming steady-state
conditions. Given the large thermal mass of these systems, and the relatively slow rate of change
of decay heat load with time, this approach gives a reasonable approximation of conditions at the
corresponding time in the long cooldown transient of the system.

2 This is the design basis fuel for thermal analysis of the 32PTH1. The high burnup may be unrealistic for this fuel, but the
assumption was made in order to obtain bounding decay curves for extended storage.

® This is the limiting fuel configuration for the MPC-32.
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Figure 2-4. Estimated Decay Heat Projections in Dry Storage for 300 Years
2.1 Temperatures in Horizontal Storage

The peak fuel cladding temperature is generally the temperature of greatest interest in dry storage
for initial loading of the canister. Figure 2-5 shows the response of this component temperature
to the projected decay heat load decrease over time, for the range of initial decay heat loadings
evaluated. As might be expected, these temperature curves mimic the decreasing decay heat
curves in Figure 2-4. After about 150 years, the peak clad temperature is predicted to decrease
by only a few degrees per century.
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Figure 2-5. Peak Clad Temperature Predictions for Projected Decay Heat Decrease over Time in
Horizontal Storage
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The temperature distributions within the canister can be as important as the peak temperatures in
assessing the long-term behavior of the system. Because most of the heat is removed radially
from the canister (that is, perpendicular to the long axis of the canister), radial temperature
distributions give the most informative picture of temperature gradients within the system.
Within the canister, the temperature gradients are determined mainly by the loading pattern of
the fuel assemblies, the basket design, and the support structures used to position the basket
within the canister. The actual shape of the distributions will vary considerably from canister to
canister, depending on decay heat loading and basket design, but the general behavior seen in
horizontal systems is well illustrated by the graph in Figure 2-6, showing the radial temperature
distribution through the canister, on a line passing through the fuel assemblies in the central
region of the basket. This profile is taken at the axial location of the peak fuel cladding
temperature, and traces the temperature from the lower surface of the horizontal canister, through
the support structures and fuel assemblies, to the upper surface of the canister.
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Figure 2-6. Radial Temperature Distribution through the Canister at the Peak Clad Temperature
Location for Projected Decay Heat Decrease over Time in Horizontal Storage

In this example, the nonuniform loading pattern of the assemblies results in lower temperatures
on the fuel cladding surfaces of rods near the center of the canister. The highest peak cladding
temperature and the steepest radial temperature gradients occur in the fuel assemblies on the
periphery of the basket. As with the peak cladding temperature histories illustrated in Figure 2-
5, the temperature profiles show the largest decreases in the first 100 years of storage, and after
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that, the rate of decrease is much slower. The overall gradient at a given point in time shows
increased flattening with increased time in storage, as well.

The axial distribution of temperatures in the canister tends to be relatively flat over the length of
the active fuel region, with relatively steep roll-off at the ends. This is due primarily to the
relatively flat burnup profile of spent fuel, which is what determines the decay heat profile. In
addition, very little heat is removed from the ends of the canister, due to module geometry and
other design constraints that result in much more limited heat transfer paths in the axial direction,
relative to the radial direction. This is illustrated in Figure 2-7, showing the cladding surface
temperature distribution axially along the hottest fuel rod in the hottest assembly. All other fuel
rods in the canister have similar profiles, at reduced peak values (corresponding to the radial
distribution of peak temperature values illustrated in Figure 2-6.)
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Figure 2-7. Axial Temperature Distribution on the Hottest Rod Cladding Surface, for Projected
Decay Heat Values over Time in Horizontal Storage (Initially at 40.8 kW)

The curves in Figure 2-7 show that axial temperature profiles on the hottest components in the
system (i.e., the fuel rods) flatten out as temperatures decrease with time, as gradients flatten in
the axial as well as the radial direction. The curves in Figure 2-8 show a corresponding
flattening of the axial temperature distribution on the canister outer shell surface at the location
of the peak outer shell temperature (along the top of the canister). These curves are for the case
with initial decay heat at the design basis value of 40.8 kW. Similar plots of results from the
cases with lower initial decay heat values would show the same trends, but with temperature
values of correspondingly lower magnitude.
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Figure 2-8. Axial Temperature Distribution at the Canister Shell Surface along the Top, for
Projected Decay Heat Values over Time in Horizontal Storage (Initially at 40.8 kW)

2.2 Temperatures in Vertical Storage

The temperatures and temperature distributions in vertical storage systems are comparable to
those predicted for horizontal storage systems at similar decay heat loads, but with some
significant differences. The gradients tend to be somewhat steeper, and the peak component
temperatures somewhat lower, due to the generally greater efficiency of free convection from a
vertical cylinder compared to that from a horizontal cylinder. Figure 2-9 shows the response of
the peak component temperatures to the projected decay heat load decrease over time for vertical
storage. As with the results for horizontal storage shown in Figures 2-5 through 2-8, these
temperature curves reflect the corresponding decreasing decay heat curve in Figure 2-4 for this
system.
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Figure 2-9. Peak Component Temperature Predictions for Projected Decay Heat Decrease over
Time in Vertical Storage

Storage canisters in the HI-STORMZ100 are typically pressurized with helium at 7 to 9 atm, to
obtain enhanced heat removal rates for internal convection in the thermo-syphon recirculation
that occurs in this vertical canister design due to the internal basket structure, which includes
open channels for downflow between the basket and the canister shell. The enhanced heat
removal at higher internal pressures is due to the increased density of the helium gas within the
canister, and is not a function of the pressure, per se. As temperatures in the system decrease
over time, the pressure will also decrease, following the ideal gas law, but because this is a
closed container, the average gas density will remain constant, and the effect of enhanced
convection will persist.

It can be readily demonstrated from the physics of gas behavior and flow hydrodynamics that the
enhancement of convection heat transfer due to increased gas density is significant for density
increases corresponding to only about 5 atm pressurization in this canister design. Therefore,
design basis analyses for this system assume canister pressure of only 5 atm for thermal
evaluations, even if the actual initial pressurization of the system at loading may be somewhat
higher.

It seems rather unlikely that the helium gas density in the MPC would remain unchanged for 300
years, but evaluation of canister failure modes is beyond the scope of the current analysis. This
was also the implicit assumption in the evaluations for the horizontal storage module, presented
in the previous section, which was assumed to maintain a helium atmosphere within the 32PTH1
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DSC for 300 years. For consistency of the comparison, the calculations presented here assume
that the average helium gas density remains at its initial value in the MPC-32 and in the 32PTH1
throughout the 300-year time span considered.

The estimated radial temperature distributions for the vertical system at the axial location of the
peak fuel temperature are illustrated in Figure 2-10. (For clarity of presentation, the curves in
this plot show the system only in half-symmetry, from the canister centerline to the outer wall of
the overpack.) As in the case of the horizontal system, the steepest temperature gradients in the
vertical system also occur in the peripheral fuel assemblies, and the temperature profiles show
the largest decreases in the first 100 years of storage. Subsequently, the rate of decrease is much
slower and the overall gradients show increased flattening with time, due to the decreasing decay
heat load.
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Figure 2-10. Radial Temperature Distribution through the Canister and Overpack at the Peak
Clad Temperature Location for Projected Decay Heat Decrease over Time in Vertical Storage

The change in axial temperature profiles within the canister over time in storage is illustrated in
Figure 2-11, showing the axial temperature profile on the hottest fuel rod in the system. The
change in temperature with time on the external surface of the canister is shown in Figure 2-12
These profiles are somewhat different in shape from those obtained for the horizontal canister,
due to differences in natural convection behavior between the two systems (compare Figures 2-
11 and 2-12 to Figures 2-7 and 2-8, respectively). However, the overall pattern of decreasing
peak temperature with time is essentially the same. As with the radial profiles, the axial profiles
decrease in magnitude as the decay heat decreases with time, but because of the vertical
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orientation of the canister, the axial gradients tend to remain steeper than in the horizontal
system.
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2.3 Implications for Storage of High Decay Heat Fuel Assemblies

The results of this preliminary study provide insight into the maximum temperatures and
temperature distributions that would be expected in horizontal and vertical systems for extended
storage of used nuclear fuel. The results are based on maximum design basis decay heat loading
for advanced systems that are designed to operate at the highest decay heat loads licensed to date
(i.e., as of 2013.) The highest decay heat loads in these systems are achieved only with non-
uniform loading configurations, in order to meet thermal performance requirements (e.g., peak
clad temperature below 400°C).

These systems therefore can store only a limited number of assemblies at the highest per-
assembly decay heat loads that are currently permitted in dry storage (typically one-half to one-
third of the total number that can be loaded into the canister, at up to 1.5 to 1.8 kW per
assembly). The remainder of the assemblies in the same canister must be at much lower decay
heat values, to be within design-basis total decay heat load limits. These maximum thermal
limits and loading pattern constraints apply to all types of fuel assemblies that may be loaded in
these systems, whether of low, intermediate, or high burnup. If a canister were to store only high
burnup fuel, some 10 or 12 of the assemblies could be relatively ‘young’, perhaps less than 15
years in the pool, and therefore at or near the highest permitted per-assembly decay heat values.
The remaining 20 or so assemblies in the canister would have to be much older, perhaps as much
as 25 years or more in the pool, to be at the required lower per-assembly decay heat values
permitted for the licensed loading configuration. If canisters of these advanced designs are
allowed to contain assemblies with a range of burnup values, possibly including low,
intermediate and high burnup assemblies in the same canister, the assemblies could span a
relatively large range of ages to achieve the maximum permitted total decay heat loading.

The calculations for these design basis systems assume that the configuration of the system
(other than the decay heat load) is maintained unchanged from initial conditions indefinitely.
The evaluations presented in the following sections consider the potential effects of uncertainties
and variability as well as departures from nominal conditions in an actual operating system due
to postulated age-related changes in the system that could affect thermal performance.
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3. EVALUATION MODEL FOR SENSITIVITY STUDIES

The sensitivity evaluations were performed using the STAR-CCM+ (CD-adapco, 2012) model
developed for module HSM15 in the Calvert Cliffs ISFSI, for pre-inspection and post-inspection
thermal modeling in support of the site inspection in June 2012 (see Suffield et al., 2012). This
storage module contains a 24P dry shielded canister (DSC) loaded with twenty-four CE 14x14
spent fuel assemblies. The total decay heat load for the DSC in HSM15 was 10.58 kW at the
time of loading, corresponding to approximately 12 years in wet storage. At the time of
inspection (June 2012), after approximately16 years in dry storage, the total decay heat in the
canister was calculated to be 7.58 kW. The decay heat load for this canister was projected to 300
years, and evaluations were performed for 6 kW, 4 kW, and 2 kW, corresponding to fuel
approximately 50 years, 100 years, and 300 years old, respectively. Table 3.1 lists the different
decay heat values. All simulations were run assuming an ambient temperature of 27.8°C (82°F).

Table 3-1. Range of Total Canister Decay Heat Values

Heat Decay

Value Conditions/ Time

(kW)

10.58 At-loading conditions, after ~12 years in wet storage

758 At time of inspection, after ~16 years in dry storage (~27 years after
' discharge)
6 After ~38 years in dry storage (~50 years after discharge)
4 After ~88 years in dry storage (~100 years after discharge)
2 After ~288 years in dry storage (~300 years after discharge)

Section 3.1 presents a detailed description of the STAR-CCM+ model of HSM15. This section
contains information from the primary reference for the inspections at the Calvert Cliffs ISFSI,
and is repeated here for completeness in the description of the sensitivity evaluations.

Section 3.2 describes the fuel effective conductivity model used to represent the fuel assemblies
in this model, with variations for the specific cases developed for the various sensitivity studies.

3.1 STAR-CCM+ Model of HSM15

The mesh for the model is composed of 43 separate regions connected by 117 interface
boundaries, resulting in a single conformal volume mesh across all regions. The polyhedral
volume mesh of the HSM15 assembly contains 21,536,624 cells, 127,598,563 faces, and
106,295,728 vertices. Along each wall/fluid interface, the mesh contains a prism layer to
improve the accuracy of the flow solution near the walls. The prism layer consists of orthogonal
prismatic cells, two cells thick, adjacent to the wall boundaries. Figure 3-1 shows an exterior
view of the overall volume mesh of the HSM15 assembly. The interior mesh, including the 24P
DSC within HSM15, is illustrated in Figure 3-2 with an axial slice along the central midplane of
the structure. Figure 3-3 shows the mesh for a transverse slice through the module near the
middle of the axial length of the DSC. The mesh within the 24P DSC and in the region of the
airflow path around the DSC is highly resolved, to appropriately capture temperature and
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velocity gradients. In the concrete walls and in airflow regions far from the DSC, where
gradients are less extreme, a coarser mesh is used, for computational efficiency.

Figure 3-1. Volume Mesh of HSM15 Assembly: Exterior View

Figure 3-2. Planar Slice Through Centerline Showing Volume Mesh of HSM15 and 24P DSC
Model in Axial Direction
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Figure 3-3. Planar Slice Through Mid-line Showing Volume Mesh of HSM15 and 24P DSC
Model in Transverse Direction

The fuel assemblies within the DSC were represented as homogeneous solid regions using the
fuel effective conductivity model. In order to reduce the complexity of the mesh, a
nonconformal mesh was applied to the thin steel guide sleeves that surround the fuel assemblies.
The support disks and tie rods were represented as solid material elements with appropriate
thermal and material properties. Figure 3.4 illustrates the geometry of the fuel assemblies, guide
sleeves, support rods, and support disks within the DSC. The helium gas backfill within the
DSC was represented as a gas region between the support disks and external to guide sleeves.
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Figure 3-4. Mid-Plane Cross-Sectional View and Exterior View of Internal Geometry in STAR-
CCM+ Model of 24P DSC

3.2 Fuel Effective Conductivity Model

The 24P DSC in HSM15 contains twenty-four CE14x14 spent fuel assemblies discharged from
the Calvert Cliffs plant at the end of various cycles from 1982 to 1987. In the STAR-CCM+
model of this system, the active fuel length of each fuel assembly was modeled using a
homogeneous effective conductivity representing CE 14x14 fuel assemblies with helium backfill
gas within a fuel storage compartment of a 24P DSC. The fuel assembly effective conductivity
in the radial direction is determined with the modeling approach (Sanders et al. 1993; Bahney
and Lotz, 1996) typically used in spent fuel thermal evaluations using CFD or finite element
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analysis (FEA) codes for storage and transportation systems. This approach is used because
accurate and complete computational modeling of the heat transfer in a spent fuel assembly with
a CFD code such as STAR-CCM+ (or an FEA code such as ANSYS) requires extremely detailed
resolution to properly capture the local temperature gradients and energy exchange due to the
different modes of heat transfer involved. Figure 3-5 shows an example of a typical model of a
quarter-section of a spent fuel assembly developed for ANSYS, which illustrates the complexity
of the mesh required. Constructing such a mesh for an entire canister of fuel assemblies (24 full
assemblies, in this case) is obviously an untenable approach, even with modern computational
resources.

T T 4 7 F 7 7
._ff [ | ! 4 l/
T S AT IAN
i £ ; - ﬁ
s Ensmas T P A )
x:/
r
:|r"§
: o
el
ﬂ“'lf '
W1
L o ;
114
it
Ey
|1
o

AN

LA TEEE VPP TR AN R VSRR RN

S

T e e s s ki e SR )

' EEN TR EREEERE R AN
| EEREERERREREEREN!

Figure 3-5. Illustration of Typical Computational Mesh for Detailed CFD or FEA Model of
Quarter-Section of a Spent Fuel Assembly for Determining Effective Conductivity

The k-effective model was developed to allow a much simpler representation of a spent fuel
assembly within a fuel compartment by treating the entire spent fuel rod array and the
surrounding fill gas within the confines of the compartment as a homogenous solid material. The
fuel rod assembly and surrounding gas are modeled with an effective conductivity that is
designed to yield an overall conduction heat transfer rate that is equivalent to the combined
effect of local conduction and radiation heat transfer in a plane through the assembly. The basic
approach used to develop the k-effective model assumes that convection heat transfer within the
fuel assembly is negligible, which is generally the case with a horizontal canister, such as the
24P in HSM15. Axial conduction is also neglected in this model. It is also assumed that the heat
generation rate can be treated as uniform throughout the volume of the fuel compartment
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enclosing the fuel rod assembly. This is generally a reasonable assumption for spent fuel
assemblies.

With these simplifying assumptions, radial heat transfer in the cross-section of the storage
compartment containing an individual fuel assembly can be represented with the steady-state
heat conduction equation for a solid material with uniform heat generation;

2 2
a_-|;+a_-l;+g:0
oxX°=  0y° Ky

where T = temperature field over the homogeneous cross-section
Q = assembly decay heat load
ket = effective thermal conductivity of the homogeneous region for decay heat load Q

For uniform heat generation and uniform boundary temperatures in the x and y directions
(defining the origin at the center of the assembly), this partial differential equation can be solved
directly using Fourier analysis. This yields a two-dimensional temperature field for the
homogeneous cross-section representing the fuel assembly within the fuel compartment. A
textbook source (Carslaw and Jaeger 1986) is given for this solution in the model’s primary
documentation, but the same result can be found in almost any advanced heat transfer text. The
solution to the partial differential equation for this particular application to a fuel assembly cross-
section can be expressed as

2 2 2

a —X a
Txy)=q" 3> _16q"
y)=a"— =16 keﬁ;ﬁ; (2n +1)° cosh((2n + )z / 2)

(_1)" cos ( (2n + 1)z x ]cosh ( (2n +)rzy )
= 2a 2a

where

T(x,y) = temperature field over the homogeneous cross-section

ket = effective thermal conductivity of the homogeneous region for decay heat load

yielding heat generation rate g"”
a = distance from the center of the rod array to the wall

g"” = uniform heat generation rate due to assembly decay heat load Q distributed over
the homogeneous volume, Vy,
where Vi = (2a)?La

with L, = active fuel length for the assembly

Because of the strong divergence of the cosh function, the summation term in the above equation
for the temperature field reduces to a simple constant at the location (0,0), which in this case
corresponds to the physical center of the assembly cross-section. Therefore, the center
temperature for the homogeneous region is given by
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2
T(0,0)=q "':—(0.2957)

eff
For a uniform boundary temperature at the wall and a uniform heat generation rate (defined in

terms of the assembly decay heat load over the total axial length of the active fuel), the effective
thermal conductivity can be expressed as,

K., =0.2957 Q

4La (Tc _Twall)
where Q = total decay heat load in the assembly
L, = active fuel length for the assembly
T. = peak (center) temperature of homogeneous cross-section
Twan = uniform wall temperature

The k-effective model is therefore simply a specialized solution of the 2-D conduction equation
that relates heat generation and fuel compartment wall temperature to the peak temperature in a
spent fuel assembly. In a purely conduction problem, the thermal conductivity of the material is
generally a quantity known from experimental measurement. In this application to spent fuel
assemblies, where the heat transfer consists of conduction and radiation through an array of
different materials (i.e., the fuel, fuel rod cladding and the fill gas), it is not generally possible to
obtain experimental measurements of the effective conductivity of the assembly. However,
virtual ‘measurements’ of the total heat transfer rate in an assembly as a function of boundary
conditions can be obtained with an extremely detailed model of the assembly similar to that
illustrated in Figure 3-5 above using a CFD or FEA code, or more easily with a detailed rod-and-
subchannel model of the assembly, using the COBRA-SFS code.

A computational database generated in this manner can be used to calculate the effective thermal
conductivity for the assembly, using the above relationship for ke.  This yields an array of
values of ke versus wall temperature, peak clad temperature, and decay heat load for the
particular assembly design and fill gas. The ket values generated for one set of conditions are
not generally applicable to different heat loads or fill gas, even for the same fuel design, and a
separate computational database must be generated for each combination of fuel design, decay
heat load, fuel compartment configuration, and fill gas.

The ke values in the computational database for a given fuel design and decay heat load are
defined in terms of two temperatures; the peak clad temperature and the wall temperature. What
is actually needed in application of the k-effective model, however, is a way to specify ke as a
function of a single local mesh temperature, so that it can be treated as a temperature-dependent
material property. This is accomplished by the simple expedient of tabulating the computed e
values in terms of the bundle average temperature Ty, defined as the average of the peak clad
temperature T, and the uniform compartment wall temperature Tya; that is,

Ty = (Tpc + Twall)/2
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This average temperature is treated as a convenient surrogate for the temperature difference that
is actually used in the model to define the effective conductivity for the bundle. The result is a
temperature-dependent relationship for the effective conductivity that can be specified as a
thermal property of the homogeneous material representing the fuel assembly within the storage
compartment. The application also implicitly ignores any effect of non-uniform temperature
distribution on the compartment walls surrounding the fuel assembly. The relationship is
typically applied as a function of the local element or node temperature within the homogeneous
region, rather than the bundle average temperature, since the bundle average temperature is not
generally a computational variable in thermal or thermal-hydraulic analysis codes. This is a
further simplification of the model, but in general is conservative in the region of the assembly
with the highest temperatures.

The computational mesh representing the homogenized fuel compartment contents within a
larger comprehensive model of a storage system is much coarser than that of the extremely
detailed single-assembly or partial-assembly model typically used to derive the ke values (see
Figure 3-5). Rather than a finely detailed mesh that captures the structure of the fuel, cladding,
and fill gas surrounding the rods, the fuel region in a system model is simply a square NxN
mesh, where N is on the order of the size of the rod array (e.g., 16x16 for a 14x14 array, 20x20
for a 17x17 array.) This results in a cross-sectional mesh on the order of 10 elements for the
homogeneous region representing a single fuel assembly, compared to a cross-sectional mesh on
the order of 10* to 10° elements in a detailed model that encompasses only one-quarter of an
assembly. In typical applications, an array of ke vs. temperature values is incorporated into the
input stream for the computational model of the cask as a table of material properties applicable
to the elements of the homogeneous region representing the fuel assembly within its enclosing
compartment.

The local mesh temperature in the homogeneous region representing the fuel assembly does not
distinguish between the fill gas temperature, local fuel pellet temperature, and the fuel cladding
temperature. By convention, the local mesh temperature is treated as the fuel cladding surface
temperature. This is a reasonable assumption, because the radial temperature gradient from
pellet center to cladding surface for the individual fuel rods is very small in a typical spent fuel
assembly, due to the very low individual rod decay heat values. For example, in a WE 17x17
fuel assembly at 1 kW, the average decay heat of an individual rod in the array is approximately
3.8 Watts. This heat generation rate results in a steady-state heat flux on the order of 36 W/m? at
the fuel rod surface. The temperature difference through the fuel pellet and across the cladding
thickness as a result of this heat flux is a very small fraction of a degree (in K, C, or F). The
radial cross-section of a given spent fuel rod at a given axial location along its length can be
realistically treated as being at an essentially uniform temperature.

The homogeneous k-effective model has been validated against experimental data (as
documented in the primary references, Sanders et al. 1993; Bahney and Lotz, 1996) for assembly
decay heat loads up to 0.6 kW, with helium, nitrogen, and argon backfill, in test assemblies with
conduction and radiation heat transfer, without significant convection. Some limited validation
was also performed for vacuum conditions. The k-effective model yields slightly conservative
(high by ~6-8%) estimates of peak cladding temperature in comparison to the validation data.
Specific applications of the k-effective model have also been verified by comparison to detailed
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evaluations with COBRA-SFS models of single assemblies and multi-assembly canisters, with
individual assembly decay heat loads up to 2.5 kW. These applications have included a
relatively wide range of PWR fuel types, including WE 14x14, WE 15x15, WE 17x17, CE
14x14, CE 16x16, and B&W 15x15 assemblies. More limited verification has been performed
with BWR fuel types, including GE 7x7, GE 8x8, and some ATRIUM configurations.

The homogeneous k-effective model was used by necessity to represent the fuel assemblies in
the 24P DSC in the detailed STAR-CCM+ model of the complete HSM15 system. Based on
verification and validation of the k-effective model, as noted above, there is confidence that the
fuel region temperatures predicted in this study are reasonable estimates for the postulated
extended storage conditions. A more detailed evaluation of temperatures and temperature
distributions on the fuel rods will require developing a detailed COBRA-SFS model of the
canister. A COBRA-SFS model would include pin-by-pin modeling of the assembly, and
detailed hydrodynamic modeling of gas flow within the assembly, capturing all modes of heat
transfer from the fuel to the fuel storage compartment walls and beyond. A model at this level of
detail could also include effects of contact conductance, for fuel assembly structures in contact
with the wall.

For the thermal sensitivity study, the specific radial effective fuel conductivity values in the
homogeneous fuel regions in the STAR-CCM+ model were determined from a detailed rod-and-
subchannel model of a CE 14x14 assembly developed for the COBRA-SFS code. This model
was applied with the various conditions assumed for the fuel assemblies in the matrix of
variations for the sensitivity studies (i.e., backfill gas, component emissivities, and fuel assembly
eccentricity within the storage compartment). The temperature versus ke vValues produced using
the COBRA-SFS modeling results were used to create a user-defined function in the STAR-
CCM+ model for radial thermal conductivity of the homogeneous fuel regions. The field
function calculated the thermal conductivity of each cell within the fuel regions based upon the
temperature of that cell.

The axial thermal conductivity of the homogeneous fuel regions was treated as conduction only,
through an array of parallel paths, using the feature of STAR-CCM+ allowing anisotropic
material properties. The specific values for input to the model were computed based on the
mass-weighted average of the constituent materials of the region, which included the backfill
gas, UO, fuel, and zircaloy cladding. At the bottom of the fuel region, the effective axial
conductivity representing the space between the fuel pins and DSC bottom plug was calculated
from the mass-weighted average of the assembly lower tie plate and the volume of helium gas in
this region. The axial fuel thermal conductivity was specified in STAR-CCM+ with a user-
defined function. The field function calculated the axial conductivity of each cell within each of
the fuel regions, based upon local mesh temperature and axial location.
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4. MATRICES FOR SENSITIVITY EVALUATIONS

Three sets of calculational matrices were developed to investigate the sensitivity of component
temperatures of the HSM15 storage system to factors that could potentially affect or degrade the
design-basis thermal behavior of the system. The three specific areas of interest identified for
this study are defined as follows.

e degradation of the canister backfill gas from pure helium to a mixture of air and helium,
resulting from postulated leakage due to SCC of canister welds

e uncertainties or changes in surface emissivity of system components, resulting from
corrosion or other aging mechanisms, which could affect local heat transfer rates and
cause potentially significant changes in temperatures and temperature distributions within
the system

o effect of assumed fuel assembly position within the fuel storage compartments in the
canister on fuel cladding and other internal component temperatures.

The matrix of calculations performed for the backfill gas composition study is described in
Section 4.1. Section 4.2 describes the matrix for the surface emissivities study. Section 4.3
describes the matrix for the fuel assembly eccentricity study.

4.1 Matrix for Backfill Gas Study

The initial backfill gas for nearly all spent fuel storage systems is helium, an inert gas with a
relatively high thermal conductivity, compared to other gases that might otherwise be suitable for
this application. Initial pressurization of the dry storage canister after vacuum drying for many
systems is only about 1 atm at ambient temperature, with the expectation that the gas temperature
increase due to decay heat from the fuel will result in a maximum steady-state operating pressure
of 1.5 to 3 atm at beginning of dry storage for design-basis maximum decay heat loading. Some
designs, notably canisters in Holtec’s HI-STORM 100 and HI-STAR systems, are de