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ABSTRACT

One pathway for road-ready and final disposition packaging configurations for the aluminum-clad spent
nuclear fuel (ANSF) fuel is storage within helium backfilled sealed Department of Energy (DOE)
standard canisters. The typical packaging configuration for the 15-foot DOE standard canisters places 10
advance test reactor (ATR) elements a basket, and three baskets are loaded within each DOE canister.
During in-reactor operations and cooling pond storage conditions, oxyhydroxide layers form on the
surface of the aluminum clad fuel. These layers produce hydrogen gas over time due to the fuel’s
radiation field. As part of the packing procedure, the ATR fuel should be dried to remove any residual
physio-/chemi- sorbed water bound to the surface.

A 50-year CFD model of the DOE canister packaged with fuel was developed to provide a temperature
profile for coupled chemical modeling of the conditions within the canister. The results of this modeling
include results at fully saturated and fully dried fuel cladding conditions. In the associated experimental
work, radiolysis experiments tests were completed in a helium environment, and G-values for the
radiolytic production of hydrogen from the oxyhydroxide layers were provided. That reaction was
coupled with the thermal profiles and gas-phase reactions to develop a 50-year model of the conditions
within a sealed DOE canister with ATR fuel. For a nominal scenario of stored ATR fuel, after 50 years
the model results give a 1.36 atm total pressure, 7% mole percent hydrogen, for the upper decay heat,
1.51 atm total pressure, 16% mole percent hydrogen, and for upper decay heat with undried fuel 2.6 atm
total pressure, 15% mole percent hydrogen. No case modeled yields significant oxygen, and for the lower
decay heat case that is modeled, hydrogen concentrations are under the 4% flammability limit after 50
years of storage. The modeled pressures for all cases modeled are below the pressure limit for the DOE
standard sealed canister.

INTRODUCTION

By the year 2035, there will be ~2500 MTHM of spent nuclear fuel (SNF) that will require geologic
repository disposal that is managed by DOE. Approximately 400 MHTM of this is currently not
packaged. Previous studies in support of geologic disposal divided the DOE SNF inventory into 34
groups based on fuel matrix, cladding, cladding condition and enrichment [1]. The six aluminum clad fuel
types are of interest as aluminum is significantly less corrosion resistant than stainless steel and zircaloy
clad fuel. The aluminum cladding develops a corrosion layer that generates hydrogen from radiolysis, and
that contain bound, both physiosorbed and chemisorbed, water. While there is a wide range of enrichment
and burnup profiles across the DOE spent fuel inventory, the focus herein is on the spent ATR fuel stored
at INL.

One disposition path for the fuel is packaging and shipping in DOE standard canisters which are “road-
ready” storage when dried and backfilled with helium. The fuel is removed from wet storage, dried to
remove residual water then placed in packing configurations inside DOE standard canisters which are
backfilled with helium and sealed. A previous study examined the chemical contents within the DOE
canisters using a set of radiolytic chemistry reactions for both the gas and the aluminum surface. The
previous report utilized G-values for the surface reactions in an argon atmosphere, but recent
experimental tests have calculated corrected values for a helium environment [2]. These tests also show
deviation from linearity with increasing dose, indicating a potential steady-state H2 concentration, though
higher dose samples are to be evaluated in the future.
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The modeling here solves for the thermal fields using a computational fluid dynamics (CFD) model of the
ATR spent fuel storage configuration, which should bound most scenarios for intact fuel of the DOE
ASNF inventory. The assumption in this model is that all the fuel is intact, and no breach of cladding has
occurred. The flow in storage containers of spent nuclear fuel is primary driven through natural
convection as air is heated from the central fuel and cooled by the outer air, shown both experimentally
and in numerical computational fluid dynamics (CFD) simulations [3,4,5,6,7,8,9,10]. Improvements to
basic models have used commercial packages to fully resolve the fuel configurations in lieu of coarse-
resolution porous media models [6]. Many of these CFD models have not coupled the thermal and
convective fields with the harmful chemical species which occur due to the radiolytic breakdown of water
vapor, nitrogen, oxygen and carbon dioxide that can be within canisters [11,12,13]. The developed
transient model that is used here allows for one-way coupling of the transient thermal environment of the
DOE sealed canisters with the full set of radiolytic chemical reactions for both gas phase and surface
phase chemistry [14]. This study uses prior CFD-thermal simulations of the DOE standard canisters
which were coupled with the gaseous radiolytic reactions and aluminum oxyhydroxide radiolytic
reactions. This model utilizes the full set of 115 gas phase reactions, coupled with the aluminum
oxyhydroxide surface reactions. The G-values here have been updated from the previous DOE canister
reports [15] and model updates have been made to apply the G-values to the total aluminum mass.

The thermal field of gas, spent ATR fuel, and other components stored in sealed standard DOE canisters,
as well as the dose rates for the fuel cladding surface were resolved over a 50-year period. This data was
coupled with a Cantera model to solve for the full radiolytic chemistry associated with sealed DOE
canisters of these ASNF with G-values for hydrogen from the corrosion surface in a helium environment.

METHODS

A summary of previously constructed model is provided. More in depth details are provided in other
reports [14,15]. There are three main changes to the initial model that were made here. The first is that the
radiolytic yield of hydrogen from the oxyhydroxide layers has been updated to be dependent on the dose
delivered to the entire sample weight, rather than the oxyhydroxide layer weight, which was determined
to be more consistent with ongoing experiments. The second change is the G-value has been updated
from the argon environment experiments to helium environments, causing a decrease of more than 50% to
the G-value. The third is that both undried and dried conditions of the aluminum oxyhydroxide film on
the ASNF fuel are also included here.

Thermal-Fluid Model

The commercial multiphysics modeling platform STAR-CCM+ is used for modeling the canister [16].
The numerical solver implemented here is a finite-volume approach with second-order implicit time
stepping and a second-order discretization scheme. The segregated flow solver for the Navier-Stokes
equations is used, which is applicable to constant density or mildly compressible flows, with a predictor-
corrector approach that couples the momentum and continuity equations. A collocated variable
arrangement with a Rhie-Chow scheme for pressure-velocity coupling is implemented in a SIMPLE-type
algorithm [16]. In the canister scale models, the Reynolds is low enough such that laminar flow is
assumed. The momentum equation is then given by

(Eq. 1)

Where is the velocity vector, , is the stress tensor, and is the density. The term is the body force, solely
occurring due to the buoyancy driven flow in this case. The viscous stress tensor is



WM2022 Conference, March 6 — 10, 2022, Phoenix, Arizona, USA

(Eq. 2)
Where is the air viscosity. The mass conservation is expressed through the continuity equation

(Eq. 3)
The conservation of energy gives an equation in terms of the total energy, , as

(Eq. 4)

Where in the solid phases, the terms with are equal to 0, is the conductive heat flux, the energy source
term is due to the chemical reactions in the fluid phase, and is from the specified heat source for the fuel
plates in that solid region. The implicit solver in Star-CCM+ can typically adapt up to a Courant-
Friedrichs-Lewy (CFL) condition of nearly 50. The properties for the materials used for each of the solid
regions are shown in TABLE 1, it is assumed maximum temperatures are low enough to use constant
thermal properties for solids. The temperatures used utilize a 5-environment histogram of temperatures to
account for the thermal gradient in the canisters.

TABLE I. Physical properties of the components for a DOE Standard Sealed canister.

Material Density | Thermal Conductivity | Heat Emissivity [-]
[kg/m3] | [W/m K] Capacity
[J/kg K]
Al-6061 (siding/back plates) | 2702 167 896 0.82
[17]
Stainless Steel 304 7900 14.9 477 0.46
[18]
Stainless Steel 316 8238 13.4 468 0.46
[18]
Carbon Steel 7854 60.5 434 0.89
[18]
ATR Fuel Plates 3680 42.6 614 0.82 (assumed)
[19]
Model Geometry

For a DOE standard canister loaded with ATR spent fuel, the loading configuration is described in Kim
et. al., with the basket configuration described in DOE/SNF/REP-90 and minor modifications for
tolerance included in DOE/REP/DSN-19 [20,21,22]. The loaded configuration uses the 4.57 m long,
0.457 m inch diameter (15 feet long, 1.5 feet diameter), configuration of the DOE standard canister
constructed of stainless steel 316. Inside this are 3 Type 1a baskets, previously assumed to be made of
stainless steel 304.

The fully loaded canister configuration used in the previous CFD model is shown in Fig. 1a, with the
ATR fuel CAD shown in Fig. 1b, and the Type 1a basket is shown in Fig. 1c. Fig. 1d shows a horizontal
slice of the meshed domain used in the CFD simulations. The red denotes the fuel plates, the blue denotes
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the free volume of air, the light grey shows the aluminum side plates, the medium grey shows the basket,
and the outer dark grey shows the canister.

V| N
) dd

(c) (d)
Fig. 1. Half domain used in simulations showing (a) fully loaded canister, (b) a single ATR element, (c) a
single Type-1a basket, and (d) a central horizontal mesh slice.

Thermal Decay Heat and Ambient Conditions

As with the prior reports, an assumption is made that yearly temperatures for a 50-year storage scenario
would mimic the conditions seen in the Irradiated Fuel Storage Facility [14]. Ambient temperatures for
the INL INTEC CPP-603 facility are described in Christensen [23,24]. A plot of the ambient temperature
conditions measured when the facility had working thermocouples in 2011 is shown in Fig. 2a, with 9
thermocouples recording once an hour over a year long period. The data in Fig. 2b shows weeklong
averages. The ambient temperature within the facility itself has a very small variation within it compared
to the exterior climate due to the large amount of mass of spent fuel stored within it. The largest
temperature difference in a 12-hour span is only 1.5° C, and largest temperature difference in a week-long
span is 4.4° C. This justifies the large timesteps used for the CFD model for the thermal history. TABLE
II includes the parameter ranges used in the study for residual water, oxide thickness and dried/undried
cases. The H20(g) is residual water that is left as water vapor due to the lack of condensation for the
model, the 10% upper limit is the equivalent of 100% relative humidity at 50 C, which is only considered
for the undried fuel scenario. The oxide thickness under a conservative assumption could be as high as 34
um [25], though more recent analysis shows a range of 5-15 um as more likely bounding values [26,27].

Temperature (C)




WM2022 Conference, March 6 — 10, 2022, Phoenix, Arizona, USA

Fig. 2. Thermocouple measurements over 1 year in the INL CPP-603 facility for (a) one-hour intervals,
(b) 12-hour and weekly intervals.

TABLE II. Sensitivity parameters for this study.

Parameter Lower Bound Base Case Upper Bound
Residual HO(g) [mol %] | 0.1 1 10

Chemi-/Physio- sorbed 1.01:1 H,O to Al,O4 2.5:1 H,O to Al,O3
water on ATR

Corrosion Layer 5 10 15

Thickness [um]

Decay Heat [W] 6 18 42

In ECAR 2906, MicroShield 9.01 was used to calculate the on-contact and 1-meter dosage rates for ATR
fuel assemblies [28]. Based on the decay heat for a given fuel assembly, the on-contact dosage rate can be
estimated as

(Eq. 5)

in units of Gy/s, with Q as the decay heat rate given in Watts by

(Eq. 6)

Chemical Equations Summary

As this model uses one-way coupling between the CFD simulation and the Cantera chemical solver, the
full set of 115 gas phase reactions with 40 species from Wittman and Hanson 2015 is utilized here [29]. In
the Wittman and Hanson study, the set of chemical reactions was built from three primary sources
[11,12,13]. The appendix to Abboud and Huang 2019 contains the full set of chemical reactions
implemented formatted for import into the Cantera code for solving the differential equations for the
chemical system [30]. These gas phase reactions are then coupled with solid phase chemistry for the
aluminum oxyhydroxide phase. A previous report showed the agreement of the aluminum oxyhydroxide
surface chemistry modeling with regards to experimental data with small coupons [14]. The surface
chemistry of the aluminum oxyhydroxide layer of the fuel was broken down into the radiolytic generation
of hydrogen, given by

With the hydrogen radical determined through a combination of model tuning, and atomistic theory [31].
The G-value used here was updated from the previous work to be specific to a helium back-filled
environment. For relative humidity of 100%, the G-value is 4.12x 10 umol/J, and for relative humidity
of 50%, the G-value is 2.92 x 10 pmol/J, applied to the entire sample mass. This is a change from
previous modeling efforts, which applied the G-value only to the mass of oxyhydroxide layer using the G-
values [2]. This effectively changes the reaction from 1% order with regards to the corrosion layer to 0
order. Another reaction is included with a slow rate to convert the intermediate AIOO to stable Al,O;.

The thermal dehydration of boehmite at low temperatures was also considered. The mass loss of
aluminum oxyhydroxide coupons was considered to be from the loss of water in determining the kinetic
rate according to the reaction

This reaction was fit to the mass loss of the coupons ranging from 25 to 180 °C [32]. For a conservative
approximation on undried cases, the upper end of pseudo boehmite was assumed with a 2.5:1 H,O to
AlLyO; ratio [33]. Lastly, the general corrosion of aluminum if the oxyhydroxide layer was consumed was
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also considered from an older study [34]. This reaction was adapted from aluminum in water rather than
humid air, and so should be conservative to include

Though it should be noted this is the most minimal effect. At an average surface temperature of 50 °C, the
total aluminum corrosion would only equation to 1.2 grams after 50 years, or 58 grams after 50 years at
200 °C surface temperature.

RESULTS AND DISCUSSION
Temperature and Velocity Fields

The CFD modeling for the temperature fields was completed for a steady state case for initialization of
each of the three decay heats, and this was run for a transient time period to obtain a 50-year thermal
profile. A set of horizontal slices for the initialized temperature for each of the fuel decay heats is shown
in Fig. 3, with a-c for the low decay heat case, 3d-f for the nominal case, and 3g-i for the high decay heat
case. Here the central basket shows hotter temperatures than the lower and upper, and the central fuel is
the location for the highest temperatures. These temperature fields are used to create temperature bins in
the Cantera chemical model to account for the temperature gradients. The corresponding velocity field are
shown in Fig. 4a-c for the low decay heat case, in 4d-f for the nominal case and 4g-i for the high decay
heat case. The 50-year canister average temperature is shown in Fig. 5 for all four of the storage
configurations for the lower, nominal, and upper decay heat cases.

Temperature ©
43.4 46.3

o "o
(2) (h) (1)

Fig. 3. The temperature for the low-decay heat case: (a) lower, (b) central and (c) upper horizontal plane;
nominal case: (d) lower, (e) central and (f) upper horizontal plane and high-decay heat case: (g) lower, (h)
central, and (i) upper horizontal plane.
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Fig. 4. Horizontal slice of the vertical velocity for low decay heat case at (a) lower (b) central and (c)
upper baskets, for the nominal case in the (d) lower (e) central and (f) upper baskets, and for the high
decay heat case for the (g) lower (h) central and (f) upper baskets.

Temperature (C)

0 10 20 30 40
Time (yr)

Fig. 5. The canister average temperature for spent ATR fuel over a 50-year time frame

Fully Dried Spent Fuel

The results in this section reflect a minimal bound water content of 1.01:1 H,O:Al,O; in the oxyhydroxide
Fig. 6a shows the nominal case for the pressure increase over time, with a small increase at the very start
of the model, growing to 1.36 atm total pressure after a 50-year period. Fig. 6b shows the nominal case
for the different major species present. This confirms that with the changes to the model, combined with
higher G-values, no shift in the possible corrosive species present is expected, so only hydrogen is present
in significant quantities. Fig. 7a shows the cases for the differing decay heats and corrosion thicknesses
for the pressure evolution over time, and Fig. 7b shows the hydrogen generation over that time period.
The sensitivity to the decay heat shifts the pressure by about 0.25 atm and hydrogen content by 13 mole
percent, while the sensitivity to the corrosion layer thickness is nearly negligible with variations of 0.03
atm and 0.1 mole percent. Of note, with the updated G-values the lower estimation of the fuel decay heat
hydrogen value is less than the 4% flammability limit.
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Fig. 6. The (a) pressure increase for the nominal case, and (b) the speciation of the major chemical
components present for the ATR fuel storage.
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Fig. 7. The (a) pressure increase for all cases, and (b) the hydrogen generated for all cases (Q = decay
heat, Th = corrosion layer thickness) for ATR fuel storage.

For the case considered with 1% residual air present, the generation of hydrogen and the corresponding
pressure are nearly identical. Fig. 8a shows the pressure increase for the nominal case, and Fig. 8b shows
the major species for the nominal case. These again show that changes made to the model do not cause
formation of other major species of concern present in large quantities other than hydrogen and nitric
acid. Plots showing the decay heat and corrosion layer thickness differences are shown in Fig. 9a for the
canister pressure, in Fig. 9b for the hydrogen content, and in Fig. 9c for the nitric acid content. None of
the cases considered appear to have reached equilibrium with regards to nitric acid or hydrogen by the
end of the 50-year model. The summary of the outcomes for the dried fuel cases both with and without
the 1% residual air are shown in TABLE III. The differences with regards to nitric acid show a variation
of about 2400 ppm as a function of decay heat and 30 ppm as a function of corrosion layer thickness.

w
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—Base 10 —H

@
b
|

T
[e]

@
S

Pressure (atm)
oo
®  w

Concentration (ppm)

10 20 30 40 0 10 20 30 40
Time (yr) Time (yr)

(a) (b)
Fig. 8. The (a) pressure increase the nominal case, and (b) the speciation for the nominal case with 1%
residual air.
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Fig. 9. The (a) pressure increase for all cases, the (b) hydrogen generated for all cases, and the (c) nitric
acid generated for all cases (Q = decay heat, Th = corrosion layer thickness) for ATR fuel storage.

TABLE III. Results for a sealed canister with minimal bound water content for ATR fuel.

Sealed Pure Helium Sealed + 1% air
Case / Variable Max Pressure | Hy (%) | O2(%) | pressure | H2 (%) | O2(%) | HNO;
(atm) (atm) (ppm)
Base (18W, 10um
thickness, 1% 1.36 73 3e-8 1.36 7.4 0.21 1562
H20(g))
Low decay heat (6W) 1.29 25 2e-8 1.29 22 021 565
High decay heat
W) 1.51 16.2 Te-8 1.50 16.7 0.21 3070
Low Thickness (S pm) | | 5 73 3¢-8 134 73 021 1581
High Thickness (15 1.37 74 3e-8 1.37 7.4 0.21 1545
jum)
Undried Spent Fuel

If the fuel is not completely dried, pseudo boehmite may exists on the aluminum surface, allowing for
thermal dehydration over time. This is reflected in the model with the maximum 2.5:1 H,O:Al,O;
saturation ratio. When this is considered, there is a large spike in the pressure occurring over the first few
months. This is a result of extrapolation of the reaction for the thermal dehydration of the boehmite over
long periods of time. The result for the nominal case in pure helium for the pressure increase in shown in
Fig. 10a, here the initial pressure spikes to 2.2 atm, with a slow increase to about 2.3 atm. The abundance
of water vapor present makes these cases more suspectable to seasonal temperature changes in the
canister gas content. The corresponding speciation for the nominal case shown in Fig. 10b. As with the
previous cases, there is no other species present in large quantities other than water vapor, nitric acid and
hydrogen for the case. In comparing this to results from the previous model with minimal bound water
this is an uptick of about 0.9 atm. The results for the additional cases with variations in the initial residual
water content, the decay heat of the fuel, and the corrosion layer thickness are shown in Fig. 11a for the
pressure and Fig. 11b for the hydrogen content. These cases still show decay heat as the most dominant
variable, with pressure variation of 0.7 atm, and hydrogen generation of 11 mole percent. With the
potential for bound water to be released, the corrosion layer thickness does show a larger variation
compared to the dried case at 0.4 atm, but only small changes in hydrogen.
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Fig. 10. The (a) pressure increase and (b) the species generated for the nominal case in pure helium.
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Fig. 11. The (a) pressure increase and (b) the hydrogen generated for all cases in pure helium (Q = decay
heat, Th = corrosion layer thickness, W = residual water).

The nominal case when considering a small amount of residual air shows only minor differences from the
original case. The pressure for this nominal case is shown in Fig. 12a. This shows the large increase in
pressure from thermal dehydration of pseudo-boehmite over the first couple of months followed by a slow
evolution of the hydrogen generated from the aluminum oxyhydroxide layer. The speciation for this
nominal case is shown in Fig. 12b. As with the dried case, only hydrogen and nitric acid are present in
non-negligible amounts. The results for the variation in fuel decay heat, corrosion layer thickness and
residual water are shown in Fig. 13a for the pressure increase. The pressure increase is nearly identical to
the case with no residual air present. The results for the hydrogen generated are shown in Fig. 13b, as
with pressure this is nearly identical to no residual air. The nitric acid concentration is shown in Fig. 13c
with a variation after 50 years in the decay heat of 1600 ppm from low to high decay. Changes from
corrosion layer thickness and residual water content are less then 100 ppm. The summary of the results is
shown in TABLE IV.

—H,

Pressure (atm)
o
Concentration (ppm)

10 20 30 40 10 20 30 40
Time (yr) Time (yr)
(a) (b)

Fig. 12. The (a) pressure increase, and (b) the species generated for the nominal case with 1% residual air.
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Fig. 13. The (a) pressure increase for all cases (b) the hydrogen generated and the (c) nitric acid generated
for cases with 1% residual air (Q = decay heat, Th = corrosion layer thickness, W = residual water).

TABLE IV. Results for a sealed canister with minimal bound water content for ATR fuel with pseudo-
boehmite assumption.

Sealed Pure Helium Sealed + 1% air
Case / Variable Max Pressure | Hy (%) | Oy (%) Pressure | Hy (%) | O2(%) | HNO;
(atm) (atm) (ppm)
Base (18W, 10um
thickness, 1% 2.29 6.7 2e-7 2.29 6.7 0.21 1028
H20(g))
Low decay heat (6W) 221 23 le-7 221 2.1 021 394
High decay heat
A2W) 2.56 145 6e-7 2.56 14.8 0.21 1957
Low H20% (0.1%) 2.29 6.6 2e-7 2.3 6.7 0.21 1025
High H20% (10%) 2.25 6.8 2e-7 2.25 6.9 0.21 1057
Low Thickness (5 pm) 2.0 72 5¢-8 2 72 0.21 1108
E;lg)h Thickness (15 2.52 6.3 5e-7 2.52 6.3 0.21 963

However, the concentrations reached do not approach the region where significant corrosion of the
canister material would be expected to occur. At low concentrations of nitric acid, a range of expected
stainless steel corrosion is about 0.01 to 0.034 mpy [35]. Significantly higher concentrations of nitric acid
are needed for significant stainless-steel corrosion, at 4 molar HNO; this increases to 10 mpy.

CONCLUSION

A coupled CFD-chemical model was created for spent ATR fuel in backfilled DOE standard canisters
intended for long term storage. The model shows that the initial decay heat of the packaged fuel is the
primary variable of interest in dictating the results. The model itself shows nearly no dependence on the
thickness of the corrosion layer, under fully dried fuel conditions. For undried conditions there is a slight
dependency of the pressure due to potential additional water vapor release. The model was also tested
with some small amount of residual air present, the effect of this is minor for the hydrogen concentration
and pressure buildup, but does allow for the formation of other species, the highest of which is nitric acid.

Most scenarios modeled exhibit significant hydrogen above lower flammability limit, but no case shows
this in combination any appreciable amount of oxygen, which is typically present in less than 1 ppb
quantities. Of note, low decay heat cases for storage show a hydrogen value lower than the 4%

11
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flammability limit; this decay heat roughly corresponds to 20 years after reactor discharge for spent ATR
fuel. If a small amount of residual air is considered present, there is a possibility for 400-2000 ppm of
nitric acid to form. Based on a brief literature survey, this concentration of nitric acid would only corrode
the stainless steel at a rate between 0.01 to 0.034 mpy, negligible compared to the overall thickness of the
canister. The nominal case shows a buildup of 1.36 total atmospheres with 7% total mole percent of
hydrogen. The upper decay heat case shows an increase to 1.51 total atmospheres with 16% total mole
percent hydrogen. For a worst case with undried fuel and high decay heat, this increases to 2.6 total
atmospheres and 15% total mole percent hydrogen. These values of pressure are orders of magnitude less
than the mechanically rated value of 34 atm (500 psi) for the DOE sealed standard canister.

Future research will include corrections for the G-value for hydrogen production at higher total doses, as
initial testing done at Savanah River National Laboratory shows the G-value may decrease as a function
of the total dose delivered. This will include a model of the mini canister for direct comparison of the
hydrogen generation for validation of the chemical model. The timeframe of the current model will also
be expanded, as most of the current results show that the hydrogen generation and pressure build up are
still increasing at the end of the 50-year timeframe. This extension may be out to 100-200 years, or
whenever the model shows an equilibrium or decline in the values. Lastly, the CFD model will be
constructed for a planned 1/3™ size canister that will eventually be loaded with ATR fuel for an additional
validation test.
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