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ABSTRACT

Applicants submit spent nuclear fuel dry storage cask designs to the U.S. Nuclear Regulatory
Commission (NRC) for certification under Title 10 of the Code of Federal Regulations

(10 CFR) Part 72, “Licensing Requirements for the Independent Storage of Spent Nuclear Fuel,
High-Level Radioactive Waste, and Reactor-Related Greater Than Class C Waste”. The NRC
staff performs its technical review of these designs in accordance with 10 CFR Part 72 and
NUREG-1536, “Standard Review Plan for Spent Fuel Dry Storage Systems at a General
License Facility,” Revision 1, issued July 2010 [6]. To ensure that the cask and fuel material
temperatures of the dry cask storage system remain within the allowable limits or criteria for
normal, off-normal, and accident conditions, the NRC staff performs a thermal review as part of
the technical review.

Recent applications have increasingly used thermal-hydraulic analyses using computational
fluid dynamics (CFD) codes (e.g., ANSYS FLUENT) to demonstrate the adequacy of the
thermal design. The applicants are also looking to license casks with decay heat close to 50
kW, resulting in peak cladding temperature (PCT) close to the ISG-11 suggested temperature of
400 C. These PCT predictions presented by the applicants usually are not supported by an
uncertainty quantification calculation to assure the thermal reviewer that the calculated
temperature margin is adequate. To remedy this, the NRC Office of Nuclear Material Safety
and Safeguards asked the NRC Office of Nuclear Regulatory Research to be part of a validation
study of the FLUENT CFD code to assist it in making regulatory decisions to ensure adequate
protection for storage and transportation casks. The validation studies were based on data
collected in a demonstration project at the North Anna Power Plant sponsored by Department of
Energy (DOE). A TN-32B cask loaded with about 30.5 kW of high burn-up fuel was used for
this validation. Extensive temperature measurements throughout the cask were performed,
including temperature measurements throughout the height of several fuel assemblies and
temperature measurements on the outer surface of the cask [2].

USNRC recognizes that CFD using finite volume is one of the best and most valuable method
for the applicants to show compliance with the regulations concerning the dry cask storage
systems (DCSS) thermal response. Additionally, when demonstrating compliance, it is valuable
to quantify the uncertainty in the simulation result as a function of the computational mesh and
simulation inputs. As a participant in this CFD validation, USNRC led the effort to include
uncertainty quantification and follow the CFD best practice guidelines in this validation exercise
[NUREG 2152].

This report discusses validation and uncertainty quantification of a CFD model using
experimental data. Uncertainty quantification follows the procedures outlined in [1]. Sources of
uncertainty that were examined in the analysis include iterative uncertainty, spatial
discretization, and uncertainty due to approximately twenty input parameters. Input parameters
investigated include environmental conditions, material properties, decay heat, and the spacing
of the many small gaps in the installation. The uncertainty in gap size was found to be the
principal source of uncertainty in this particular installation. The effect of the multiple fluid gap
dependence and correlation on the uncertainty quantification was evaluated and discussed. As
a result, the uncertainty quantification due to the fluid gaps was determined to be dependent
due to the heat path dependence, and as such, a correlated error estimation was used.



Results of a “base case” using the conservative estimates outlined in the safety analysis report
(SAR) are presented, as well as a “best estimate case” that uses more realistic values. These
results are compared to experimentally measured values, which fall within the uncertainty band
of the analysis. The model is then used to predict the peak cladding temperature (PCT) that
would be expected when the cask is placed outside in an independent spent fuel storage
installation (ISFSI). The method presented herein, showed that all the measured temperature
values in all the seven lances inside the fuel region as well as the outside three columns of
thermocouples measurements were predicted within the calculated uncertainty bands.

Experimental data to validate a CFD simulation of a dry cask storage system for both design
and safety studies, suffers from a lack of local measurements, an insufficient number of
measured flow variables, a lack of well-defined initial and boundary conditions, and a lack of
information on experimental uncertainty. V&V 20-2009 and the work by the working group on
CFD application to nuclear safety of the OECD-NEA-CSNI-WGAMA [10] established some
requirements for CFD-grade experiments able to properly validate single phase CFD models.
The work in this report highlights the quality of experiment used for the validation as a concern,
especially due to the many lacking inputs that are of valuable interest to the modeler. The
discussion on this topic establishes the criteria to judge whether an experiment can be
considered of a CFD grade. CFD grade experiments should be able to validate CFD and the
main concern is to minimize the validation uncertainty on some selected figure of merit (FoM).
Usually, the Peak Cladding Temperature (PCT) is used as the figure of merit for dry cask
applications. Other local temperature throughout or flow variable can also be a figure of merit.

Even though this validation was worth the time and the effort, the experiment cannot be
classified as a CFD grade experiment due to lack of geometry specifications which resulted in
large validation uncertainty. The lack of geometrical specification includes all the gaps that
were part of the design specifications but not measured for the experiment performed in North
Anna Power Plant.

A validation uncertainty of 63 K (113°F) was calculated for the current experiment to validate the
model’'s prediction of PCT. Therefore, this experiment cannot be classified as a CFD grade
experiment because of the relatively large calculated validation uncertainty. Cask vendors have
been submitting applications within margins close or less than 10-20 K (18-36°F) from 1SG-11
specified temperature limit of 400°C (752°F). In order to be useful as a demonstration of the
accuracy of the CFD modeling process or to improve the model’'s capabilities, the validation
uncertainty should be minimized to the desired margin of 10-20 K (18-36°F) or less. The
primary simulation uncertainties consisted mainly of lack of knowledge of the size of fluid gaps
that existed in the dry cask. The gap sizes are an important simulation input, and greatly
influence the value of PCT predicted by the model.
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EXECUTIVE SUMMARY

Computational fluid dynamics (CFD) technologies are rapidly expanding, with a large database
of proven capabilities. The driving force for program development generally is not the nuclear
community, as it was for the classical thermal-hydraulic system codes. Nevertheless, many
applications overlap with those associated with the nuclear industry, and in particular, dry cask
applications: flows in complex geometries, mixing in stratified fluids, flow separation and
reattachment, turbulence, multiphase phenomena, chemical species interaction, and fire
scenarios. Consequently, practitioners in areas related to dry cask applications can benefit from
advancements in the technology taking place elsewhere. However, because of the complexity
of modern commercial CFD packages, it is essential that care is taken with the inputs and
equations used in order to avoid errors.

In 2017, DOE undertook an effort to perform an experiment for long-term cask storage with high
burn-up fuel. Part of this effort was to measure temperature profiles in the fuel assemblies as
well as the outer surface of the cask. This effort was an opportunity for USNRC to validate a
CFD method for dry cask application using ANSYS-Fluent. The uncertainty quantification (UQ)
and verification and validation (V&V) followed guidelines from V&V 20-2009 and best practice
guideline NUREG 2152.

In USNRC, ASME V&V 20-2009 methods are used to evaluate uncertainties in CFD.
Uncertainties Quantification (UQ) starts by clearly identifying the various sources of
uncertainties. The deficiencies or inaccuracies of CFD simulations can be attributed to a wide
number of errors and uncertainties. These errors and uncertainties consist of two main broad
categories. The first category is related to modeling physics, while the second is concerned
with numerical aspect of the solution. The first category includes simplification of physical
complexity, boundary and initial conditions, and physical boundary conditions. The second
category includes computer programming, round-off, spatial discretization, temporal
discretization and iterative convergence. In the current validation, geometrical input was the
main source of error including all the unknown fluid gaps that contributed immensely to the
validation error. When performing validation simulations, it is mandatory to quantify and reduce
the different errors and uncertainties originating from these sources. Despite all these errors
and inaccuracies, CFD still remains a reliable method to simulate dry cask thermal response
accurately with low margins when best practice guidelines are used. Best practice guidelines
such as NUREG 2152 is an excellent source for the CFD user to avoid errors and quantify
uncertainties.

The ASME V&V20-2009 standard for verification and validation in computational fluid dynamics
and heat transfer clearly states that the scope of V&V is the quantification of the degree of
accuracy of the simulation of a specified validation variable at a specified validation point for
cases in which the conditions of the actual experiment are simulated. Practically, the standard
V&V 20-2009 affirms that "The ultimate goal of V&V is to determine the degree to which a model
is an accurate representation of the real world." This standard is strongly based on the use of
experimental data for V&V and consequently for UQ. With this approach, the ASME standard
puts a strong link between V&YV and UQ.

The ASME standard methodology for uncertainty analysis underlines the role of verification and
validation in the process of evaluating the confidence in CFD results. Uncertainties have to be
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evaluated step by step, using clearly defined numerical aspects of the model such as time and
space discretization (time step and mesh convergence) or physical models (turbulence models,
physical assumptions) with associated evaluation of error.

The ASME Standard conforms to Nuclear Regulatory Commission (NRC) regulatory practices,
procedures and methods for licensing dry cask systems as embodied in the United States Code
of Federal Regulations and other pertinent documents such as Regulatory Guide 1.203,
“Transient and Accident Analysis Methods” and NUREG-0800, “NRC Standard Review Plan”
(U.S.NRC 2017).

Looking for validation experiment for CFD application to dry cask simulation for both design and
safety studies, it appears that available data often suffer from a lack of local measurements, an
insufficient number of measured flow variables, a lack of well-defined initial and boundary
conditions, and a lack of information on experimental uncertainty. A working group on CFD
application to nuclear safety of the OECD-NEA-CSNI-WGAMA established some requirements
for CFD-grade experiments able to validate properly the single phase CFD tools [Bestion et al,
2019]. In this report, a look at the quality of experiment used for the validation was a concern
due to the many lacking input parameters that were of valuable interest to the modeler. The
discussion on this topic establishes if this experiment is of a CFD grade. CFD grade
experiments should be able to validate a CFD model, and the main concern is to minimize the
validation uncertainty on some selected figures of merit or target variable such as PCT.

Clear objectives should be first defined in an experimental program designed to validate a
computational method. The success of the validation hinges in the constant collaboration
between the experimentalist and the CFD specialist. This discussion should include the
definition of the test section geometry, initial and boundary conditions, and the requirement on
the measurement uncertainty. There needs to be agreement on what to measure, where it will
be measured, and with which measurement technique. Acceptance criteria may be defined on
the sensitivity of the measured parameters to the process of interest, and/or on the required
accuracy of some selected physical quantity. Preliminary code simulations are necessary to
define appropriate model boundaries and measurement locations, with sensitivity tests to
determine uncertainty of initial and boundary conditions and of measured field parameters.
Iterations may be necessary to optimize the design.
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1 INTRODUCTION

The US NRC has participated in a blind benchmark study sponsored by US DOE, aimed at
assessing and improving the accuracy of CFD simulations for dry cask storage systems
(DCSS). DOE and EPRI collected temperature data from a TN-32B dry storage cask at the
North Anna Nuclear Generating Station, along with ambient temperature conditions.

USNRC took this unique opportunity to validate and verify a CFD method used in the dry cask
application. This method used CFD best practice guidelines NUREG-2152 for dry cask
applications [7]. Per these CFD guidelines, the solution was verified by calculating the Grid
convergence index. In addition a thorough uncertainty quantification method was used to
calculate the uncertainties of predicted PCT and other measured temperatures inside and
outside the cask. Methods described in ASME V&V 20-2009 were used to quantify the
uncertainty.

11 Objectives of a CFD-Grade Experiment

ASME V&YV 20-2009, the standard for Verification and Validation (V&V) and Uncertainty
Quantification (UQ) for computational Fluid Dynamics and Heat Transfer applications [1],
established steps to assess the degree of accuracy of computational simulations. The accuracy
of the method is obtained by the comparison between the experiment and the simulation of a
local or global variable. From the validation process provided in the standard V&V 20-2009,
criteria for CFD-grade experiment can be established as discussed also in (ASME 2009). A
CFD grade experiment should be able to validate CFD with a minimization of the validation
uncertainty on some selected figures of merit variable. As PCT is used in ISG-11 as a criterion
to assess the safety of a dry cask, it is also used in this work as the figure of merit or the target
variable to assess the validation uncertainty. In turn, the validation uncertainty will be used to
qualify the experiment as CFD grade or not.

The validation comparison error E in any validation process is defined as the difference between
the solution denoted by S, and the experimental data denoted by D:

E=S-D

If T represents the true solution, then the error in the solution and experiment are:
85 = S -
6p=D—

Then E can be written as:
E=E-T)-—(D—-T)=8g-8p

The simulation error 6§ consists of three categories including the modeling error 6,040, due to
physical modeling input, including approximations and assumptions, the numerical solution error
Snum Stemming out the numerical algorithm and the discrete mesh used to solve the partial
differential equations, and the input data errors &;;,,,,,; resulting from the simulation input
parameters including initial conditions, boundary conditions, properties, etc. E is thus the
overall result of all the errors coming from the experimental data and the simulation.

E = 8model + 8input + Spum — 6p

1-1



The unknown error 6,,,4¢; Produced by the modelling is isolated:

Smodel = E — ( 8input + 8yum — 6p)

The corresponding standard uncertainties for the input, numerical and experimental errors are
uinputaunum and Up.

The validation standard deviation of the combination error 8;,,u¢ + Shum — Op is denoted as u,,,
and if the three errors are mutually independent then:

= [y2 2 2
Uygl = \/uinput + Ugym + Up

8model = E + uyy

If also &,,,4¢; i considered independent, then:

— 2 2 2 2
Ug = \/umodel + Ujhput T Unum T Up

ASME standard gives solutions to evaluate every term of the comparison error (E) and the
validation uncertainty (uy,;). The validation comparison error E sign and its magnitude are
known once the validation comparison is made. The validation uncertainty can be estimated
through the determination of the simulation uncertainty ug;nu1ation @nd the experimental
uncertainty up. The simulation uncertainty consists of the numerical simulation uncertainty u,
and the input uncertainty u;,,,.. However there is no established method to estimate the

physical modelling uncertainty u,oger-

Propagation methods are mainly used to evaluate code result uncertainties coming from input
parameters. Uncertainties of numerical solutions are given by the solution verification step or
GCI method based on the Richardson extrapolation (RE) method. The standard indicates how
to use the E and u,,,;. These quantities give an accuracy of the model used through:

— 2 2
Umodel = _[UE — Uyal

From these equations, the following criteria can be concluded:

o If |E [>> uyy), Upodel = Ug- Then, uy, is relatively small and the modeling error is larger
than the validation uncertainty. In this case, the comparison between the code
predictions and the experimental data can provide a useful and precise information on
the quality of the physical model. Consequently, the model has the possibility to be
improved or calibrated using the data from the experiment in order to have less
uncertainty on the result.

o If |E|] < uy,, the larger validation uncertainty implies that the model accuracy cannot be
improved if the combination &;;,py¢, 8,um @nd 8p cannot be reduced. In this case, the

standard indicates that this is not a proof that the model has a good or bad quality but
this kind of experiment will not be useful to make improvement to the model.
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o If |[E| = uy,, the modeling error is within the noise level imposed by the input, numerical
and experimental uncertainties and the possibility of model improvement is a challenge.

e If model uncertainty uyqqe1 IS known or expected, sensitivity analyses on sensitive
modeling parameters can be performed to investigate the impact this model uncertainty
can have on target variable such PCT and u,;.

o Ifupedel < Uyal- The experiment is not very informative

o Ifupedel > Uyal- The experiment is capable of showing if the expected model
uncertainty is reached

A CFD grade experiment is an experiment which can be used to validate the physical model,
which means that it provides a relatively low uncertainty of validation u,,, and allows a good
determination of the model uncertainty uyqqe1- Therefore, an experiment which minimizes both
8input @nd 8y also minimizes u,,; and provides more information on the accuracy of the model.

A CFD-grade experiment should provide the lowest values of 8, , and 8p, (i.e. low uy,y). In

parallel, the CFD user or specialist should strive to minimize the numerical error u,,,,, or at
least follow well established methods to quantify it correctly.

However the capability for an experiment to provide information on the uncertainty of model
parameters may not be the concern of a dry cask safety analysis. The final goal is often to
compare a parameter of interest such as PCT to a safety criterion to assess if the dry cask is
safe in the situation designed for. Very often, and due to the lack of geometrical details inside
the cask as in the case of fluid gaps in the current validation as shown in in this report, it is
much more difficult to know all necessary boundary and initial conditions (BIC) and flow field
variables in the region of interest with a low uncertainty or high confidence. As a result, u;;py¢

may be large. Such experiments should at least provide sufficient information to quantify the
accuracy of CFD code predictions for the relevant parameters of interest in the safety analysis
such as some local temperatures or PCT. In turn, this accuracy prediction can be used to
assess whether a reliable conclusion for the safety case can be made. The experiment should
target a predetermined code uncertainty for the selected target variable such PCT or other
variable. So, instead of providing data to allow quantifying the uncertainty on some specific
model parameters, the goal is the prediction of the uncertainty on the target variable of interest.
This uncertainty is the result of the propagation of various sources of uncertainty

from 8;5put: 8num @nd 8p. As such, the minimization of these sources of errors remains the

objective of the VVUQ process.

Another important requirement is the collaboration between the experiment designer and the
code user from the start of the experimental project. The collaboration should target the models
used in the dry cask application as shown in NUREG 2152 [7]. Code users and safety analysts
can then expose the goal of the experiment, in terms of model validation. Among these
modeling goals that can be targeted and investigated are type of turbulence model that govern
the flow field, state laws for the fluid of interest, or porous media parameters if porous media
model is used. A list of modeling challenges including boundary conditions for dry cask
applications can be found in NUREG 2152 and NUREG 2208. In this important initial step, CFD
code users can perform pre-calculations to help the definition of the mock-up in terms of
geometrical design, range of flow variables, choice of boundary conditions, and scaling
analyses. This collaboration can also be used to define the plan of the experiment. As such, a
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CFD-grade experiment should first be characterized by an exchange between experimentalists
and code users from the beginning of the design of the experiment to the end of the project.

The preliminary specification of fluid and solid volumes of interest and of inlet and outlet fluid
surfaces is of prime importance to select where initial and boundary conditions have to be
known. A CFD-grade experiment should specify the boundary conditions, initial conditions, and
model domain in a way that they can be used as simulation input data with the required
accuracy.

A general requirement may be to define a priori acceptance criteria before designing an
experiment. If the only objective is to validate a CFD code on a specific flow configuration, the
acceptance criterion may be to minimize the validation uncertainty (i.e. experimental, numerical,
and input uncertainties) on a specific target variable. In dry cask applications, examples may be
the following:

¢ If the objective is to validate a CFD code for PCT, the acceptance criterion may be that
the validation uncertainty related to this PCT should not exceed a given value.

o |[f the objective is to predict the canister wall heat transfer in a ventilated cask, the
acceptance criterion may be that the validation uncertainty related to a predetermined
temperature difference AT between the air inlet and outlet should not exceed a given
value.

o |If the objective is to predict the air mass flow rate in a ventilated cask, the acceptance
criterion may be that the validation uncertainty related to a measured mass flow rate in
the air flow passage should not exceed a given value.

In the last few years, dry cask applicants applied for licenses for cask design close to 50 kW or
higher. The analyses accompanying these applications presented CFD thermal analysis cases
with PCT very close to the 1ISG-11 allowable limit of 400 C, with margins as small as 10 - 20°C
(18 - 36°F). As such, in this validation, the calculated validation uncertainty u,,; will be
compared to these margins to make conclusions if the experiment used in this validation
exercise can be classified as a CFD grade experiment.

1.2 Description of Validation Experiment

The cask used for the validation experiment was a TN-32B dry cask storage system. The TN-
32B cask is cylindrical with a vertical orientation. It has an outer diameter of 8.5-ft (2.6 m) and a
height of approximately 15-ft (4.6 m) with the protective cover and lid neutron shielding
removed. A detailed description of the TN-32B demonstration project held in North Anna Power
Plant can be found in [2]. According to the non-proprietary Safety Evaluation Report (SER) [3],
the TN-32B cask consists of:

A basket assembly which locates and supports the fuel assemblies

An inner confinement vessel and lid, which comprises the primary confinement barrier;
A carbon steel gamma shield structure surrounding the primary confinement vessel,
Neutron shielding material (jacketed) exterior to the gamma shield;

A protective cover which provides weather protection for the closure lid and seal
components, the top neutron shield, and the overpressure system.
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¢ An overpressure monitoring system which monitors pressure between the two seals of
the cask lid. This system allows for early detection of cask seal leakage.
e Sets of upper and lower trunnions for lifting and support of the cask.

The cask is designed to handle 32 pressurized water reactor (PWR) fuel bundle assembilies,
with a total maximum heat load of 32.7 kW, and an allowable peak cladding temperature (PCT)
of 400°C.

The lid of the cask was modified to allow insertion of seven thermocouple lances in fuel
assemblies 2, 6, 14, 19, 24, 28, and 31 (as shown in Figure 2-2). Each thermocouple lance
contained nine thermocouples that were spaced throughout the height of the cask to provide a
total of 63 temperature measurements spaced throughout the inner cask. The protective cover,
top neutron shield, and standard overpressure system that are normally in place were removed
for the experiment to provide access to the lid for the thermocouple lances.

In addition to the internal cask temperature measurements, fifteen surface temperature
measurements were recorded to validate external heat transfer rates.

The cask was tested indoors in a test bay that provided access around the bottom of the cask,
as well as a work platform that provided access to the top of the cask. Ambient temperature
inside the building was recorded at several locations around the cask, which showed both
spatial and temporal variations.

The test consisted of a “thermal soak”, where the cask was allowed to reach steady-state
temperatures over a period of several days. Although the ambient temperatures inside the
building were variable, the cask temperatures were found to be steady, owing to the larger
thermal mass of the cask.
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Figure 1-1 Layout of the TN-32 Cask from the Non-proprietary Safety Evaluation Report



2 COMPUTATIONAL MODEL DESCRIPTION

This chapter describes the settings and boundary conditions that were used to simulate the TN-
32B dry cask storage system.

21 TN-32B Cask Model

The cask geometry was generated based on the drawings provided in the UFSAR [4].

2.1.1 Description of Mesh

The cask geometry was meshed using primarily hexahedral elements. A coarse model was
initially created with 1 cell across many of the thin structural pieces to achieve a low cell count.
This coarse mesh was refined to double the mesh resolution for the baseline mesh, and
doubled again to achieve the fine mesh. This triplet of meshes was used to determine the grid
convergence index (GCl) as described in Section 3.3.2 . A sample of the baseline mesh is
shown in Figure 2-1.

Figure 2-1 Cask External Surface Mesh



2.2 North Anna Thermal Round Robin Model Inputs

2.2.1 Material Properties

As much as possible, the CFD analysis used the material properties that were specified in the
Thermal Evaluation (Chapter 4) of the UFSAR [4]. This includes thermal conductivities of
helium, air, carbon steel, 6061 alloy aluminum, polyester resin used for neutron shielding,
stainless steel, and 6063 alloy aluminum.

2.2.1.1 Fuel Properties

The fuel bundles are made up of many small components, which are too complex to simulate
directly in the cask CFD model with current computational capabilities. Instead, the fuel bundles
were simulated using porous media to provide the resistance to flow, and an effective thermal
conductivity of the entire fuel bundle assembly in the axial and transverse directions.

The thermal conductivity and porosity calculations that were used in this analysis are based on
the work presented in NUREG-2208 [8]. Thermal conductivities are based on a combination of
conductive and radiative heat transfer, and are a function of temperature. The thermal
conductivities used are in line with those presented for PWR fuel in the FSAR.

Six of the fuel bundles also contained poison rod assemblies (PRA). These fuel bundles were
in positions 8, 13, 15, 18, 20, and 25. Effective thermal conductivities for these assemblies
were caluclated using the same methods.

Uncertainty in fuel hydraulic resistance was assumed to be £50%, which contributed very little to
the uncertainty of the simulation result due to the very low circulation velocities in the fuel
bundles.

Axial thermal conductivity for the baseline simulation was calculated assuming there was
thermal conduction through the fuel cladding, as well as the helium, and the fuel pellets, which
expand as the fuel is used so that they press against each other and create an effective heat
path along the axis of the tube. When calculating the uncertainty in axial thermal conductivity,
the uncertainty band was based on the difference between the baseline assumption, and
allowing heat transfer only through the cladding, which is a conservative assumption made by
other researchers. Uncertainty in the transverse thermal conducivity of the fuel bundles was
assumed to be £10%.

2.2.1.2 Internal Pressurization

The cask was filled with helium to a pressure of 2200 mbar (31.9 psia) [2]. It was assumed that
all water had evaporated during the vacuum drying process, and that the gas was 100% pure
helium. Intial analyses showed that the sensitivity of the simulation results to helium pressure
were very low, so the influence of internal pressure is omitted from the UQ analysis.

2.2.2 Decay Heat

The decay heat for each of the 32 fuel bundle assemblies as of November 7, 2017 was provided
as a modeling input, though loading did not occur until November 14, 2017 [2] and is presented
in Figure 2-2. Thermal soak testing was conducted for roughly two weeks after loading. Total
decay heat for the cask was reported to be 30.456 kW.
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A normalized vertical decay heat profile (Figure 2-3) was provided for the validation exercise
and applied to all 32 fuel bundles [2].

An uncertainty in decay heat of 2% was assumed for this analysis, which covers local variations
in decay heat profile, as well as uncertainty in prediction of decay heat for each assembly on the
date of testing.

2.2.3 Heat Dissipation to the Environment

Ambient temperatures were measured during testing as described in Thermal Modeling Round
Robin input [2]. The temperatures varied over the several days it took to reach thermal
equilibrium inside the cask, primarily from day/night cycles as the cask was placed next to an
un-insulated roll-up door.

An average ambient temperature of 75°F (297K) was used for the analysis. This temperature
was used to calculate external convection, as the heat sink for conduction through the ground
support, and as the temperature that the surface of the cask was radiating to. Due to the
variability in the temperature over time, as well as at different locations within the test area, an
uncertainty in the ambient temperature of +15°F (8.3K) was used in the UQ analysis.

A convection heat transfer coefficient (HTC) of 5.0 W/m?-K was used for the vertical sidewalls of
the cask. The convection coefficient was calculated based on the external skin temperature of
the cask using several different turbulent natural convection Nusselt number correlations for
vertical plates for the sides of the cask, which were in line with the method presented in the
FSAR. HTC values for the vertical sidewalls of the cask fell between 4.0 and 6.0 W/m?2-K
depending on the correlation used, and whether the minimum, maximum, or average surface
temperature was used. This +1.0 W/m?-K variability in HTC was the basis for the uncertainty in
the input value in the UQ analysis.

The uncertainty in HTC from the top of the cask was higher, owing to the lead blankets that
were used as a temporary neutron shield. The thermal conductivity of the blankets was not
provided with the experimental data, and they were randomly placed across the top of the cask,
which increases the uncertainty of the effective HTC from the top of the cask. HTC values for
the top of the cask without a blanket were estimated to be between 6 and 7 W/m2-K, which is in
line with the methods used in the FSAR, however the presence of the blankets would reduce
this value somewhat. A value of 5.0 W/m?-K was used for the top of the cask, with an
uncertainty of £2.0 W/m?-K.

The cask was placed on a 1.5-inch thick steel leveling pad with several steel legs, which in turn
rested on a stainless steel lined concrete floor. There was a 6” air gap between the leveling pad
and the floor. Insufficient information was provided regarding the legs of the leveling pad to
include them in the thermal analysis. This configuration includes several modes of heat transfer
from the leveling pad, including:

e Conduction through the legs, and into the concrete floor.

e Convection from the leveling pad, legs, and floor to an unknown convection current or air
running underneath the leveling pad.

¢ Radiation from the leveling pad to the floor.
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The interplay in these heat transfer modes, and the inability to accurately calculate them from
the information provided add to the uncertainty of the analysis. The HTC through the bottom of
the cask from all of these modes was estimated at 10.0 + 5.0 W/m?2-K.

Thermal radiation is another means of heat rejection from the cask to the environment.
Emissivity values from the white painted external surfaces of the cask were taken to be 0.90
based on the FSAR [4]. An uncertainty of £0.10 was used in the UQ analysis.

The North Anna thermal test was conducted indoors, so solar insolation was omitted from this
analysis.

2.2.4 Thermal Gap Resistance

Due to the various materials used in the construction of the TN-32B cask, there are many small
gaps throughout the design, which increase the resistance of heat transfer from the fuel
assemblies to the environment. Many of these gap sizes are not — and cannot be — precisely
known. Estimates of the largest size expected for each of these gaps were provided in the
USFAR, and those values are used here in the baseline case. As such, they are considered to
be maximum values, with the actual gap sizes expected to be smaller than what is used for the
baseline case.

The gaps were treated as thin “shadow-walls” within the FLUENT solver, whereby they do not
take up any physical space in the mesh, but an additional computational cell is added across
the gap to allow the resistance due to thermal conduction and radiation across the gap. An
effective thermal conductivity was calculated for each gap assuming both conduction through
the gas and radiation across the gap. All gaps were small enough, with a small enough
temperature gradient that natural convection was assumed to be negligible. The effective
thermal conductivity is calculated from the thermal conductivity of the gas at the average gap
temperature, the size of the gap, and the emissivity of the materials on either side of the gap
assuming infinite plates in parallel.
keff(T) = k(T) + 4h6120'T3

Where:

ket = effective thermal conductivity  (W/m-K)

k = molecular thermal conductivity  (W/m-K)

h = gap between walls (m)

€12 = combined emissivity

o = Stefan-Boltzmann constant (W/m?2-K*)

T = Temperature (K)
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The combined emissivity for two infinite parallel plates is a combination of the emissivity for
each surface, €1 and €z:

1
s N

Due to gravity, construction methods, thermal expansion of dissimilar materials, and the fact
that the center of the cask is hotter than the exterior, most of these gaps are expected to close
(go towards zero) as the cask heats up. When addressing the uncertainty due to all of these
gaps — which is considerable — the uncertainty is only on the negative side (i.e. - smaller gap,
colder PCT). This introduces a significant bias error into the baseline solution, whereby the
baseline simulation does not actually represent our best guess of what is occurring, but rather a
much hotter result than exists in reality.

For this reason, a “best estimate” case is also included in the presentation of results, whereby
all of the gaps except for one are set to zero. The only gap that is allowed to remain at the
UFSAR specified size is the gap between the basket and the cask rails. This gap was expected
to be 0.188 inches at thermal equilibrium within the cask [4]. This is one of the largest gaps
within the system, and most of the heat in the cask passes across this gap. In the best estimate
case, this basket-to-rails gap is maintained at 0.188 inches as stated in the UFSAR.

A list of all thermal gaps included in the model is provided in Table 2-1, including the nominal
gap size and the corresponding uncertainty assumed. The locations of the gaps are shown in
plan view in Figure 2-4, and elevation view in Figure 2-5.

The heat transfer across the inner cask / outer cask gap was listed as 375 Btu/hr-ft2-°F, with a

conservative estimate of 200 Btu/hr-ft2-°F. These values were converted to a gap size for this
analysis using the thermal conductivity of air at the average gap temperature.

Table 2-1 Summary of Helium Gaps

Helium Gap Location Bas:rl‘i::elsr;put Input(ilr.‘l::;:;t)ainty
Basket to rails 0.188 +0.000/-0.188
Rails to cask 0.010 +0.000/-0.010
SS sheet to Al plate 0.020 +0.000 / -0.020
Al basket plates 0.020 +0.000 / -0.020
Basket to bottom of cask 0.250 +0.000/-0.250
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Table 2-2 Summary of Air Gaps

Baseline Input Input Uncertainty

(inches)

(inches)

Figure 2-2 System Loading Map

2-6

Cylindrical cask 0.00129 +0.000 / -0.00129
Cask bottom 0.125 +0.000/-0.125
Resin boxes 0.010 +0.000/-0.010
Lid seal 0.010 +0.000/-0.010
1 2 (TC Lance) 3 4
6T0 K7 Té 6F2
NAIF/P+L AMBW NAIF/P+Z NAIF/P+Z
Zirlo, 54.2 GWd M5, 53.4 GWd Zirlo, 54.3 GWd Zirlo, 51.9 GWd
4.25%/3 cy/12.1 yr | 4.55%/3 cy/8.7yr | 4.25%/3 cy/12.1yr | 4.25%/3 c¥/13.5yT
0122 W 0782 %W 9144 W 799.5 W Drain Port
5 6 (TC Lance) 7 8 (PRA) 9 10
3F6 30A 22B 20B 5K6 D5
NAIF/P+Z AMBW AMBW AMBW AMBW NATF/P+Z
Zirlo, 52.1 GWd M5, 52.0 GWd M5, 51.2 GWd M5, 50.5 GWd M5,533GWd Zirlo, 555 GWd
425%/3cy135yr | 4.55%3cyT2yr | 4.55%Bcy/5. Ty | 4.55%3 cy5.Tyr | 4.55%3 cy/8.7yr | 4.20%/3 cy/17.7 3x
800.9 W 1008.6 W 11424W 11212 W 9751W 8145 W
11 (Vent Port) 12 13 (PRA) 14 (TC Lance) 15 (PRA) 16
5Do 28B F40 57A 30B IK4
NAIF/P+Z AMBW LOPAR AMBW AMBW AMBW
Zirlo, 54.6 GWd M5, 51.0 GWd Zry-4,350.6 GWd M35, 52.2GWd M3, 50.6 GWd M3, 51.8 GWd
4.20%/3 cv/17.73x | 4.55%/3 cv/5.7yr | 3.59%/3 ov/30.63x | 4.55%3 cw/T.2yr | 4.55%3 /5Ty | 4.55%3 ¢y/8.7 ¥
802.6 W 11350 W STI8 W 10370 W 1143 W 2413W
17 18 (PRA) 19 (TC Lance) 20 (PRA) 21 22
SK7 S0B e 044 15B 6K4
AMBW AMBW NAIF/P+Z NAIF AMBW AMBW
M5, 533 GWd M3, 50.9 GWd Zirlo, 53.1 GWd Low-Sn Zry-4, M5, 510 GWd M5, 51.0 GWd
4.55%/3 cy/i8.Tyr | 4.55%/3 cy/5.7 yr. | 4.45%/3 ¢y/10.6 31 50.0 GWd 4.55%/3 cy/5.Tyr | 4.55%/3 cy/8.7 ¥,
961.7 W 1131w 020.2W 4.00%/2 cv/23.2 3¢ 11358 W ML2IW
646.2 W
23 24 (TC Lance) 25 (PRA) 26 2 28 (TC Lance)
in K] IE 568 5B 6vo U6
NAIF/P+Z NAIF/P+Z AMBW AMBW AMBW NAIF/P+Z
Zirlo, 55.1 GWd Zirlo, 52.9 GWd M5, 510 GWd M5, 51.3 GWd M5, 535 GWd Zirlo, 53.0 GWd
4.25%/3 ev/12.1 yr | 4.45%/3 /106 vr | 4.55%/3 cy/5. 7y | 4.55%/3 /5.7y | 4.40%/3 cv/8.7 yr | 4.45%/3 cy/10.6 v
9347 W 0142 W 1133.7 W 11363 W 088.2 W 016.9 W
29 30 31 (TC Lance) 32
EAYE SK1 5T9 4F1
AMBW AMBW NAIF/P+Z NAIF/P+Z
M5, 51.2 GWd M5, 530 GWd Zirlo, 54.9 GWd Zirlo, 523 GWd
4.40%/3 cy/9.1 yr | 4.55%/3 cy/8.7 31 | 4.25%/3 ey/12.1yr | 4.25%/3 c¥/13.5 5T
0142 W 068.0 W 927.7TW 804.3W
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Figure 2-3 Normalized Fuel Decay Heat Profile and Thermocouple Elevations
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Figure 2-4 Thermal Gap Summary for Validation Case — Plan View
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Figure 2-5 Thermal Gap Summary for Validation Case — Elevation View
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2.3 Solver Settings

ANSYS-Fluent v.19.0 was used as the solver. The solver settings are presented in Table 2-3.

Table 2-3 CFD Solver Settings

CFD Solver Settings: Input Value:

Solver Code ANSYS-Fluent v19.0

Solver Type Pressure-Based

Viscous Laminar

Radiation Discrete Ordinates, Gray Model
Pressure-Velocity Coupling Scheme SIMPLE

Time Discretization Steady-State

Spatial Discretization:

Gradient Green-Gauss Node Based
Pressure Second Order Upwind
Momentum Second Order Upwind
Energy Second Order Upwind
Discrete Ordinates Second Order Upwind

Rayleigh Number calculations for helium inside the inner cask confirm that the flow is laminar.
The settings for the radiation model are presented in Table 2-4. Testing has indicated that the

sensitivity to these parameters is less than the iterative convergence uncertainty (discussed
later in this report), so sensitivity to these values is not included in the input uncertainty analysis.

Table 2-4 Radiation Model Settings

Discrete Ordinates, Gray Model Inputs: Input Value:

Theta Divisions 4
Phi Divisions 4
Theta Pixels 4
Phi Pixels 4
Energy Iterations per Radiation Iteration 10
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3 VALIDATION RESULTS

The uncertainty quantification will be conducted according to ASME V&V 20-2009 [1]. The main
sources of uncertainty that will be investigated include: numerical uncertainty, which includes
iterative uncertainty and grid uncertainty; and input uncertainty. These are addressed below.
Another source of uncertainty — experimental uncertainty in the data provided for validation —
was provided by the personnel conducting the experiment.

3.1 Baseline Simulation Results

Decay heat is generated in each assembly, and makes its way out to the environment through
many parallel paths of conduction, convection, and radiation. The assemblies in the center of
the cask have the longest path for heat to escape, and consequently have the highest
temperatures. The highest temperature in the cask was found in assembly 14, one of the four
assemblies in the very center of the cask (Figure 2-2). The PCT in the baseline simulation was
found to be 535 K (503°F). Contours of temperature through a horizontal and vertical slice are
shown in Figure 3-2 and Figure 3-3 respectively.

Although radiation and convective heat transfer are included in the analysis, neither mode of
heat transfer appreciably contributes to heat fluxes inside the cask. In areas with large open
volumes where convection or radiation may play a significant role, there are aluminum rails,
which are very effective at conducting heat. This effective heat conduction results in small
temperature gradients that minimize the heat flux via radiation and natural convection. In the
case of natural convection, this is confirmed by the observed predicted low velocities throughout
the cask. The highest predicted velocity anywhere inside the cask is below 1 m/s (3.28 ft/s),
with most rail cavities having velocities below 0.25 m/s (0.82 ft/s). , The highest velocity inside a
fuel bundle was considerably lower at 0.02 m/s (0.07 ft/s) due to the increased hydraulic
resistance.

The thermal resistances across the gaps are a dominant feature in determining the temperature
distribution throughout the cask. Significant dislocations in temperature gradient can be seen
across gaps between different cask components (Figure 3-2 and Figure 3-3). Whereas there is
very little temperature gradient across monolithic structures such as the steel inner and outer
casks, the aluminum rails, and the aluminum resin boxes around the perimeter of the cask.

Since these thermal gaps are such a dominant component of the thermal resistance between
the decay heat source and ambient heat sink, and since there is a great deal of uncertainty in
how large these gaps actually are, it follows that the thermal resistance due to these gaps are a
great source of uncertainty when predicting the temperatures of the spent fuel inside the cask.
This will be demonstrated in the sections that follow.
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Figure 3-1 Section A-A at Elevation 2000mm, Section B-B 5” Off of Cask Centerline
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Figure 3-2 Temperature at Section A-A, Validation Baseline Case (K)
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Figure 3-3 Temperature at Section B-B, Validation Baseline Case (K)

3.2 Consistency Check

The first step in validating the simulation and quantifying the uncertainty is to ensure that the
simulation is internally consistent. Two consistency checks that are easy to demonstrate are
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mass conservation and energy conservation across the boundaries of the model. In this case,
there are no inlet or outlet flow boundaries, so mass conservation is inherently met at the model
boundaries.

The fuel decay heat for the model should be 30.456 kW per the input values presented in Figure
2-2. Due to discretization of the decay heat profile over the height of the fuel bundle (steps in
decay heat profile provided in Figure 2-3 do not exactly align with computational element
spacing in the CFD model), the actual model heat input for the baseline model was 30.409 kW
(0.15% error). The reported heat flux from all external surfaces of the model was 30.441 kW
(0.11% error based on model input value). These errors are quite small compared to other
sources of error and uncertainty in this simulation, and demonstrate consistency of the
simulation with respect to conservation of energy.

3.3 Numerical Uncertainty

Numerical uncertainty is made up of three major sources: computer round-off error, iterative
convergence uncertainty, and discretization uncertainty. Discretization uncertainty can be
spatial or temporal; however this simulation is steady-state so temporal uncertainty is not of
concern. Tables A-1 through A-12 contain the individual components that went into the
uncertainty quantification for the PCT and each outer surface and internal fuel temperature
measurement in the cask.

Computer round-off error is extremely small compared to other sources, and so is not
considered here.

3.3.1 lterative Uncertainty

It is generally known among CFD engineers that the models need to run until they are
“converged.” This is supposed to mean that the solution no longer varies with additional
iterations. In reality however, some solutions are better behaved than others. Some solutions
converge very nicely, and the solution changes very little with each additional iteration; but
some solutions are much “noisier,” and their solution can vary significantly within a range of
values. This variation can be due to numerical instability in the solution, or due to physically
based unsteady flow patterns in a steady-state solution.

Once the solution reaches something resembling convergence, the output in question should be
recorded for a large number of iterations to determine the range of values over which the output
wanders. This range represents the iterative convergence uncertainty of a solution.

The PCT was recorded each iteration for 3000 iterations for the baseline solution (Figure 3-4).

The average PCT value was found to be 535.37 + 0.09 K (504.00 £ 0.16°F) within a 95%
confidence level, or within two standard deviations of the average value.
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Figure 3-4 Iterative Convergence of PCT for the Baseline Case

The distribution of values gathered during the iterative convergence testing were plotted against
a normal distribution to determine if two standard deviations can safely be used as the 95%
confidence level for the iterative convergence uncertainty. The data closely follows a normal
distribution, so this is a valid assumption.

The iterative uncertainty of £0.09K (£0.16°F) is very small compared to the temperature range
of interest as well as other sources of error in this analysis.

3.3.2 Discretization Uncertainty
The grid convergence index (GCl) as outlined in ASME V&V 20-2009 [1] recommends that at
least three grids should be used to determine the uncertainty of a solution with respect to the

mesh. In this case, a coarse, medium and a fine mesh are used, where each level of
refinement is accomplished by doubling the mesh resolution (Table 3-1).

Table 3-1 Grid Convergence Index Mesh Sizes

GCI Mesh Size: 3D Cells: 2D Cells Total Cells
Coarse 274,752 87,704 362,456
Medium 2,198,016 350,816 2,548,832
Fine 17,584,128 1,403,264 18,987,392
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Due to the use of shell conduction zones to simulate the thin gaps between adjacent pieces of
structure, there are 2D elements that accompany the typical 3D cells in the mesh. These cells
remain only 1 cell thick during mesh refinement, so when the mesh resolution is doubled the
number of 2D cells is 4 times greater. With 3D cells, doubling the mesh resolution results in 8
times as many 3D cells.

The GCI, which is the 95% confidence level uncertainty in the solution as a result of the mesh,
can be calculated for the finest of 3 meshes as follows:

Fs @2 — @4l
GClpine = — T
Where ¢ is the solution result, and 1, 2, and 3 represent the fine, medium and coarse meshes
respectively. Fsis an empirically derived factor of safety, which is 1.25 for an asymptotically
converging set of 3 or more meshes. For a constant grid refinement ratio, r the order of
convergence, p can be calculated as follows:

_G=o)
p= In(r)

The medium mesh is used for all evaluations outside of the grid refinement study, so it is useful
to be able to calculate the GCI of the medium mesh as well, which is calculated as follows:

GClLneaium = GCIfine *7P

Calculating the GCI using this Richardson Extrapolation (RE) method only works when the
successive refinement results in a solution that asymptotically converges towards a fixed value
at a cell size of zero.

In order to achieve a meaningful GCI, ASME V&V 20-2009 highly recommends using a constant
grid refinement ratio, geometrically similar cells in each refinement level, and structured cells
where possible. For many problems this is a challenge, but was possible here. It is allowable to
use a grid refinement ratio of less than 2 (but preferably greater than 1.3), however in this case
there were several thin solids sections that were meshed only 1 cell across in the coarse mesh.
This mesh topology dictated that a doubling of the mesh was the smallest grid refinement ratio
that could be used.

When the discretization uncertainty of the PCT is calculated on the three meshes for the
baseline case, they are indeed asymptotically converging with an order of convergence of 2.12
as shown in Table 3-2. The uncertainty in PCT on the baseline (medium) mesh due to spatial
discretization error is 1.3K, which is small compared to many other sources of error in this
analysis.

It should be noted that the GCI computed with PCT is not representative of the discretization
uncertainty everywhere in the mesh. The GCI was calculated at every location where an
experimental temperature measurement recorded, and many of those locations did not
demonstrate asymptotic convergence with the three meshes used, particularly in areas of strong
temperature gradients. ASME V&V 20-2009 suggests that 4 or more mesh resolutions should
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be used to convincingly demonstrate asymptotic response in difficult problems, however the
computational resources necessary to perform another doubling of mesh resolution were
prohibitive.

At measurement locations that did not obey asymptotic convergence, the GCI was calculated
from just two mesh resolutions: the medium mesh and the coarse mesh. In this situation, ASME
V&V 20-2009 suggests using a factor of safety of 3.0 to account for the greater uncertainty
associated with using only two mesh refinement levels, and an order of convergence p of 1.
This allows the GCI to be calculated everywhere in the mesh so that the discretization
uncertainty can be included in the overall uncertainty when comparing simulation results to
experimental measurements at all the temperature measurement locations.

When calculating the PCT GCI using the two mesh method, the discretization uncertainty is
10.2 K (18.4°F) significantly higher than when using the 3 mesh method (Table 3-2), but there
are still several sources of uncertainty in the analysis that are greater than this.

For the PCT and temperature measurement locations that obey asymptotic convergence, the 3

mesh method was used to determine the discretization uncertainty. At locations where grid
refinement did not obey asymptotic convergence, the 2 mesh method was used.

Table 3-2 GCI Values for PCT

GCI for Peak Cladding Temperature (PCT): 3 Mesh GCI 2 Mesh GCI
Refinement Ratio, r 2 2
Factor of Safety, Fs 1.25 3
Coarse Mesh 538.8 K (510.2°F) 538.8 K (510.2°F)
Medium Mesh 535.4 K (504.1°F)  535.4 K (504.1°F)
Fine Mesh 534.4 K (502.3°F)

Order of Convergence, p 212 1

GCl, fine mesh 0.3 K(0.5°F)

GCl, medium mesh 1.3 K(2.3°F) 10.2 K (18.4°F)

3.3.3 Overall Numerical Uncertainty on PCT

The overall numerical uncertainty from all sources is presented in Table 3-6. When computing
the total numerical uncertainty, it is not sufficient to use RMS addition of iterative convergence
error and discretization error, because the two errors are correlated (ASME 2009). Instead they
must be combined using simple addition. Detailed calculations are shown in Table A-1.
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Table 3-3 Overall Numerical Uncertainty for PCT

Numerical Uncertainty Cold Side

Computer Round-off + 0.0 K (+ 0.0°F)
Iterative Convergence +0.1 K (£ 0.2°F)
Spatial Discretization +1.3 K (+ 2.3°F)

Total Numerical Uncertainty 1.4 K (+ 2.5°F)

3.4 Input Uncertainty

3.41 Input Uncertainty Method

The input uncertainty method used was the finite difference method (also variously called:
sensitivity coefficient method, perturbation method, mean value method, and possibly others).
This is a local approach to determining the input uncertainty, whereby an independent input
variable (e.g. total decay heat) is changed by a small amount, and the effect that this variable
has on the solution is recorded. If the uncertainty of the input is known, then the resulting
uncertainty on the solution due to the uncertainty of the input can be calculated using the
following equation:

n 2
. aS
Uinput™ = z (a_XiuXi)

i=1
Where:
Uinput = Total input uncertainty

= Simulation result

Uy, = Corresponding standard uncertainty in input parameter X;
X; = Input parameter
n= Number of inputs in the sensitivity study
0S/0X; = Sensitivity Coefficient

Each input variable was perturbed both up and down by its uncertainty value, so two separate
cases were run for each input variable in addition to the baseline case. Thermal gap sizes were
already at their maximum size in the baseline simulation, so for that case only one sensitivity
case needed to be run with the smaller gap sizes.

This method only works in the local neighborhood around the baseline solution, and only as
long as the solution is fairly linear with respect to the inputs in that neighborhood. There are
more complex global methods of determining uncertainty (Monte Carlo, Latin Hypercube, etc.),
but they typically require more knowledge of the probability distribution of the input variables
than are generally available, and with a large number of input variables require hundreds or
perhaps thousands of cases to achieve statistical significance.
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3.4.2 Correlated vs. Uncorrelated Input Variables

Many of the input variables in this analysis cannot be considered to be entirely independent
from each other, as there are several heat paths acting in parallel. By increasing or decreasing
the heat flow through one path, it necessarily impacts the heat flow through all other paths.
Since it is impractical to run the hundreds or thousands of simulations required by the global
input uncertainty methods to fully account for the interdependency of all the input variables,
another approach is required.

In order to address the multiple heat paths in parallel problem, perturbations of similar variables
were considered in a single simulation run. For example, external heat transfer coefficients
through the top, sides, and bottom of the cask were all increased to their maximum perturbed
value in one run (colder PCT), and all decreased to their minimum value in another run (hotter
PCT). Similarly, the gaps were all reduced to their minimum size in one simulation run (colder
PCT). The baseline case has all gaps at their maximum size, so the uncertainty in gap size
does not contribute to the hot side uncertainty in PCT.

One example of the inter-dependence of inputs on results is located in the bottom of the cask,
where there were assumed to be two relatively large gaps — one between the basket and the
floor of the inner cask, and the other between the inner cask and the outer cask. Heat travelling
through the bottom of the cask must pass across both of these gaps to reach the leveling pad.
When the first gap was closed and the second allowed to remain open, it was found that the
PCT was reduced by 4.0°C. When the second gap was closed with the first gap open, the PCT
was reduced by 0.9°C. If the uncertainty in PCT due to the uncertainty in gap size for these two
gaps was independent of one another, the expected reduction in PCT from closing both gaps
would be 4.1°C (RMS summing). If the uncertainty was dependent and additive, the expected
reduction in PCT from closing both gaps would be 4.9°C, however neither of these was found to
be the case. By closing both gaps, the effect was more than additive; the reduction in PCT was
7.5°C. The insulating effect of each gap alone was large enough to drive most of the heat
radially outward through the side of the cask. By closing both gaps, the total thermal resistance
through the bottom of the cask was substantially reduced. This allowed a significant amount of
heat that was passing though the side or top of the cask to pass through the bottom of the cask
instead, causing a large reduction in PCT.

Similarly, the uncertainty quantification was also evaluated by considering the closing of the
gaps individually and all together and the same time as shown in Table 4. When the gaps were
considered independent from each other, the input uncertainty on the PCT was calculated as
36.9°C. When gaps uncertainty were considered dependent and additive, an uncertainty of
72.1°C on PCT was calculated. When all gaps were closed an uncertainty of 62.9°C on PCT
was determined. These uncertainty were also calculated for all the measured point in the
experiment using different ways when the errors where combined. In this case, considering
dependent additive uncertainty quantification over-estimated the effect of the gap uncertainty as
compared when all the gaps were considered closed all the same time. This is a clear
demonstration that the gaps dependency is not a straight linear relationship. As such, the gaps
effect were modeled all open and all closed to evaluate the uncertainty quantification on the
PCT as well as other monitored temperature values.
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Table 3-4 Thermal Gap Input Uncertainties for PCT

Thermal Gap: PCT Uncertainty

He Gap — Basket to Rails -29.8 K (-53.6°F)
He Gap — Rails to Cask -1.7 K (-3.0°F)

He Gap — SS Sheet to Al Plate -11.1 K (-20.0°F)

He Gap — Al Basket Plates -16.7 K (-30.1°F)
He Gap — Basket to Bottom of Cask -4.0 K (-7.2°F)
Air Gap — Cask Bottom -0.9 K (-1.7°F)
Air Gap — Cask Cylindrical -0.5 K (-1.0°F)

Air Gap — Resin Boxes -7.1 K (-12.8°F)
Air Gap — Lid Seal -0.2 K (-0.4°F)

Total Gap Uncertainty (Uncorrelated) -36.9 K (-66.4°F)

Total Gap Uncertainty (Correlated) .72.1 K (-130°F)

Both Bottom Gaps Closed -7.5K (-13.5°F)

Gap Uncertainty When All Gaps Closed at Once -62.9 K (-113°F)

In another case, the external heat transfer coefficients are a weak function of the external
temperature. The external HTC is driven by natural convection, which is a function of the
temperature difference between the cask surface and the ambient temperature. Technically,
anything that changes this temperature difference will be correlated with the external HTC.
However, the uncertainty in external HTC as a result of the uncertainty in the other variables is
small, so this is considered to be included in the HTC uncertainty, and the external HTC is
considered to be an independent input variable.

3.4.3 Input Uncertainty Results

There were 9 input variables that were assessed in the input uncertainty analysis. There are a
large number of inputs to this simulation, so there were several other variables that could also
have been evaluated, but the uncertainty in these input values were deemed to be of minor
importance to the overall simulation uncertainty. The input variables that were evaluated are
listed in Table 3-5, along with their associated contribution to the uncertainty on PCT.

Perturbations that caused the PCT to rise were put in the hot side column in Table 3-5.
Conversely, perturbations that caused the PCT to fall were put in the cold side column. The
input variables used were assumed to be uncorrelated, so uncertainties for the hot side and cold
side were taken as the root mean square (RMS) of all the individual input uncertainties in each
column. Descriptions of each input variable, its baseline value, and its associated uncertainty is
presented in Section 2.2.
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Table 3-5 Input Uncertainty Variables for PCT

Input Variable: Cold Side Hot Side

External HTC (top, side, and bottom) -3.7 K (-6.7°F) +4.5 K (+8.1°F)
Ambient Temperature -4.8 K (-8.6°F) +5.0 K (+9.0°F)
External Emissivity -2.2 K (-4.0°F) +2.5 K (+4.5°F)
Carbon Steel Emissivity -0.1 K (-0.2°F) +0.5 K (+0.9°F)
Aluminum Emissivity -0.2 K (-0.4°F) +0.1 K (+0.2°F)
Fuel Hydraulic Resistance (axial and transverse) -0.6 K (-1.1°F) +0.1 K (+0.2°F)
Total Decay Heat -4.0 K (-7.2°F) +3.9 K (+7.0°F)
Fuel Thermal Conductivity (axial and transverse) -3.0 K (-5.4°F) +3.6 K (+6.5°F)

Thermal Gaps (all) -62.9 K (-113.2°F) +0.0 K (+0.0°F)

Total Input Uncertainty -63.5 K (-114.3°F) +8.9 K (+16.0°F)

The uncertainty in the size of the thermal gaps introduces a much greater uncertainty in PCT
than any of the other input variables. As discussed previously, the thermal conductivity of gas is
much lower than metal, so even a very small gas-filled gap results in a large temperature
gradient across that gap. Radiation across the gap is included in the analysis as well as
conduction, but radiative heat transfer does not become significant until the gap size and
temperature difference is already quite large.

The nature of the cask construction makes it difficult to know precisely how large any of these
gaps are, particularly after the cask is brought up to temperature by the decay heat from the fuel
assemblies.

3.5 Experimental Uncertainty

The uncertainty in temperature readings for internal thermocouples was reported to be 1.4°C
(2.5°F), plus 0.3% of the measured value in °C, valid over the range of temperatures measured
with a 95% confidence and a normal distribution [2].

Experimental uncertainty for the temperature readings on the system’s surface was a fixed
value of 1.1°C (2.0°F) [2].

The PCT in the experiment was not measured directly. However, a thermocouple was located
in the hottest assembly in the chamber very close to the location of the PCT (assembly 14,
elevation 4), and the simulation result showed that this measured value was very nearly the
same temperature as the PCT. The experimental uncertainty associated with an internal
thermocouple measurement at the highest recorded internal temperature of 229°C (502 K)
(444°F) is £ 2.1 K(3.8°F).
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3.6 Simulation Uncertainty Quantification

The total simulation uncertainty is a combination of the numerical uncertainty and the input
uncertainty, presented in Table 3-6. These calculations of simulation uncertainty were repeated
for all locations corresponding to the 63 internal temperature measurements, and 15 external
temperature measurements in the experiment, as well as the PCT. These simulation
uncertainties are the basis for the error bars on the baseline simulation result discussed in the
following section, which are compared to experimental results with associated experimental
uncertainties.

Table 3-6 Total Simulation Uncertainty for PCT

Total Simulation Uncertainty Cold Side Hot Side
Total Numerical Uncertainty 14K (-2.5°F)  +1.4 K (+2.5°F)
Total Input Uncertainty -63.5 K (-114.3°F) +8.9 K (+16.0°F)
Total Simulation Uncertainty -63.5 K (-114.3°F) +9.0 K (+16.2°F)

The total simulation uncertainty is dominated by the input uncertainty, and particularly the
uncertainty due to the gaps. This is true of the PCT as demonstrated in Table 3-6, as well as all
other internal temperature measurements.

Surface temperature uncertainties are significantly lower with an average of + 8.3 K (x14.9°F),
and are driven more by the uncertainty in ambient temperature, external emissivity, and external
heat transfer coefficients. The uncertainty in gap sizes plays only a minor role in the uncertainty
in surface temperature prediction.

3.7 Validation Uncertainty Quantification

The total validation uncertainty is a combination of the numerical uncertainty, the input
uncertainty and the experimental uncertainty, presented in Table 3-7. There was no
experimental measurement at the exact location of the PCT, so instead the highest temperature
measurement in the experiment is used, which was at elevation 4 in assembly 14, with a
measured temperature of 502.4 K (444.7°F). These calculations of overall validation uncertainty
were repeated for all locations corresponding to the 63 internal temperature measurements, and
15 external temperature measurements in the experiment.
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Table 3-7 Total Validation Uncertainty for Cell 14, Elevation 4 (i.e. PCT)

Total Simulation Uncertainty Cold Side Hot Side
Total Numerical Uncertainty -1.4 K (-2.5°F) +1.4 K (+2.5°F)
Total Input Uncertainty -63.5 K (-114.3°F) +8.9 K (+16.0°F)
Total Experimental Uncertainty -2.1 K (-3.8°F) +2.1 K (+3.8°F)
Total Simulation Uncertainty -63.5 K (-114.3°F)  +9.3 K (+16.7°F)

The validation uncertainty band is similar to the simulation uncertainty band, owing to the large
contribution of the input uncertainty (specifically due to the gaps), and the small contribution of
the experimental uncertainty.

3.8 Comparison with Experimental Data

3.8.1 Surface Temperature Results

Cask surface temperatures were measured in 15 locations in order to provide validation
information regarding the heat transfer rate to the environment (Figure 3-5). The experimental
data compares very well to the simulation results with associated uncertainty (Figure 3-6). The
average comparison error between baseline results and experimental data is 2.4°C (4.3°F),
whereas the experimental uncertainty is 1.1°C (2.0°F), and the average simulation uncertainty
for all surface temperatures is +8.3°C (14.9°F). Furthermore, the simulation uncertainty
encompasses the experimental uncertainty for all temperature measurement locations. These
results demonstrate that the external boundary conditions used in the simulation accurately
predict the external heat flux to within the uncertainty of the simulation and experimental data.

Reduction in the spatial and temporal variability in ambient temperature during the test, and

more information regarding the heat transfer coefficients from the top, bottom and sides of the
cask would have helped to reduce the input uncertainty for the surface temperature predictions.
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3.8.2 Fuel Assembly Temperature Results

The temperature profiles in each of the seven instrumented fuel bundles for cells 2, 6, 14, 19,
24, 28 and 31 are plotted in Figure 3-7 and Figure 3-8 for the following data sets:

1. Experimentally measured values in blue, with bold error bars indicating experimental
uncertainty.

2. Baseline CFD results in red, with fine error bars indicating the total simulation
uncertainty. Note that uncertainty on the hot side is not the same as the cold side. Most
factors analyzed contribute to uncertainty on both the hot side and the cold side of the
simulation result. However, the conservatively large gaps, which are the dominant
source of uncertainty in the simulation, contribute to uncertainty only on the cold side of
the simulation result.

In each case, the baseline simulation predicts higher temperatures than recorded in the
experiment, and in some cases the simulation result is more than 60°C (110°F) larger than the
experimentally measured value. However, owing to the large uncertainty band, all experimental
results are within the uncertainty of the simulation.

The temperature error at the bottom of the cask is much greater than at the top of the cask.
This is primarily due to two large gaps at the bottom of the cask that are likely not there in
reality. The 3.2mm (0.125”) air gap between the inner and outer cask bottom and the 6.4mm
(0.250”) helium gap between the basket assembly and the bottom of the inner cask each
constitute a large thermal resistance, and explain a large part of the observed temperature error
in the bottom of the cask.

Besides the thermal gaps, all other uncertainty sources are on the order of 10°C (18°F) or less,
which can be seen in relatively smaller error bars on the hot side of the baseline simulation
result, which does not include any uncertainty due to thermal gaps.

Since the comparison error E falls within the validation uncertainty band, the simulation can be
considered to be validated. However, the large validation uncertainty does not allow meaningful
conclusions to be drawn about the modeling uncertainty of the simulation. To reduce the
validation uncertainty, the gap sizes would need to be known with more precision, which is not a
practical measurement to make with this particular cask design. As such, this is clear evidence
that this experiment cannot be qualified as a CFD grade experiment.
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To further illustrate the point that was brought up in Section 3.4.2 regarding the effect of
assuming input variables as correlated or uncorrelated, the temperature profiles are re-plotted
for cell 14 (Figure 3-9). In the left plot under the heading “correlated gaps”, the uncertainty
bands are presented as in Figure 3-7, where the uncertainty due to thermal gaps was calculated
by running a single case with all gaps closed. In this case, the simulation uncertainty
encompasses the experimental data everywhere along the height of the fuel assembly.

In the right plot under the heading “uncorrelated gaps”, the experimental results (blue) and
baseline simulation results (red) are the same as before, but the error bars were calculated with
the assumption that the uncertainty due to each thermal gap was independent of the uncertainty
in the other gap sizes. This required running a separate simulation for each gap, as outlined in
Table 3-4. The resulting simulation uncertainty based on the uncorrelated gap assumption is
plotted in the right figure.

In the uncorrelated gap assumption, the uncertainty in the baseline simulation covers the
experimentally measured values at the top of the cask, but not at the bottom of the cask. The
effect of closing both bottom gaps, which increases heat transfer through the bottom of the cask
is evident here, and the assumption that the uncertainty in these gap sizes are independent of
each other is clearly not valid.

As mentioned previously, the size of the gaps have little effect on the uncertainty in surface
temperature predictions. The effect of using correlated or uncorrelated gap uncertainties on the
surface temperature profile is presented in Figure 3-10, where the difference in the uncertainty
bars between the two plots is not noticeable.
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Figure 3-9 Temperature Profile in Cell 14 Using Uncertainty Bands Calculated with
Thermal Gaps Assumed to be Correlated (left) and Uncorrelated (right)
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3.8.3 Best Estimate Results

Since the gap sizes throughout the cask taken from the UFSAR were conservative estimates, a
“best estimate” case was also run. In this case, all gap sizes with the exception of the basket-
to-rails gap were closed. Gravity, bolting force, and thermal expansion act to close all of these
gaps when the cask is in service.

The basket-to-rails gap is one of the largest gaps in the design, and is necessary to insert the
basket assembly into the cask. The language describing the basket to rails gap in the FSAR
described the 0.188 inch gap as the “nominal gap [size] ... at thermal equilibrium between the
periphery of the basket and the rails.” So this was assumed to be a somewhat reasonable
value. Besides the gap sizes, all other boundary conditions that were used for the baseline
case were also used for the best estimate case.

The gap sizes slightly changed the amount of heat rejected through each path, so small
changes in surface temperature are observed (Figure 3-11). However, since the gaps are all
internal to the cask, and the same amount of heat needs to be removed no matter the gap size,
the surface temperatures predicted by the best estimate case are similar to those of the
baseline case.

The PCT for the best estimate results was 500 K (440°F), or 35 K (63°F) below the baseline
simulation PCT.

The internal temperature profiles including the best estimate predictions (shown in green) are
presented in Figure 3-12 and Figure 3-13. The uncertainty quantification analysis was not
propagated from the best estimate case, so no error bars are presented with this result.

The results from the best estimate simulation are much closer to the experimental results than
the baseline case, particularly in the bottom of the cask where the best estimate simulation
result falls within the experimental uncertainty band for many of the experimentally measured
test points. Further, since the best estimate case inputs are bounded by the various sensitivity
cases that were conducted on the baseline case, the best estimate results lie within the
uncertainty bars of the baseline case.

There could be several reasons for the colder temperature predictions at the top of the cask
compared to experimental measurements. A few potential candidates might be that the gap
sizes are likely not uniform everywhere, or that the axial decay heat profile used in the
simulation is not the same for every fuel bundle. Although the best estimate case is very close
to the experimental results, the large uncertainty due to the simulation inputs — particularly gap
sizes — prevents a more detailed investigation into what may be the source of the modeling
errors in the simulation.
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4 |ISFSI RESULTS

4.1 ISFSI Simulation Inputs

4.1.1 Baseline Simulation

The simulation inputs for the ISFSI simulation are mostly the same as for the baseline validation
case. The difference in simulation inputs pertain to the fact that the cask is located outside on a
concrete pad, and is analyzed for extreme hot day conditions.

The ambient air temperature for the ISFSI case is taken as a 24 hour average temperature of
38°C (100°F) (EPRI 2018). This is intended to cover hotter peak temperatures, but since the
thermal mass of the cask is large, a short duration peak has less impact than a longer duration
event. The same external heat transfer coefficient is used for the top and sides of the cask as
was used for the experimental validation.

The bottom thermal boundary condition was based on intimate thermal contact with a concrete
pad 0.91 m (36”) thick, extending 0.91 m (36”) around the base of the cask. The cask is in
perfect thermal contact with the concrete, and the concrete is in contact with soil at 21°C (70°F).
This condition is equivalent to a heat transfer coefficient from the bottom of the cask of 0.233
W/m2-K (0.041 Btu/h-ft2-°F).

When the cask is located outdoors, it will be exposed to insolation. The total insolation for a 12-
hour period is 1475 Btu/ft? for curved surfaces and 2950 Btu/ft? for flat surfaces per 10CFR
(Transnuclear, Inc. 2014). Since all cask surfaces exposed to sunlight are curved, the curved
surface value was used. This 12-hour heat flux was averaged over a 24 hour period.
Additionally, the solar absorptivity of the painted surfaces of the cask was reported to be 0.3 [4].
This results in an average solar heat flux on all exposed external surfaces of 58.16 W/m? (18.44
Btu/h-ft?).

In the ISFSI configuration, the lid neutron shield and the protective cover will be in place, so
these are included in the simulation. Gaps between these components as specified by the
UFSAR were included in the simulation (Figure 4-1, Figure 4-2).

4.1.2 Best Estimate Simulation
A best estimate simulation was also run, similar to the validation case. All gaps, with the

exception of the basket-to-rails gap were closed, otherwise the model inputs were the same as
for the baseline ISFSI simulation.
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4.2 ISFSI Simulation Results

Surface temperatures for the baseline and best estimate ISFSI case are presented in Figure
4-3. Fuel bundle temperatures for the baseline and best estimate ISFSI cases are presented in
Figure 4-4 and Figure 4-5.

The peak cladding temperature for the baseline ISFSI case was found to be 552 K (534°F)

The peak cladding temperature for the best estimate ISFSI case was found to be 518 K (473°F),
which is 34°C (61°F) below the baseline result — a similar difference as in the validation case.

Both of these temperatures are below the PCT limit of 400°C (673 K) (752°F). No uncertainty
analysis was conducted for the ISFSI case, but if a UQ analysis was to be conducted, it would
be done in a similar manner to what was presented in section 3. If the total hot side PCT
uncertainty of 9°C (16°F) was applied to the calculated PCT for the baseline ISFSI case, the
resulting temperature of 561 K (550°F) would still be far below the cask PCT limit.

Many of the environmental input variables that were measured in the validation case are
specified as design inputs for the ISFSI case. As a result, there is no simulation uncertainty as
a result of ambient temperature, ground temperature for the ISFSI case. These are all specified
as part of the design, and represent the reasonable worst case scenario expected for the cask.

The uncertainty due to gap size would remain the largest uncertainty in the analysis, but due to

the bias error in selecting the largest likely gap size for all gaps, the large uncertainty is to the
cold side of the simulation result.
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5 CONCLUSIONS

This report has demonstrated that the CFD simulation results of the TN-32B cask are within the
validation uncertainty of the experimental values that were measured by EPRI at the North Anna
Nuclear Plant in November 2017. Moreover, the process outlined here demonstrates the
process by which simulation uncertainty can be quantified as outlined in ASME V&V20-2009 for
a complex, real-world application.

Of the many sources of uncertainty evaluated, by far the largest source of uncertainty in the
simulation of this particular cask design is the thermal resistance across the many gaps
between adjacent pieces of structure. The thermal conductivity of gas is many times lower than
through metal, so very small gaps result in large differences in temperature across the gaps.

The typical certification process requires that the applicant demonstrate compliance under the
worst case scenarios. In the case of dry cask storage, the PCT must remain below the safe
operating limits of the materials under the hottest ambient conditions that are expected to occur
at a particular site. Using the same line of thinking, the gap sizes that would be used for this
analysis are not the most likely gap size, but the largest possible gap sizes, which would result
in the highest PCT. The same goes for other simulation inputs such as emissivity, external heat
transfer coefficients, etc. which would all be chosen as conservatively bounding values that
would be sure to yield a PCT value from the simulation that is equal to or greater than the actual
PCT value. This type of approach helps to ensure safe operation.

When using the conservative inputs for the TN-32B cask that were provided in the UFSAR for a
validation test, this conservative bias was evident in the fact that the simulation results over-
predicted the experimental measurements everywhere, and by more than 60°C (110°F) in some
locations.

There is no such bias when considering numerical uncertainty. The discretization of the mesh,
although small compared to the input uncertainty in this case, is still an important contribution to
the overall uncertainty of the simulation. Spatial discretization was found here to be an
important factor, especially in areas that did not obey asymptotic convergence criteria. In those
areas a large penalty was taken, resulting in uncertainties as high as 12.5°C (22.5°F). lterative
uncertainties in this case were very small, but for simulations with separated or unsteady flow
patterns, iterative uncertainty can be quite large. These uncertainties need to be considered
when presenting results for certification, particularly when the simulation result is close to the
allowable limit.

Whereas the certification process is concerned with producing a safe result, validation of CFD
models is concerned more with producing the most accurate result with the smallest uncertainty
band possible. The conservative bias in input variables that were provided in the UFSAR are
intended to produce a safe result, but are perhaps not the best values for CFD model validation.
Although the experimental results fell within the uncertainty band of the CFD model simulation,
the many uncertainties in the experimental setup resulted in a very large simulation uncertainty
band. This large uncertainty band makes it difficult to assess how accurate the simulation could
be if all the inputs were known with great precision, and what factors contribute to the
differences between the simulation and the experimentally measured values.



A validation uncertainty of 63 Kelvin was calculated for the current experiment to validate the
model’s prediction of PCT. As such, this experiment cannot be classified as a CFD grade
experiment. Cask vendors have been submitting applications within margins in the range of
about 10-20°C from the ISG-11 temperature limit of 400°C. In order to be useful as a
demonstration of the accuracy of the CFD modeling process or to improve the model’s
capabilities, the validation uncertainty should be less than this 10-20°C margin. The primary
simulation uncertainties consisted mainly of lack of knowledge of the size of fluid gaps that
existed in the dry cask. The gap sizes are an important simulation input for this cask design,
and greatly influence the value of PCT predicted by the model. This issue is central to the
validation of CFD models. Designs that are complex enough to benefit from CFD modeling
generally have a great many inputs that influence the simulation result. CFD grade experiments
are those that precisely measure each and every one of these inputs so that the input
uncertainty of the simulation can be minimized. This is a difficult and complicated task to design
and conduct such an experiment even for relatively simple configurations, which is why so few
are conducted. However, in order to gain confidence in the application of CFD as a tool in the
certification process, especially with more complex physics, validation exercises such as this
are necessary.

As expected and shown in the uncertainty quantification section, the resulting uncertainty on
PCT and other temperature values in other locations depended on how the individual error are
related to each other. The effect of the multiple fluid gap dependence on the uncertainty
quantification was evaluated and discussed. As a result, the uncertainty quantification due to
the fluid gaps was determined using correlated error estimation. This method was chosen as the
different gaps are dependent on each other.

The method presented herein, showed that all the measured temperature values in all the seven
lances inside the fuel region as well as the outside three columns of thermocouple
measurements as shown in the results section were predicted within the calculated uncertainty
bands. As such, the CFD models and inputs that were used in the TN-32B cask modeling
approach as suggested in CFD best practice guidelines [NUREG-2152] were successfully
validated using the data obtained in the DOE cask demonstration project.

Often, the cask applicant uses the worst case scenario to perform dry cask thermal analyses
especially when there is enough margin from the allowable PCT limit. However, when the cask
is designed for higher decay heat and the PCT values are getting close to the limit, and the
obtained margin is questionable, the method presented in this report to evaluate the uncertainty
quantification should be used as a guide to show compliance with the PCT limit. The method
presented herein when used properly will inform the applicant about the right margin to have for
any cask design.
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APPENDIX A
VALIDATION UNCERTAINTY SCOREBOARD

The following tables contain the individual components that went into the uncertainty
calculations for the PCT and each surface and internal temperature measurement in the cask.
These values were used to create the error bars on the validation baseline simulation plots.

The tables are called “scorecards” because they help to demonstrate what the largest
uncertainty sources are. Each individual component is also highlighted according to how much
uncertainty it contributes — positive uncertainty is highlighted red, and negative uncertainty is
highlighted blue. All temperatures are reported in Kelvin.



Table A-1 Uncertainty Quantification Scorecard for PCT

Validation Uncertainty Scorecard: PCT (K)

(95% Confidence Level)

Mumerical Uncertainty: PLCT:
Computer Roundoff 0.0
Iterative Convergence 0.1
Grid Convergence: 13

| Total Numerical Uncertainty: 1.4 |
Experimental Uncertainty: PCT:
| Total Experimental Uncertainty: 2.1 I

Input Uncertainty (COLD): PCT:
External Heat Transfer Coefficients -3.7
Ambient Temperature -4 B
External Emissivity -2.2
Carbon Steel Emissivity -0.1
Aluminum Emissivity -0.2
Fuel Hydraulic Resistance -0.6
Total Decay Heat [u = 2%) -4.0
Fuel Thermal Conductivity -5.0
Thermal Gaps - Correlated _
Thermal Gaps - Uncorrelated -36.9

| Input Uncertainty {COLD SIDE) - Gaps Correlated 635 |
Input Uncertainty (COLD SIDE) - Gaps Uncorrelated -37.8

Input Uncertainty (HOT): PCT:

External Heat Transfer Coefficients 45

Ambient Temperature 5.0

External Emissivity 25

Carbon Steel Emissivity 05

Aluminum Emissivity 0.1

Fuel Hydraulic Resistance 0.1

Total Decay Heat [u =2%) 39

Fuel Thermal Conductivity 36

Thermal Gaps - Correlated 0.0

| input Uncertainty (HOT SIDE): B9 |
Compiled Results PCT (K):

Simulation Results:
Experimental -
Baseline CFD 5354
Best Estimate 500.1
Comparison Error:
Baseline - Experimental
Best Estimate - Experimental
Simulation Uncertainty:

Negative [{Gaps Correlated) -63.5

Negative (Gaps Uncorrelated) -37.8

Positive 9.0
Validation Uncertainty:

Negative -63.5

Positive 9.3
ISF5I Results:

Baseline CFD 552.5

Best Estimate 518.3
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Table A-2 Uncertainty Quantification Scorecard for Surface Temperatures, Column A

Validation Uncertainty Scorecard: Surface Temperatures, Column A (K)
(95% Confidence Level)

MNumerical Uncertainty: surf.al surf.a3 surf.ad surf.a5 surf.a?
Computer Roundoff 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 0.3 02 01 0.1 01
Grid Convergence: 0.2 0.2 0.4 0.0 0.7

| Total Numerical Uncertainty: 0.5 0.4 0.5 0.1 n.8|

Experimental Uncertainty: surf.al surfa3 surfad surf.a5 surf.a?

| Total Experimental Uncertainty: 1.1 1.1 1.1 1.1 1.1|

Input Uncertainty (COLD): surf.al surfa3d3 surfad surfaS surfa?
External Heat Transfer Coefficients -4.2 -4.2 -44 -4.5 -6.1
Ambient Temperature -6.3 -6.1 -6.0 -6.1 -6.3
External Emissivity -8 -3.1 -3.0 -2.9 -21
Carbon Steel Emissivity 0.5 0.1 0.0 -0.2 -0.6
Aluminum Emissivity 0.2 0.1 -0.1 -0.1 -0.1
Fuel Hydraulic Resistance 04 -0.1 -0.2 -0.3 -04
Total Decay Heat (u = 2%) -1.0 -1.0 -1.0 -1.0 -1.0
Fuel Thermal Conductivity -0.1 -0.1 0.0 0.0 0.0
Thermal Gaps - Correlated -75 20 20 0.7 -4.4
Thermal Gaps - Uncorrelated -5.0 -27 -3.1 -3.2 -5.0
Input Uncertainty (COLD SIDE) - Gaps Correlated -11.1 -8.4 -8.4 -8.2 -10.1
Input Uncertainty (COLD SIDE) - Gaps Uncorrelated -95 -B.5 -87 -8.8 -10.4

Input Uncertainty (HOT): surf.al surfad3 surfad surfad surfa?

External Heat Transfer Coefficients 49 50 52 55 B1

Ambient Temperature b.7 ) b.2 b.2 )

External Emissivity 29 3.3 34 33 2.3

Carbon Steel Emissivity 0.4 0.4 0.4 0.4 DE

Aluminum Emissivity 0.0 0.1 0.1 0.1 0.0

Fuel Hydraulic Resistance -0.4 -0.2 -0.1 0.1 01

Total Decay Heat (u = 2%) DE 0.8 10 1.0 09

Fuel Thermal Conductivity 0.2 0.0 0.1 0.0 -0.1

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0
Input Uncertainty (HOT SIDE): BE BB B9 9.0 10.6

Compiled Results surf.al surfa3d3 surfad surfaS surfa?

Simulation Results:

Experimental 3487 3609 3615 356.5 3476
Baseline CFD 352.7 356.8 360.4 357.1 3528
Best Estimate 3455 357.3 3605 356.2 3507

Comparison Error:

Baseline - Experimental 4.0 -4.1 -1.1 0.6 52
Best Estimate - Experimental -3.2 -3.6 -1.0 -0.3 3.1

Simulation Uncertainty:

Negative (Gaps Correlated) -11.1 -8.4 -8.4 -8.2 -10.2
MNegative (Gaps Uncorrelated) 46 -B.5 -8.7 -8.8 -10.5
Positive BE BB B9 9.0 106

Validation Uncertainty:

MNegative -11.1 -84 -84 -B.3 -10.2
Positive B9 BB 9.0 9.0 10.7

ISFS1 Results:

Baseline CFD 376.8 3745 3785 3776 35908
Best Estimate 368.3 3752 3792 378.1 386.6
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Table A-3 Uncertainty Quantification Scorecard for Surface Temperatures, Column B

Validation Uncertainty Scorecard: Surface Temperatures, Column B (K)
(95% Confidence Level)

MNumerical Uncertainty: surf.b2 surfb3 surfbd surfbS  surfbé
Computer Roundoff 0.0 0.0 0.0 0.0 0.0
lterative Convergence 0.2 0.2 0.1 0.1 0.1
Grid Convergence: 0.7 0.3 0.9 0.4 46

| Total Numerical Uncertainty: 0.9 0.4 1.1 0.5 47|

Experimental Uncertainty: surf.b? surfb3 surfbd4 surfb5 surfbb

| Total Experimental Uncertainty: 1.1 1.1 1.1 1.1 1.1

Input Uncertainty (COLD): surf.b2 surfb3 surfbd surfb5 surfbé
External Heat Transfer Coefficients -4.0 -4.2 -44 4.5 -4.3
Ambient Temperature -6.3 -6.2 -6.1 -6.1 -6.3
External Emissivity -2.9 -3.1 -3.1 -2.9 -2.9
Carbon S5teel Emissivity 0.2 0.1 0.0 -0.2 -0.1
Aluminum Emissivity 0.1 0.0 -0.1 -0.1 -0.1
Fuel Hydraulic Resistance -0.1 -0.2 -0.2 -0.3 -0.2
Total Decay Heat [u = 2%) -0.9 -1.0 -11 -1.0 -0.9
Fuel Thermal Conductivity -0.1 -0.1 -0.1 0.0 0.0
Thermal Gaps - Correlated -1.7 18 18 0.6 -11
Thermal Gaps - Uncorrelated -1.3 -2.3 -2.7 -2.9 -1.6
Input Uncertainty (COLD SIDE) - Gaps Correlated -8.5 -B.5 -B.4 -2 -E.Zl
Input Uncertainty (COLD SIDE) - Gaps Uncorrelated -8.2 -85 -B.6 -8.7 -8.3

Input Uncertainty (HOT): surf.b2 surf.b3 surf.bd surf.b5 surfbé

External Heat Transfer Coefficients 47 449 52 55 51

Ambient Temperature 6.5 6.4 b.2 B.2 B.3

External Emissivity 3.0 3.3 34 3.3 31

Carbon Steel Emissivity 0.3 0.4 04 0.4 0.4

Aluminum Emissivity 0.1 0.1 0.1 0.1 0.1

Fuel Hydraulic Resistance -0.2 -0.2 -0.1 0.1 -0.1

Total Decay Heat (u = 2%) 0.7 0.8 09 0.9 0.8

Fuel Thermal Conductivity 0.1 0.0 0.0 0.0 -0.1

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 1.0
Input Uncertainty (HOT SIDE): B.7 B.7 BB 9.0 S.SI

Compiled Results surf.b2 surf.b3 surf.bd surf.b5 surfbé

Simulation Results:

Experimental 353.2 360.9 3615 3548 3459
Baseline CFD 3514 356.6 360.2 356.9 34581
Best Estimate 3494 357.3 3604 356.0 3483

Comparison Error:

Baseline - Experimental -1.7 -4.3 -1.3 2.1 5.2
Best Estimate - Experimental -3.7 -3.7 -1.1 1.2 2.3

Simulation Uncertainty:

Negative [(Gaps Correlated) -8.3 -8.3 -4 -8.3 -9.5
MNegative [(Gaps Uncorrelated) -8.2 -8.5 -8.7 -8.7 -9.5
Positive B7 B7 B9 9.0 100

Validation Uncertainty:

Megative -8.4 -8.4 -8.5 -8.3 -85
Positive B8 BE B9 9.0 100

ISFS1 Results:

Baseline CFD 370.5 3743 3783 3774 3754
Best Estimate 368.2 375.1 3781 378.0 3760
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Table A-4 Uncertainty Quantification Scorecard for Surface Temperatures, Column C

Validation Uncertainty Scorecard: Surface Temperatures, Column C (K)
(95% Confidence Level)

Mumerical Uncertainty: surf.c2 surfc3 surfcd  surfcd  surfcé
Computer Roundoff 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 0.3 0.2 0.1 0.1 0.1
Grid Convergence: 0.8 0.1 0.7 0.2 44

| Total Numerical Uncertainty: 1.1 0.4 0.9 0.3 45|

Experimental Uncertainty: surfc? surfc3  surfcd  surfeS  surfch

| Total Experimental Uncertainty: 1.1 1.1 1.1 1.1 11]

Input Uncertainty (COLD): surf.c2  surfe3  surfcd  surfcs  surfcb
External Heat Transfer Coefficients -4.0 4.2 44 -45 -4.4
Ambient Temperature -6.4 -6.3 -6.1 -6.1 -6.2
External Emissivity -2.9 -3.1 -3.1 -3.0 -29
Carbon Steel Emissivity 0.0 0.0 0.0 -0.1 -0.1
Aluminum Emissivity -0.1 -0.1 -0.1 -0.1 -0.1
Fuel Hydraulic Resistance -0.2 0.2 -02 -0.2 -0.2
Total Decay Heat (u = 2%) -0.8 -09 -1.0 -1.0 -0.9
Fuel Thermal Conductivity 0.0 0.0 0.0 -0.1 0.0
Thermal Gaps - Correlated -1.2 2.5 24 12 -0.6
Thermal Gaps - Uncorrelated -1.5 -26 -3.0 -3.1 -2.3

I Input Uncertainty (COLD SIDE) - Gaps Correlated -2 -B5 -85 -B.3 -B.2
Input Uncertainty (COLD SIDE) - Gaps Uncorrelated -8.2 -8.6 -8.7 -8B -B.5

Input Uncertainty (HOT): surf.c2  surfcd  surfcd  surfcS  surfch

External Heat Transfer Coefficients 4B 45 5.2 55 53

Ambient Temperature B.5 B.3 B.2 6.2 B.3

External Emissivity 3.0 3.3 3.4 3.3 3.2

Carbon Steel Emissivity 0.3 0.4 04 04 04

Aluminum Emissivity 0.1 0.1 0.1 0.1 0.1

Fuel Hydraulic Resistance -0.2 -0.2 -0.1 0.0 0.0

Total Decay Heat [u = 2%) 0.7 0.7 0.9 0.9 0.9

Fuel Thermal Conductivity -0.1 -0.1 0.0 0.0 0.0

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 10

I Input Uncertainty (HOT SIDE): B.6 B7 B9 9.0 B9

Compiled Results surf.c2z  surfed  surfcd  surfcS  surfch

Simulation Results:

Experimental 3526 358.3 3604 3554 346.5
Baseline CFD 351.2 356.4 3509 356.6 3488
Best Estimate 345.6 357.8 3609 356.5 3486

Comparison Error:

Baseline - Experimental -14 -29 04 13 24
Best Estimate - Experimental -29 -15 05 11 21

Simulation Uncertainty:

Negative [Gaps Correlated) -8.3 -8.5 -8.6 -8.3 -0.4
MNegative [Gaps Uncorrelated) -8.3 -8.6 -8.8 -8.8 -84
Positive B7 B7 B9 9.0 10.0

Validation Uncertainty:

MNegative -84 -8.6 -8.6 -B.4 -84
Positive B7 BB 9.0 91 10.1

ISFSI Results:

Baseline CFD 370.3 3741 3781 3772 375.2
Best Estimate 368.3 375.6 3797 3785 376.5
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Table A-5 Uncertainty Quantification Scorecard for Cell 2 Internal Temperatures

Validation Uncertainty Scorecard: Internal Temperatures, Cell 2 (K)
[95% Confidence Level)

Mumerical Uncertainty: tc02.1 w022 023 tcD24 w025 toD26 w027 tbD2B D29
Computer Roundoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 29 0.5 0.2 0.1 0.1 0.1 D1 D1 D1
Grid Convergence: 74 50 45 0.8 0.7 17 19 45 32

| Total Numerical Uncertainty: 10.3 3.5 46 10 0.8 18 20 45 3.3

Experimental Uncertainty: w2l wd2?2 wd23 w24 twd25 twd2b6 twd27 w28 wd29

| Total Experimental Uncertainty: 19 19 2.0 20 2.0 20 18 18 18]

Input Uncertainty {COLD): w2l wb22 D23 twh2d4 twh25 twh2é twh27 twh2B whl9
External Heat Transfer Coefficients -3.4 -3.6 -3.6 -3.6 -3.7 -3.8 -40 -4.32 -46
Ambient Temperature -7.2 -5.5 -5.0 -4.9 -4.9 -4.9 -5.0 -5.1 -5.3
External Emissivity -3.7 -3.0 -28 -2.8 -27 -27 -22 -26 -27
Carbon Steel Emissivity -2.1 -0.8 -0.4 -0.5 -0.6 -0.2 -0.3 -0.3 -0.4
Aluminum Emissivity 0.0 0.7 -0.5 -0.6 -0.6 -02 -02 -02 -02
Fuel Hydraulic Resistance -4.0 -1.7 -0.8 -1.0 -1.1 -0.9 -1.4 -2.0 -2.7
Total Decay Heat [u = 2%) -0.2 -3.0 -3.5 -3.7 -3.8 -3.7 -3.2 -3.4 -3.1
Fuel Thermal Conductivity -11 -3.2 -4.0 -39 -39 -39 -3.4 -3.5 -0.7
Thermal Gaps - Correlated 27 486 547 585 601 605 -G08 -6l2 622
Thermal Gaps - Uncorrelated -269 -310 -340 -360 -367 -36B -366 -367 -3B4

| Input Uncertainty (COLD SIDE) - Gaps Corr. -438 -494 -554 501 -60.7 -61.1 -61.3 -61.8 -E—Z.S|
Input Uncertainty (COLD SIDE) - Gaps Uncorr. -286 -322 -351 -37.0 -377 -379 -375 -378 -394

Input Uncertainty (HOT): wi2.l w22 123 twd24 wi25 twid6 w2y w28 twi29

External Heat Transfer Coefficients 51 3.B 3.B 39 41 43 50 48 54

Ambient Temperature b6 5.0 48 47 46 46 51 47 49

External Emissivity 19 24 25 25 25 25 24 24 24

Carbon Steel Emissivity 10 -0.2 -0.1 0.0 0.0 0.5 0.6 0.6 07

Aluminum Emissivity 0.0 -0.5 -04 -0.3 -0.3 0.1 01 01 01

Fuel Hydraulic Resistance 27 -0.5 -0.8 -0.6 -0.4 0.2 0.4 0.6 0.9

Total Decay Heat (u = 2%) 29 232 25 16 16 27 26 25 19

Fuel Thermal Conductivity -16 lé 27 26 27 27 31 25 -0.6

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

| Input Uncertainty (HOT SIDE): 9.6 7.3 7.6 7.6 7.6 7.8 B.6 B.1 E.Dl

Compiled Results tc02.1 D22 o023 toD24 w025 tol26 twl27 td2B  twh29

Simulation Results:

Experimental 4237 4434 4838 4573 4674 446 4544 4400 4059
Baseline CFD 437.2 4565 4857 4962 49BR 4976 4899 4797 4499
Best Estimate 4175 4331 4504 4675 46B5 4658 4551 4414 4038

Comparison Error:

Baseline - Experimental 13.4 13.1 219 29.0 314 33.0 35.4 38.7 440
Best Estimate - Experimental -6.2 -10.3 -4.5 0.3 11 12 0.6 13 -2.1

Simulation Uncertainty:

MNegative (Gaps Correlated) -45.0 -48.5 -55.6 -58.1 -60.7 -61.1 -61.4 -62.0 -62.9
MNegative (Gaps Uncorrelated) -30.4 -32.4 -35.4 -57.0 -57.8 -37.9 -37.5 -38.0 -38.5
Positive 141 B.1 B9 7.6 7.7 B.O B9 93 B7

Validation Uncertainty:

Megative -45.1 -48.5 -556 -59.2 -60Y -6l2 -614 -620 -629
Positive 142 B3 9.1 79 79 B2 9.1 95 B9

ISFS] Results:

Baseline CFD 4553 4702 4997 5113 5150 5151 s097 5015 4759
Best Estimate 4338 4477 4744  4B3B  4B63 4856 4790 4693 4390
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Table A-6 Uncertainty Quantification Scorecard for Cell 6 Internal Temperatures

Validation Uncertainty Scorecard:

[95% Confidence Level)

Internal Temperatures, Cell 6 (K)

Mumerical Uncertainty: tche.l tobDe.2 tol6.3 tob64 tcD6S5 toDe6  tolB.7  tcD6.B  tcDB9
Computer Roundoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 0.7 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Grid Convergence: 125 18 B.7 41 26 0.0 0.2 17 0.2

| Total Numerical Uncertainty: 13.2 21 EE 43 27 0.1 0.3 18 0.3

Experimental Uncertainty: tcDe.l tcD6.2  tcDB.3 toD64  tcDBS5 toDB6  toD6.7  tcD6.B  tcDBO

| Total Experimental Uncertainty: 18 20 2.0 2.0 20 20 2.0 18 1.8]

Input Uncertainty (COLD): tche.l toD6.2  toDB.3 toD64  tcDBS5S toDe6  tcD6.7  tcDG6.B  tcDBO
External Heat Transfer Coefficients -4.0 -3.7 -3.5 -3.6 -3.7 -3.8 -4.0 -4.2 -4.6
Ambient Temperature -5.0 -5.0 -5.0 -49 -49 -5.0 -5.0 -5.1 -5.3
External Emissivity -2.3 -22 -2.2 -2.3 -2.3 -16 -2.2 -15 -15
Carbon Steel Emissivity 0.5 01 0.0 -0.1 -0.1 0.5 0.4 0.4 0.3
Aluminum Emissivity 0.1 -0.1 0.2 -0.2 -0.2 0.5 0.5 0.5 0.4
Fuel Hydraulic Resistance -0.6 12 0.3 -0.3 -0.6 -0.3 -0.9 -15 -2.1
Total Decay Heat [u = 2%) -26 -28 -3.3 -3.5 -36 -28 -3.4 -26 -21
Fuel Thermal Conductivity -0.2 -25 -3.6 -3.5 -35 -29 -3.5 -26 05

Thermal Gaps - Correlated

Thermal Gaps - Uncorrelated -2y2 -27B -306 -326 -333 -321 -333 -336 -354

Input Uncertainty {COLD SIDE) - Gaps Corr. -455 -474 -528  -56.5 -580 -580 -589 -60.2 -54.1'

Input Uncertainty (COLD SIDE) - Gaps Uncorr. -28.1 -288 -31.7 -336 -34.3 -33.0  -34.3 -34.5 -36.3
Input Uncertainty (HOT): tcle.l toD6.2 toD6.3 toD64  tcDBS5 toDe6  tcD6.7  tcD6B  tcDBO
External Heat Transfer Coefficients 45 42 412 44 46 55 51 b.0O 65
Ambient Temperature 55 52 51 51 51 5.8 51 58 6.0
External Emissivity 21 23 25 25 25 25 24 24 23
Carbon Steel Emissivity 0.4 03 0.4 0.5 0.5 13 13 13 13
Aluminum Emissivity -0.1 01 0.1 0.1 0.1 08 0.8 0.7 0.7
Fuel Hydraulic Resistance -0.6 -0.8 -0.4 -0.1 0.0 0.9 11 13 15
Total Decay Heat (u = 2%) 29 22 25 26 34 41 39 3.7 3.2
Fuel Thermal Conductivity 0.1 28 3.4 32 32 40 32 3.6 0.4
Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Input Uncertainty (HOT SIDE): 8.0 7.9 B.2 B3 8.7 10.3 9.4 10.3 E.El
Compiled Results tche.l tobDe.2 tol6.3 tob64 tcD6S5 toDe6  tolB.7  tcD6.B  tcDB9
Simulation Results:

Experimental 4339 4570 4794 4824 4811 476R 4644 4474 4098

Baseline CFD 4528 45B4 4588 5099 5125 5105 5022 4913 4587

Best Estimate 4312 4457 4734 48272 4831 4792 4672 4520 4108
Comparison Error:

Baseline - Experimental 129 113 19.4 275 314 337 378 439 49

Best Estimate - Experimental -2.7 -11.5 -6.0 -0.3 20 2.4 28 46 10
Simulation Uncertainty:

MNegative (Gaps Correlated) -47.8 -47.5 -53.5 -56.6 -58.1 -58.0 -5B.9 -60.3 -64.1

MNegative (Gaps Uncorrelated) -31.1 -28.9 -32.9 -33.9 -344 -33.0 -34.3 -34.5 -36.3

Positive 15.4 82 120 9.3 9.1 103 9.4 105 a9
Validation Uncertainty:

Megative -478 475 -536 -567 -5B8.1 -580 -590 -603 -64.1

Positive 156 B4 122 95 9.3 105 06 10.7 101
ISF5I Results:

Baseline CFD 4652 4809 5129 5255 5283 5294 5234 5143 4862

Best Estimate 4443 4507 4BB4 498 R 5014 5005 4927 4815 4479
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Table A-7 Uncertainty Quantification Scorecard for Cell 14 Internal Temperatures

Validation Uncertainty Scorecard: Internal Temperatures, Cell 14 (K)
[95% Confidence Level)

Mumerical Uncertainty: tcldl  teld2  wcldd  wldd  1wld5 wldbe  tweldT  wldB wld9
Computer Roundoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 3.0 0.4 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Grid Convergence: 3.1 18 59 4.2 27 20 13 42 1.1

| Total Numerical Uncertainty: 5.1 22 T 28 2.1 14 43 1.2

Experimental Uncertainty: tcld ]l tld? wcldd wldd 1wcld5 wldb twld7 wldB wlds

| Total Experimental Uncertainty: 19 20 21 21 2.1 21 20 20 18]

Input Uncertainty (COLD): wldl ©ld4?2 wld43d wld4d wlds wlde wld? wldB  wlds
External Heat Transfer Coefficients -5.5 -3.7 -3.6 -3.6 -3.7 -3.8 -4.0 -4.1 -4.4
Ambient Temperature -4.8 -4.8 4.8 4.9 -4.9 -4.9 -49 -5.0 -5.1
External Emissivity -5.3 -2.4 -2.0 -2.0 -2.0 -2.0 -19 -19 -2.0
Carbon Steel Emissivity 19 03 -0.1 -0.1 0.0 -02 -02 -0.3 -0.3
Aluminum Emissivity -2.1 0.6 0.2 0.2 0.0 -0.2 -0.2 0.2 -0.2
Fuel Hydraulic Resistance -30.0 -3.4 0.0 -0.3 -0.4 -0.9 -14 -18 -22
Total Decay Heat [u = 2%) -3.4 -3.1 -35 -3.7 -3.7 -3.7 -36 -3.4 -3.0
Fuel Thermal Conductivity 21 -2.0 -3.5 -3.4 -3.4 -3.4 -3.3 -3.1 -0.3
Thermal Gaps - Correlated
Thermal Gaps - Uncorrelated -288 -31.1 -33.8 -35.9 -36.6 -37.0 -36.9 -37.5

| Input Uncertainty {COLD SIDE) - Gaps Corr. -58.5 -529  -5R1 -620 -639 -64B -663 -6B8  -75.2
Input Uncertainty (COLD SIDE) - Gaps Uncorr. -128 -322 -34B -36B -375 -37.9 -379 -3B4  -405

Input Uncertainty (HOT): tcldl  tcld2 wldd wldd 1wcld5 wldbe teld7T  wldB wcld9

External Heat Transfer Coefficients 45 41 43 45 47 48 5.2 54 57

Ambient Temperature 71 54 5.2 52 52 53 53 53 53

External Emissivity 13 22 25 26 25 25 24 23 23

Carbon Steel Emissivity 12 0.2 0.3 0.4 0.7 0.5 0.5 0.6 0.6

Aluminum Emissivity -4.0 -0.3 0.2 0.2 0.3 0.1 0.1 0.1 0.1

Fuel Hydraulic Resistance 09 -0.3 -0.3 -0.1 0.3 0.2 04 0.6 0.7

Total Decay Heat [u = 2%) -0.4 27 3.6 3.8 4.0 38 36 34 29

Fuel Thermal Conductivity 13 28 3.6 35 35 35 34 3.2 0.2

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

| Input Uncertainty (HOT SIDE): 9.6 B.2 B.8 9.0 9.2 9.2 9.3 9.2 E.?l

Compiled Results tcld ]l tld? wcldd wldd 1wcld5 wldb twld7 wldB wlds

Simulation Results:

Experimental 4515 4748 4985 5024 5004 4938 4722 4504 4170
Baseline CFD 4667 4842 5167 5293 5324 5310 5222 5109 4789
Best Estimate 4418 4567 4859 4958 4968 4933 4797 4830 4183

Comparison Error:

Baseline - Experimental 153 54 181 69 320 372 434 515 619
Best Estimate - Experimental 9.7 -18.1 -12.6 -6.6 -3.5 -0.5 10 36 24

Simulation Uncertainty:

MNegative [{Gaps Correlated) -58.8 -53.0 -58.4 -62.2 -63.9 -64.8 -66.5 -68.9 -75.2
Negative (Gaps Uncorrelated) -43.2 -32.2 -35.3 -37.1 -37.7 -38.0 -37.9 -38.6 -40.6
Positive 114 B5S 107 100 96 95 94 102 B7

Validation Uncertainty:

Megative -588 -530 -5B4 622 -40 640 -663 -689  -753
Positive 116 B7 109 102 99 97 96 104 B9

I5F51 Results:

Baseline CFD 4790 4953 5302 5447 54972 54032 5427 5329 5039
Best Estimate 4537 4693 5008 5126 5156 5143 5052 4927 4571
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Table A-8 Uncertainty Quantification Scorecard for Cell 19 Internal Temperatures

Validation Uncertainty Scorecard: Internal Temperatures, Cell 19 (K)
(95% Confidence Level)

Mumerical Uncertainty: w191 w192 195 w194 w195 w196 wld7 w198 twlf9
Computer Roundoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 3.0 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Grid Convergence: 79 55 6.8 6.2 3.8 29 20 4.6 0.8

| Total Numerical Uncertainty: 11.0 5.9 6.9 6.3 3.9 3.0 2.1 47 0.9

Experimental Uncertainty: twlsl twls?2 wl?3 twl94 w195 w196 twl97 w198 1199

| Total Experimental Uncertainty: 19 20 2.1 2.1 2.1 20 2.0 19 18]

Input Uncertainty (COLD): tcl19.1 192 193 194 195 196 tcl?T7 tcl9B 199
External Heat Transfer Coefficients -4.0 -3.7 -3.6 -3.6 -3.7 -39 -4.0 -4.2 -45
Ambient Temperature -4 8B -49 -49 -49 -5.0 -5.0 -5.0 -5.0 -5.1
External Emissivity -25 -23 -232 -24 -23 -23 -23 -22 -23
Carbon Steel Emissivity -0.5 0.0 0.0 -0.1 -0.2 -0.2 -0.2 -0.3 -0.3
Aluminum Emissivity 17 01 -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
Fuel Hydraulic Resistance -37.3 -5.7 0.0 -0.4 -0.6 -0.9 -1.3 -1.7 -2.0
Total Decay Heat (u = 2%) -2.8 -5.0 -3.5 -3.9 -4.0 -4.0 -3.8 -3.6 -3.3
Fuel Thermal Conductivity -2.0 -2.4 -3.3 -3.4 -3.4 -3.4 -3.3 -3.1 -0.6
Thermal Gaps - Correlated
Thermal Gaps - Uncorrelated -281 -312 -341 -3»3 -371 -373 -372 -379

| Input Uncertainty (COLD SIDE) - Gaps Corr. -62.0 -53.1 -578 619 -638 -648 -664 690 -75.5
Input Uncertainty (COLD SIDE) - Gaps Uncorr. -47.3 -327  -350 -373 -38.1 -382 -382 -388 412

Input Uncertainty (HOT): wldl wls?2 wl?3 w194 wld95 wl9e w197 w19 E 1199

External Heat Transfer Coefficients 55 432 437 43 45 47 5.0 52 55

Ambient Temperature 6.9 53 51 5.0 5.0 50 5.0 5.0 5.0

External Emissivity 37 27 2.6 26 26 25 24 23 23

Carbon Steel Emissivity 11 0.4 0.4 0.4 0.5 05 0.6 0.6 0.6

Aluminum Emissivity 18 0.6 0.3 0.2 0.1 01 0.1 0.1 0.0

Fuel Hydraulic Resistance 26 0.2 -0.1 -0.1 0.1 0.2 04 0.5 0.7

Total Decay Heat (u = 2%) 3.7 31 35 3.6 3.6 37 3.6 3.4 29

Fuel Thermal Conductivity 0.4 23 31 29 29 29 28 26 0.2

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

| Input Uncertainty (HOT SIDE): 10.8 B3 85 B4 B.6 B7 g8 BB S.5|

Compiled Results tl19.1 192 193 194 195 196 tcl97 tcl9B 199

Simulation Results:

Experimental 4476 4690 4917 4965 4943 4BB3 4732 4539 4147
Baseline CFD 4649 4815 5126 5254 5285 5271 5182 5072 4775
Best Estimate 4398 4539 4823 4923 4933  4B97 4759 4502 4176

Comparison Error:

Baseline - Experimental 17.3 125 210 289 3.3 388 451 53.3 62.8
Best Estimate - Experimental -7.B -15.1 -9.4 -4.2 -0.9 14 28 5.3 3.0

Simulation Uncertainty:

Megative (Gaps Correlated) -62.9 -53.5 -58.2 -62.2 -63.9 -61.8 -66.4 -69.1 -75.6
Megative (Gaps Uncorrelated) -4B.6 -33.2 -35.7 -37.8 -38.3 -38.4 -38.3 -39.1 -41.2
Positive 154 102 110 106 94 92 a.0 9.9 B4

Validation Uncertainty:

Negative -63.0 -535 -58.3 -62.3 -63.9 -649 -664 -602 -T56
Positive 155 104 111 108 96 95 9.3 101 B&

ISFSI Results:

Baseline CFD 4773 4928 5264 5410 5456 5455 53BB 5292 5025
Best Estimate 4525 4670 4974 5083 5123 5110 5017 4893 4557
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Table A-9 Uncertainty Quantification Scorecard for Cell 24 Internal Temperatures

Validation Uncertainty Scorecard:
(95% Confidence Level)

Internal Temperatures, Cell 24 (K]

Mumerical Uncertainty: w24l w242 w243 w2dd w245 w2dbe w247 w24 B w249
Computer Roundoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 15 04 0.2 02 0.1 0.1 0.1 0.1 0.1
Grid Convergence: 118 22 71 39 75 6.2 53 11.7 02

| Total Numerical Uncertainty: 133 26 7.3 40 76 5.4 54 118 0.3

Experimental Uncertainty: 24l w242 w243 w244 w245 t2dbe w24V w24 B w249

| Total Experimental Uncertainty: 19 18 20 20 20 20 20 19 18|

Input Uncertainty (COLD): 241 w242 w243 w244 w245 w246 w247 w24 B tw249
External Heat Transfer Coefficients -48 -4.0 -3.6 -3.6 37 -3.9 -41 -4.3 -47
Ambient Temperature -6.0 -52 -45 -5.0 -5.0 -5.0 -5.1 -5.1 -5.3
External Emissivity -57 -25 -2.3 -2.3 -39 -2.2 -2.2 -2.1 -2.1
Carbon Steel Emissivity -249 14 14 15 -0.2 -0.2 -0.3 -0.3 -0.4
Aluminum Emissivity -3.8 11 14 14 -0.2 -0.2 -0.2 -0.2 -0.2
Fuel Hydraulic Resistance -16.0 0.1 13 12 0.6 -0.B -14 19 -25
Total Decay Heat (u = 2%) -6.1 -29 -3.1 -3.3 -5.0 -3.4 -3.3 -3.1 -27
Fuel Thermal Conductivity -0.8 -19 -3.3 -3.2 48 -3.3 -3.2 3.0 -01

Thermal Gaps - Correlated

Thermal Gaps - Uncorrelated -299 -274 -304  -323 -3l -363 -360 -361 -376
| Input Uncertainty (COLD SIDE) - Gaps Corr. -497 -458 -514 -550 -5B4 -5BE -594 -6D.3 -ES.Dl

Input Uncertainty (COLD SIDE) - Gaps Uncorr. -36.1 -286  -315 -33.4  -375 -37.2  -370 -37.1 -38.5
Input Uncertainty (HOT): 24l w242 243 244 w245 w246 w247 w24 B w249
External Heat Transfer Coefficients 22 4.2 43 45 3.0 48 51 5.4 59
Ambient Temperature 34 532 5.0 51 3.6 52 52 5.2 54
External Emissivity 24 26 27 27 26 16 24 24 25
Carbon Steel Emissivity -2.5 17 19 21 05 0.6 0.6 0.6 0.7
Aluminum Emissivity -2.1 19 18 18 0.1 0.1 0.0 0.0 0.0
Fuel Hydraulic Resistance -1.5 13 14 16 0.1 0.2 0.4 0.6 09
Total Decay Heat [u = 2%) 0.2 43 46 49 33 33 32 3.0 25
Fuel Thermal Conductivity -18 25 3.1 3.0 14 3.0 3.0 28 -0.2
Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
| Input Uncertainty (HOT SIDE): 6.2 g.2 9.5 0.8 6.5 BE B9 9.0 B.B
Compiled Results 241l w242 w243 w244 w245 w246 w247 w24 B w249
Simulation Results:

Experimental 42B6 4508 4749  4B04  47BE 4745 423 444 B 4085

Baseline CFD 4455 4589 4900 5011 5053 5040 4959 4B52 4549

Best Estimate 4247 4381 4654 4742 4762 4733 46l6 4469 4077
Comparison Error:

Baseline - Experimental 169 9.0 15.1 208 26.5 296 33.6 404 464

Best Estimate - Experimental -3.9 -12.7 -9.5 -6.2 -2.6 -1.2 -0.6 21 -0.8
Simulation Uncertainty:

MNegative (Gaps Correlated) -51.4 -45.9 -52.0 -55.1 -589 -59.1 -59.6 -61.4 -63.0

MNegative [Gaps Uncorrelated) -38.4 -28.7 -32.4 -33.7 -38.3 -37.7 -374 -390 -38.5

Positive 147 9.6 12.0 10.6 10,0 10.8 10.4 148 BB
Validation Uncertainty:

MNegative -514 -460 -520 -552 -589 -5091 -59.6  -615 -63.0

Positive 148 9.7 121 10.8 10.2 11.0 10.6 15.0 9.0
ISF5I Results:

Baseline CFD 4588 4737 5046 5168 5206 5207 515.0 5063 4798

Best Estimate 4384 4526 4807 4909 4935 4927 4854 4748 4434
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Table A-10

Validation Uncertainty Scorecard:

(95% Confidence Level)

Internal Temperatures, Cell 28 (K)

Uncertainty Quantification Scorecard for Cell 28 Internal Temperatures

Mumerical Uncertainty: tc2B.1 tc2B2 tc2B3 tc2B4  tc2BS  tw2BE  tc2BY  tciBE  tc2BO
Computer Roundoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 11 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Grid Convergence: 2.2 3.2 2.5 0.3 18 28 3.0 3.2 6.3

| Total Numerical Uncertainty: 3.3 3.5 2.7 0.5 2.0 29 3.1 3.2 5.4]

Experimental Uncertainty: tw2B.1 tc2B2 tc2B3 tc2B4 t2BS5  tw2B6 2BV tcZBB  tc2B9

| Total Experimental Uncertainty: 18 19 19 19 13 19 19 19 1.8]

Input Uncertainty (COLD): tc2B.1 tc2B.2 1tc2B3 28B4 tc2BS5 tw2Be 2BV tcZBB  tc2B9
External Heat Transfer Coefficients -4.8 -4.1 -3.7 -3.7 -3.8 -39 -4.2 -4.4 -49
Ambient Temperature -5.3 -5.2 -5.0 -5.0 -5.1 -5.1 -5.2 -5.3 -5.6
External Emissivity -4.5 -2.4 -1.0 -0.9 -0.9 -2.3 -22 -2.2 -2.2
Carbon Steel Emissivity -2.2 -0.2 -0.2 -0.1 -0.1 -0.2 -0.2 -0.3 -0.4
Aluminum Emissivity -29 -0.5 -0.3 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
Fuel Hydraulic Resistance -6.9 -1.5 -0.5 -0.5 -0.6 -0.9 -1.4 -2.1 -2.B
Total Decay Heat (u = 2%) -4.5 -2.5 -1.4 -15 -1.6 -29 -2.8 -2.7 -2.2
Fuel Thermal Conductivity -20 -22 -19 -18 -18 -32 -3.1 -2.8 0.1
Thermal Gaps - Correlated 327 338 391 420 431 436 -438 438 437
Thermal Gaps - Uncorrelated -23.B -21.0 -24.0 -25.3 -25.7 -274 -25.6 -25.6 -26.1

| Input Uncertainty (COLD SIDE) - Gaps Corr. -35.1 -347  -387 -415 -43.7 444 -445 -44 6 -4-4.5|
Input Uncertainty (COLD SIDE) - Gaps Uncorr. -2689  -225 -249  -262 -266 -2B6 -269 -270 -274

Input Uncertainty (HOT): tc2B.1 tc2B2 tc2B3 tc2B4  tc2BS  te2B6 2BV tciBEB  tc2B9

External Heat Transfer Coefficients 39 4.4 5.6 59 6.1 49 52 5.6 6.3

Ambient Temperature 27 5.0 6.5 6.7 6.7 53 53 54 57

External Emissivity 29 18 29 28 28 27 25 24 24

Carbon Steel Emissivity -16 0.4 0.5 0.5 0.5 05 0.5 0.6 0.6

Aluminum Emissivity -0.8 0.4 0.2 0.1 0.1 01 0.1 0.1 0.0

Fuel Hydraulic Resistance -04 0.1 0.0 0.1 0.2 0.2 0.4 0.7 10

Total Decay Heat (u = 2%) -0.9 20 26 28 29 28 27 26 21

Fuel Thermal Conductivity -3.4 22 44 43 43 30 29 27 -0.3

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

| Input Uncertainty {(HOT SIDE): 6.8 7.9 10.4 10.6 10.8 B7 B9 9.0 9.1|

Compiled Results tw2B.1 tc2B2 tc2B3 tc2B4 t2BS5  tw2B6 2BV tcZBB  tc2B9

Simulation Results:

Experimental 4040 4249 4466 4513 4507 4474 4376 4243 3047
Baseline CFD 4205 4341 4607 4690 4721 4710 4638 4543 4263
Best Estimate 4110 4234 4480 4557 4566 4542 4444 4320 3976

Comparison Error:

Baseline - Experimental 16.5 9.2 141 187 214 235 262 30.0 315
Best Estimate - Experimental 7.0 -1.5 15 44 59 6.7 6.8 17 29

Simulation Uncertainty:

Negative (Gaps Correlated) -35.2 -34.9 -39.8 -42.5 -43.7 -445 -44.6 -447 -45.0
Negative [{Gaps Uncorrelated) -27.1 -227 -25.1 -26.2 -26.7 -2B.7 -27.1 -272 -28.2
Positive 7.6 B.& 107 107 109 92 g4 9.6 11.2

Validation Uncertainty:

Megative -35.3 -35.0 -39.8 -425 -438 445 -447 -448  -450
Positive 78 B.& 109 108 111 9.4 9.6 a8 11.3

I5F51 Results:

Baseline CFD 4377 4507 4761 4B5E 48BE 4890 4B45 4775 4545
Best Estimate 4257 43BR 4635 4721 4744 4739 4pRB1 4595 4320
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Table A-11  Uncertainty Quantification Scorecard for Cell 31 Internal Temperatures

Validation Uncertainty Scorecard: Internal Temperatures, Cell 31 (K)
(95% Confidence Level)

Mumerical Uncertainty: w31l tw3l?2 1w3l3 1w3ld w3l5 w3le w3ly w3l8 w3le
Computer Roundoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iterative Convergence 25 0.4 0.2 0.2 0.1 0.1 0.1 0.1 0.1
Grid Convergence: 6.5 39 42 20 0.6 0.3 0.6 58 53

| Total Numerical Uncertainty: 30 43 44 22 0.8 0.4 0.7 5.3 5.4

Experimental Uncertainty: 311 w312 313 314 315 tc3l6  tc3l7  te3lB w319

| Total Experimental Uncertainty: 19 19 2.0 20 2.0 2.0 19 19 18]

Input Uncertainty (COLD): 31l w312 w313 314 315 tc3l6  tc3l7 tw3lE we3l9
External Heat Transfer Coefficients -5.8 -39 -3.5 -3.6 -3.8 -39 -4.1 -4.3 -4.7
Ambient Temperature -5.8 -5.1 -4 8 -49 -5.0 -5.0 -5.1 -5.1 -5.4
External Emissivity -3.3 -22 -2.3 -17 -2.2 -1.7 -17 -16 -16
Carbon Steel Emissivity -0.5 -0.6 -06 -02 -02 -0.2 -0.3 -0.3 -0.4
Aluminum Emissivity 14 -0.5 -0.7 -0.2 -0.3 -0.3 -0.3 -0.3 0.2
Fuel Hydraulic Resistance -0.8B -0.9 -0.8 -0.4 -0.6 -0.8 -1.3 -19 -2.6
Total Decay Heat (u = 2%) -3.4 -26 -3.1 -28 -3.4 -29 -2.7 -2.5 -2.0
Fuel Thermal Conductivity 27 -16 -3.3 -28 -3.3 -8 -27 -25 0.4
Thermal Gaps - Correlated 441 488 547 580 506 602 604 -608 -617
Thermal Gaps - Uncorrelated -286 -312 -340 -351 -358 -359 -357 -358 373

| Input Uncertainty {COLD SIDE) - Gaps Corr. -45.2 -494 -552 -585 -60.1 -60.7 -609 -613 -52.2|
Input Uncertainty (COLD SIDE) - Gaps Uncorr. -30.3 -32.1 -350 -359 -367 -367 -365 -36.7 -38.2

Input Uncertainty (HOT): 31l w312 w313 314 315 tc3l6  tc3l7 tw3lE we3l9

External Heat Transfer Coefficients 2B 40 42 48 46 52 55 5B 6.5

Ambient Temperature 3.6 50 50 56 51 56 56 57 6.0

External Emissivity 33 3.0 3.0 28 27 16 24 23 23

Carbon Steel Emissivity -1.1 -0.5 -0.2 04 0.5 0.5 0.6 0.6 0.6

Aluminum Emissivity 0.5 -0.2 -0.3 0.2 0.1 0.1 0.0 0.0 0.0

Fuel Hydraulic Resistance 24 -0.2 -0.5 0.0 0.1 0.2 0.4 0.6 0.9

Total Decay Heat [u = 2%) 0.9 18 24 3.2 33 3.2 3.1 29 24

Fuel Thermal Conductivity 02 25 31 35 3.0 3.5 35 5.2 0.4

Thermal Gaps - Correlated 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

| Input Uncertainty (HOT SIDE): 6.3 77 B2 93 B6 94 95 96 9.5|

Compiled Results 311 w312 313 314 315 tc3l6  tc3l7  te3lB w319

Simulation Results:

Experimental 42359 4447 4674 4727 4712 4870 4550 4381 4050
Baseline CFD 4374 4553 4840 4941 496 4954 4877 4776 4485
Best Estimate 4181 4319 4577 4656 4666 4639 4531 4395 4028

Comparison Error:

Baseline - Experimental 135 106 166 214 255 284 327 395 435
Best Estimate - Experimental -5.7 -12.7 9.7 -7.1 -4.6 -3.1 -15 14 -2.2

Simulation Uncertainty:

Megative [(Gaps Correlated) -46.1 -49.5 -55.4 -58.5 -60.1 -60.7 -60.9 -61.6 -62.4
Megative (Gaps Uncorrelated) -316 -32.4 -35.2 -35.9 -36.7 -36.7 -36.5 -37.2 -38.6
Positive 110 B9 93 95 B6 g4 95 11.2 109

Validation Uncertainty:

MNegative -46.2 -496 -554 -586 -802 -B0.Y -B10 -BlE  -B25
Positive 112 91 9.5 97 B9 96 97 114 111

ISFSI Results:

Baseline CFD 4548 4590 4981 5097 5134 5139 SO0BS 5004 4755
Best Estimate 4328 4464 4727 4822  4B47 4843 4776  46B0 4384

A-12



NRC FORM 335 U.S. NUCLEAR REGULATORY COMMISSION | 1. REPORT NUMBER

(122010} (Assigned by NRC, Add Vol, Supp., Rev.,
NRCMD 3.7 and Addendum Numbers, if any.)
BIBLIOGRAPHIC DATA SHEET NUREG/CR-7260

(See instructions on the reverse)

2. TITLE AND SUBTITLE 3. DATE REPORT PUBLISHED
CFD Validation of Vertical Dry Cask Storage System o TERR
May 2019

4. FIN OR GRANT NUMBER

5. AUTHOR(S) 6. TYPE OF REPORT
Alden Research Labratory: Kimball Hall hnical
NRC TM: Gham Zigh; Jorge Solis Technica

NRC PM: Don Algama 7. PERIOD COVERED (Inclusive Dates)

8. PERFORMING ORGANIZATION - NAME AND ADDRESS (If NRC, provide Division, Office or Region, U. 5. Nuclear Regulatory Commission, and mailing address; if
contractor, provide name and mailing address.)

Alden Research Laboratory, Inc.
Holden, MA 01541

9. SPONSORING ORGANIZATION - NAME AND ADDRESS (If NRC, type "Same as above", if contractor, provide NRC Division, Office or Region, U. S. Nuclear Regulatory
Commission, and mailing address.)

Division of Systems Analysis

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

10. SUPPLEMENTARY NOTES

11. ABSTRACT (200 words or less)

This report discusses validation and uncertainty quantification of a CFD model using experimental data. Uncertainty quantification
follows the procedures outlined in ASME V&WV20-2009. Sources of uncertainty that were examined in the analysis include iterative
uncertainty, spatial discretization, and uncertainty due to approximately twenty mput parameters. Input parameters investigated
include environmental conditions, material properties, decay heat, and the spacing of the many small gaps in the installation. The
uncertainty in gap size was found to be the principal source of uncertainty in this particular installation. The effect of the multiple
fluid gap dependence and correlation on the uncertainty quantification was evaluated and discussed. As a result, the uncertainty
quantification due to the fluid gaps was determined to be dependent due to the heat path dependence, and as such, a correlated error
estimation was used.

12. KEY WORDS/DESCRIPTORS (List words or phrases that will assist researchers in locating the report.) 13, AVAILABILITY STATEMENT

CFD; ASME; Dry Storage; unlimited

14, SECURITY CLASSIFICATION

(Thia Page)
unclassified

(This Repori)
unclassified

15. NUMBER OF PAGES

16. PRICE

NRC FORM 335 (12-2010)



Printed
on recycled
paper

Federal Recycling Program



UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, DC 20555-0001

OFFICIAL BUSINESS

) (&) (@) (o0 () 5 (N

@NRCgov




NUREG/CR-7260 CFD Validation of Vertical Dry Cask Storage System May 2019



	ABSTRACT
	LIST OF FIGURES
	LIST OF TABLES
	EXECUTIVE SUMMARY
	ABBREVIATIONS AND ACRONYMS
	1    Introduction
	1.1  Objectives of a CFD-grade Experiment
	1.2  Description of Validation Experiment

	2    computational model description
	2.1  TN-32B Cask Model
	2.1.1  Description of Mesh

	2.2  North Anna Thermal Round Robin Model Inputs
	2.2.1  Material Properties
	2.2.1.1  Fuel Properties
	2.2.1.2  Internal Pressurization

	2.2.2  Decay Heat
	2.2.3  Heat Dissipation to the Environment
	2.2.4  Thermal Gap Resistance

	2.3  Solver Settings

	3    Validation Results
	3.1  Baseline Simulation Results
	3.2  Consistency Check
	3.3  Numerical Uncertainty
	3.3.1  Iterative Uncertainty
	3.3.2  Discretization Uncertainty
	3.3.3  Overall Numerical Uncertainty on PCT

	3.4  Input Uncertainty
	3.4.1  Input Uncertainty Method
	3.4.2  Correlated vs. Uncorrelated Input Variables
	3.4.3  Input Uncertainty Results

	3.5  Experimental Uncertainty
	3.6  Simulation Uncertainty Quantification
	3.7  Validation Uncertainty Quantification
	3.8  Comparison with Experimental Data
	3.8.1  Surface Temperature Results
	3.8.2  Fuel Assembly Temperature Results
	3.8.3  Best Estimate Results


	4    ISFSI Results
	4.1  ISFSI Simulation Inputs
	4.1.1  Baseline Simulation
	4.1.2  Best Estimate Simulation

	4.2  ISFSI Simulation Results

	5    Conclusions
	6    REFERENCES
	APPENDIX A   Validation Uncertainty Scoreboard

	Blank Page



