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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—Final Report,” Revision 1, issued July 2010.  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 increasingly have conducted thermal-hydraulic analyses using 
computational fluid dynamics (CFD) codes (e.g., ANSYS Fluent) to demonstrate the adequacy 
of the thermal design.  The applicants also want to license casks with decay heat close to 
50 kilowatts, resulting in a peak cladding temperature (PCT), close (i.e. small margins) to the 
temperature limit of 400 degrees Celsius suggested in Interim Staff Guidance 11, “Cladding 
Considerations for the Transportation and Storage of Spent Fuel,” issued November 2003.  
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.  As such, the NRC Office of Nuclear Material Safety and Safeguards asked the 
NRC Office of Nuclear Regulatory Research to perform validation studies of the ANSYS Fluent 
CFD code to assist it in making regulatory decisions to provide reasonable assurance of 
adequate protection for storage casks and transportation packages.  The validation studies 
were based on experimental data documented in NUREG/CR-7250, “Thermal-Hydraulic 
Experiments Using a Dry Cask Simulator,” issued October 2018 [6]. 

NUREG/CR-7250 documents a series of tests conducted using a single, prototypic-geometry 
boiling-water reactor fuel assembly inside a pressure vessel and enclosure to mimic the 
thermal-hydraulic responses of both aboveground and underground dry storage casks.  This 
simplified test assembly was shown to be similar to prototypic systems through dimensional 
analysis.  The data were collected over a broad range of parameters, including simulated decay 
power and internal helium pressure.   

Previous submissions by applicants and vendors to the NRC have generally employed CFD 
using finite volume to demonstrate regulatory compliance for the thermal performance of dry 
cask storage systems.  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.  This CFD validation included uncertainty quantification, using American Society of 
Mechanical Engineers (ASME) Verification and Validation (V&V) 20-2009, “Standard for 
Verification and Validation in Computational Fluid Dynamics and Heat Transfer” [2].  
Additionally, the validation used CFD best practice guidelines [13] to create the CFD model. 
This report discusses validation and uncertainty quantification of a CFD model using the 
experimental data from NUREG/CR-7250.  Air mass flow rate, and PCT were used as the 
primary variables of interest (i.e., target variables) in this validation.  Uncertainty quantification 
follows the procedures outlined in ASME V&V 20-2009.  Sources of uncertainty examined in the 
analysis include simulation input uncertainty, numerical errors (i.e., iterative, discretization, and 
round-off), and experimental errors.    
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The CFD results and experimental data for PCT and air mass flow rate agreed very favorably 
for the collected cases within the calculated validation uncertainty, which includes the 
combination of simulation and experimental uncertainty.  The simulation uncertainty consists of 
model input uncertainty and numerical errors.  The results show that an ANSYS Fluent thermal 
model using NUREG-2152 [13] CFD best practice guidelines can demonstrate the safety of the 
storage of spent nuclear fuel.  This report also looks at the quality of the data collected in the 
DCS experiment documented NUREG/CR-7250 [6] using the calculated validation uncertainty.  
The low values of the validation uncertainty indicate that the experiment undertaken in this 
program is considered a CFD-grade experiment.  The DCS experiment was designed to 
minimize the validation uncertainty—a key factor and the basis for thermal model validation.  
Consequently, a well-validated thermal model will enable thermal reviewers to have confidence 
in the predictions, even with decreased margins.  This document shows that a best estimate 
analysis is a method that includes a model with design basis, implemented with uncertainty 
quantification. 
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EXECUTIVE SUMMARY 

The thermal performance of commercial nuclear spent fuel dry storage casks is often evaluated 
through detailed numerical analysis.  The cask system vendors complete these modeling 
efforts, often using computational fluid dynamics (CFD) analysis codes, to demonstrate 
performance and regulatory compliance.  They are part of an application for a Certificate of 
Compliance (for a cask system design) from the U.S. Nuclear Regulatory Commission (NRC).  
The NRC staff then independently verifies the calculations.  Carefully measured data sets 
generated from testing full-sized casks or smaller cask analogs (i.e., scale testing) are widely 
recognized as vital for validating these models.  Some of the descriptions, and text in this 
section are taken from ASME V&V 20-2009 [2], NUREG/CR-7260 [7], Bestion et al., 
“Requirement for CFD-Grade Experiments for Nuclear Reactor Thermal-Hydraulics,” issued in 
2019 [3], and Bestion et al., “Review of Uncertainty Methods for Computational Fluid Dynamics 
Application to Nuclear Reactor Thermal Hydraulics,” issued in 2016 [4]. 
Advances in dry storage cask designs have significantly increased the maximum thermal load 
allowed in a cask, in part by increasing the efficiency of internal conduction pathways and by 
increasing the internal convection through greater canister helium pressure.  These same 
canister cask systems rely on ventilation between the canister and the overpack to convect heat 
away from the canister to the environment for both aboveground and underground 
configurations.  While several testing programs have been conducted previously, these earlier 
validation attempts did not capture the effects of elevated helium pressures or accurately 
portray the external convection of aboveground and underground canister dry cask systems. 

The purpose of this investigation is to validate the ANSYS Fluent CFD code using the 
experimental data documented in NUREG/CR-7250, “Thermal-Hydraulic Experiments Using a 
Dry Cask Simulator,” issued October 2018 [6], to test the validity of the modeling presently used 
to determine cladding temperatures and air mass flow rates in vertical dry casks.  Fuel cladding 
temperatures are critical to evaluate cladding integrity throughout the storage cycle.  To produce 
these data sets under well-controlled boundary conditions, the dry cask simulator was built to 
study the thermal-hydraulic response of fuel under a variety of heat loads, internal vessel 
pressures, and external configurations.   

As described in NUREG/CR-7250 [6]: 

Over 40 unique data sets were collected and analyzed for these efforts, as described in 
NUREG/CR-7250 [6].  Fourteen data sets for the aboveground configuration were 
recorded for powers and internal pressures ranging from 0.5 to 5.0 kilowatts (kW) and 
0.3 to 800 kilopascals (kPa) absolute, respectively as shown in Table 4-1.  Similarly, 14 
data sets were logged for the underground configuration, starting at ambient conditions 
and concluding with thermal-hydraulic steady state as shown in Table 4-4.  Over 13 tests 
were conducted using a custom-built wind machine.  This addition to the dry cask 
experimental database signifies a substantial addition of first-of-a-kind, high-fidelity 
transient and steady-state thermal-hydraulic data sets suitable for CFD model validation. 

An electrically heated, but otherwise prototypic, boiling-water reactor Incoloy-clad test 
assembly was placed inside a representative storage basket and cylindrical pressure 
vessel representing a vertical canister system.  The symmetric single assembly 
geometry with well-controlled boundary conditions simplified the interpretation of results.  
Simulated decay power was scaled to mimic the desired range of prototypic 
dimensionless groups.  One unique aspect of the test apparatus was the capability to 
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pressurize the simulated canister to a wide range of absolute pressures, from sub-
atmospheric (0.3 kPa) to the upper range of prototypic values (800 kPa).  Two different 
arrangements of ducting were used to mimic conditions for aboveground and 
underground storage configurations for vertical dry cask systems with canisters.  A wind 
machine tested the effect of wind speed on the peak cladding temperature (PCT) and 
induced air mass flow rate in the underground configuration.   

The power levels tested were 0.5, 1.0, 2.5, and 5.0 kW.  These simulated decay power values 
were scaled to mimic the desired range of prototypic dimensionless groups such as Rayleigh, 
Nusselt, and Reynolds numbers for both internal (i.e., helium flow) and external flow (i.e., air 
flow).  Transverse and axial temperature profiles were measured throughout the test assembly.  
The induced air mass flow rate was measured for both the aboveground and underground 
configurations without wind effect.  In addition, the impact of crosswind conditions on the 
underground configuration was quantified.  The impact of crosswind speed ranging between 0–
5.4 meters per second (12 miles per hour) on the change of PCT and induced air mass flow rate 
was investigated for the underground case. 

CFD models were built for each of these configurations and tested under the same conditions to 
support the validation study.  Steady-state and transient simulations were performed at different 
decay heat power values and canister helium pressures.  PCT, temperature profiles for different 
wall structures (i.e., channel box, basket, and pressure vessel), and air mass flow rate from the 
CFD predictions were compared to the experimental data.  

Uncertainty quantification (UQ) was performed using American Society of Mechanical Engineers 
(ASME) Verification and Validation (V&V) 20-2009, “Standard for Verification and Validation in 
Computational Fluid Dynamics and Heat Transfer” [2], for the target variables of interest, 
including PCT and air mass flow rate.  Sources of uncertainty that were examined in the 
analysis include simulation input, numerical errors (i.e., iterative, discretization, and round-off), 
and experimental errors. 

The CFD results and experimental data for PCT and air mass flow rate agreed very favorably 
within the calculated validation uncertainty, as illustrated in Chapter 4, for all the cases.  The 
validation uncertainty includes the combination of simulation and experimental uncertainty.  The 
simulation uncertainty includes simulation input and numerical uncertainties.  The results 
demonstrate that an ANSYS Fluent thermal model that was developed based on CFD best 
practice guidelines, as documented in NUREG-2152, “Computational Fluid Dynamics Best 
Practice Guidelines for Dry Cask Applications, Final Report,” issued March 2013 [13], can be 
used to demonstrate the safety of dry cask storage system design.  

The NRC uses ASME V&V 20-2009 [2] methods to evaluate uncertainties in CFD.  As found in 
NUREG/CR-7260, “CFD Validation of Dry Cask Storage Systems,” issued May 2019 [7]: 

UQ starts by clearly identifying the various sources of uncertainties using a phenomena 
identification and ranking table (PIRT).  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 the 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.  When performing validation simulations, it is mandatory to 



xvii 

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 those in NUREG-2152 [13] and 
ASME V&V 20-2009 [2], are an excellent source for the CFD user to avoid errors and 
quantify uncertainties. 

In the current validation, the geometry was well prescribed; consequently, geometrical input was 
not the main source of the validation error (i.e., fluid gaps), as found in NUREG/CR-7260, “CFD 
Validation of Vertical Dry Cask Storage System,” issued May 2019 [7]. 

ASME V&V 20-2009 [2] 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.  As reported in Bestion et 
al., “Requirement for CFD-Grade Experiments for Nuclear Reactor Thermal-Hydraulics,” issued 
by the “Organization for Economic Co-operation and Development, Nuclear Energy Agency, 
Committee on the Safety of Nuclear Installations, Working Group on Analysis and Management 
of Accidents, CFD group”, 2019 [3]: 

Practically, ASME 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&V and UQ. 

Also, as reported in Bestion et al., “Review of Uncertainty Methods for Computational Fluid 
Dynamics Application to Nuclear Reactor Thermal Hydraulics,” Organization for Economic Co-
operation and Development, Nuclear Energy Agency, Committee on the Safety of Nuclear 
Installations, Working Group on Analysis and Management of Accidents, CFD group, 2016 [4]: 

The ASME standard methodology for uncertainty analysis underlines the role of V&V in 
the process of evaluating the confidence in CFD results.  Uncertainties must be 
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 NRC regulatory practices, procedures, and methods 
for licensing dry cask systems as embodied in Title 10 of the 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 for the 
Review of Safety Analysis Reports for Nuclear Power Plants:  LWR Edition” [16]. 

Looking at validation experiments 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 
(e.g., fuel and different dry cask wall temperature profiles and pressures, induced air mass flow 
rate), 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 applications to nuclear safety of the Organisation for Economic Co-operation and 
Development, Nuclear Energy Agency, Committee on the Safety of Nuclear Installations (CSNI), 
and the Working Group on Analysis and Management of Accidents established some 
requirements for CFD-grade experiments able to properly validate the single-phase CFD tools 
[3].  This report evaluates the quality of experiment used for the validation, based on the 
validation uncertainty as defined by ASME V&V 20-2009 [2] and the work presented in Bestion 
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et al. [3].  The discussion on this topic establishes whether this is a CFD-grade experiment.  
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 variables, such 
as PCT and air mass flow rate. 

Clear objectives should be first defined in an experimental program designed to validate a 
computational method.  The success of the validation hinges on the constant collaboration 
between the experimentalist and the CFD specialist.  This discussion should define the test 
section geometry, initial and boundary conditions, and the requirement for 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, or on the required accuracy of some selected 
physical quantity, or both.  Preliminary code simulations are necessary to define appropriate 
model boundaries and measurement locations, with sensitivity tests to determine the uncertainty 
of initial and boundary conditions and of measured field parameters.  Iterations may be 
necessary to optimize the design.   

In this experimental program, the collaboration between experimentalists at Sandia National 
Laboratories and NRC CFD specialists was successful.  The program used CFD to perform 
similarity analysis and adequately choose the decay heat powers through many iterations to 
properly scale the model to match the conditions and thermal performance of a prototypic dry 
cask.  Also, CFD predictions were used to check the initial shakedown tests for all the 
configurations.  Consequently, the experimental data collected in this program were geared to 
obtain a CFD-grade experiment.  The main objective of this experiment was the minimization of 
the validation uncertainty and hence the improvement of the CFD thermal model.  When a 
thermal model is well validated, the dry cask applicants and thermal reviewers will have 
confidence in the predicted margins, even when minimized, without exceeding the set limit.  
This report shows that a well-crafted, best estimate thermal model uses the design basis 
following CFD best practice guidelines and complemented by UQ.  Such a model will have 
enough information for dry cask applicants and thermal reviewers about the margins that can be 
considered safe for applications and certifications.
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NRC U.S. Nuclear Regulatory Commission 
ṁair Air mass flow rate flowing through the air vents 
PCT peak cladding temperature 
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1   INTRODUCTION 

The thermal performance of commercial nuclear spent fuel dry storage casks is evaluated 
through detailed analytical modeling.  The vendor undertakes these modeling efforts to 
demonstrate performance and regulatory compliance, which are independently verified by the 
U.S. Nuclear Regulatory Commission (NRC).  Most commercial dry casks in use today store the 
fuel in an aboveground configuration, although underground storage has grown in recent years.  
Both horizontally and vertically oriented aboveground dry cask systems are currently in use.  
Figure 1-1 shows a diagram for a typical vertical aboveground system.  Cooling of the 
assemblies located inside the sealed canister is enhanced by the induced flow of air drawn in at 
the bottom of the cask and exiting out at the top of the cask.  Descriptions, text and figures in 
this section of the experiment are taken from NUREG/CR-7250. 

Figure 1-1 Typical Vertical Aboveground Storage Cask System 

Figure 1-2 shows a diagram for a vertical underground system.  For this underground 
configuration, air is drawn in from the top periphery and channeled to the bottom of the cavity 
through a narrow annulus, where it then flows upward along the wall of the canister and exits 
out the top center vent. 

Figure 1-2 Typical Vertical Underground Storage Cask System 

Source : www.nrc.gov/reading-rm/doc-collections/fact-sheets/storage-spent-fuel-fs.html 

Source : www.holtecinternational.com/productsandservices/wasteandfuelmanagement/hi-storm/ 
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Recent advances in dry storage cask designs have significantly increased the maximum thermal 
load allowed in a cask, in part by increasing the efficiency of internal conduction pathways and 
by increasing the internal convection through greater canister helium pressure.  These vertical 
canister cask systems rely on ventilation between the canister and the overpack to convect heat 
away from the canister to the environment for both aboveground and underground 
configurations.  While several testing programs have been previously conducted, these earlier 
validation attempts did not capture the effects of elevated helium pressures or accurately 
portray the external convection of aboveground and underground canister dry cask systems.  
Thus, the enhanced performance of modern dry storage casks cannot be fully validated using 
previous studies. 

1.1  Objective 

The purpose of this investigation was to validate the ANSYS Fluent computational fluid 
dynamics (CFD) code against the results obtained from a dry cask simulator (DCS) that was 
built to study the thermal-hydraulic response of fuel under a variety of heat loads, internal vessel 
pressures, and external configurations, as well as to perform uncertainty quantification (UQ) 
analysis using American Society of Mechanical Engineers (ASME) Verification & Validation 
(V&V) 20-2009, “Standard for Verification and Validation in Computational Fluid Dynamics and 
Heat Transfer” [2]. 

1.2  Dry Cask Simulator 

This section summarizes the DCS by describing the various subsystems, construction, and 
methods used for this testing.  NUREG/CR-7250, “Thermal-Hydraulic Experiments Using a Dry 
Cask Simulator,” issued October 2018 [6], provides further details, including but not limited to, 
instrumentation equipment and its corresponding layout.  The description and figures below of 
the experiment are taken from NUREG/CR-7250.   

As described in NUREG/CR-7250 [6]: 

1.2.1  General Construction 

Figure 1-3 and Figure 1-4 show the general design details of the DCS.  An existing 
electrically heated but otherwise prototypic boiling-water reactor (BWR) Incoloy-clad test 
assembly was placed inside a representative storage basket and cylindrical pressure 
vessel that represents the canister.  The symmetric single assembly geometry with well-
controlled boundary conditions (BCs) simplified the interpretation of results.  Detailed 
information about this assembly can be found in earlier work done by Sandia National 
Laboratories (SNL) and documented in NUREG-CR-7143 [8].  Various configurations of 
outer concentric ducting mimicked conditions for aboveground and underground storage 
configurations of vertical, dry cask systems with canisters.  Radial and axial temperature 
profiles were measured for a wide range of decay power and canister pressures.  Of 
particular interest was the evaluation of the effect of increased helium pressure on heat 
load for both the aboveground and underground configurations.  The effect of wind 
speed was also measured for the underground configuration to study the effect of a 
continuous crosswind on the thermal and hydraulic response of the system.  Figure 1-5 
shows the layout for this configuration.  Air mass flow rates were calculated from 
measurements of the induced air velocities in the external ducting. 
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The DCS for the aboveground configuration consists of a BWR assembly, channel box, 
basket, canister/pressure vessel, outer shell (shell1), and shell1-insulation as shown in 
Figure 1-3 and Figure 1-4.  The underground configuration consists of an additional 
shell2 and shell2-insulation, as depicted in Figure 1-3 and Figure 1-4. 

 

Figure 1-3 General Design Showing the Plan View (upper left), the Internal Helium 
Flow (lower left), and the External Air Flow for the Aboveground (middle) 
and Underground Configuration (right).  (source: NUREG/CR-7250 [6]) 

 

Figure 1-4 Shells around Pressure Vessels for Aboveground and Underground 
Configurations.  (source: NUREG/CR-7250 [6]) 
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Figure 1-5 Layout of the Underground Cask with Wind Machine for Crosswind Testing. 
(source: NUREG/CR-7250 [6]) 

Figure 1-6 shows the major carbon steel components used to fabricate the pressure 
vessel.  The 4.572-meter (m) (180-inch (in.))-long vertical test section was made from 
0.254-m (10-in.) Schedule 40 pipes welded to Class 300 flanges.  The 0.356 × 0.254-m 
(14×10-in.) Schedule 40 reducing tee was needed to facilitate the routing of over 
150 thermocouples through the pressure vessel.  Blind flanges with threaded access 
ports for thermocouples and power lead pass-through were bolted to the top of the 
vertical test stand section and the sides of the reducing tee.  The maximum allowable 
working pressure (MAWP) was 2,400 kilopascal (kPa) at 400 degrees Celsius (C) (752 
°F).  Bar stock tabs were welded inside the 0.254-m (10-in.) flange on the tee to support 
the test assembly and on top of the test section to allow an insulated top BC. 
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Figure 1-6 Carbon Steel Pressure Vessel.  (source: NUREG/CR-7250 [6]). 

The test configurations were assembled and operated inside the Cylindrical Boiling 
(CYBL) test facility, which is the same facility used for earlier fuel assembly studies [6].  
CYBL is a large stainless-steel containment vessel repurposed from earlier flooded 
containment/core retention studies sponsored by the U.S. Department of Energy.  Since 
then, CYBL has served as an excellent general use engineered barrier for the isolation 
of high-energy tests.  The outer vessel is 5.1 m in diameter and 8.4 m tall (16.7 feet in 
diameter and 27.6 feet tall) and constructed with 9.5-millimeter (mm) (0.375-in.)-thick 

Reducing Tee 
(Instrument Well) 
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stainless-steel walls.  Figure 1-7 shows a scaled diagram of the CYBL facility with the 
aboveground version of the test DCS inside.   

Figure 1-7 CYBL Facility Housing the Aboveground Version of the BWR Cask 
Simulator.  (source: NUREG/CR-7250 [6]). 

1.2.2  Flow Straightening 

To obtain the most stable and repeatable measurements possible, a honeycomb 
element was inserted into the inlets of both the aboveground and underground 
configurations.  This honeycomb served to align the flow in the desired direction and 
reduce any flow disturbances on the hot wire measurements.  As shown in Figure 1-8, a 
plastic honeycomb element was chosen with a cell diameter, wall thickness, and flow 
length of 3.8, 0.1, and 51.6 mm (0.150, 0.004, and 2.030 in.), respectively.  This type of 
flow-straightening element was found to provide the greatest reduction in hot wire 
fluctuations while introducing the smallest pressure drop to the system.  The effective 
frictional coefficient for this honeycomb material was found to be       
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D = 2.7x106 m-2 for porous media in CFD simulations.  

Detailed information and derivation of the frictional coefficient (i.e. D) is in NUREG-2152 [13] and 
NUREG-2208 [15]. 

Figure 1-8 Photograph of the Honeycomb Element Used for Flow Straightening. 
(source: NUREG/CR-7250 [6]) 

1.2.3  Design of the Heated Fuel Bundle 

The highly prototypic fuel assembly was modeled after a 9×9 BWR assembly.  
Commercial components were purchased to create the assembly, including the top and 
bottom tie plates, spacers, water rods, channel box, and all related assembly hardware 
(see Figure 1-9).  Incoloy heater rods were substituted for the fuel rod pins for heated 
testing.  Due to fabrication constraints, the diameter of the Incoloy heaters was slightly 
smaller than prototypic pins, 10.9 mm versus 11.2 mm.  The slightly simplified Incoloy 
mock fuel pins were fabricated based on drawings and physical examples from the 
nuclear component supplier.  Table 1-1 lists the dimensions of the assembly 
components.  This report refers to the lower (full) section as fully populated and to the 
upper (partial) section as partially populated.  NUREG/CR-7250 [6] includes further 
details on the BWR assembly geometry.  

51.6 

Circular Cells 
⌀ = 3.8 

twall = 0.1 

All dimensions in mm 
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Table 1-1 Dimensions of Assembly Components in the 9×9 BWR 

Description 
Lower (Full) 
Section Upper (Partial) Section 

Number of pins 74 66 
Pin diameter (mm) 10.9 10.9 
Pin pitch (mm) 14.4 14.4 
Pin separation (mm) 3.48 3.48 
Water rod outer diameter (main section) 
(mm) 24.9 24.9 
Water rod inner diameter (mm) 23.4 23.4 
Nominal channel box inner diameter (mm) 134 134 
Nominal channel box outer diameter (mm) 139 139 

Figure 1-9 Typical 9×9 BWR Components Used to Construct the Test Assembly, 
Including Top Tie Plate (upper left), Bottom Tie Plate (bottom left), and 
Channel Box and Spacers Assembled onto the Water Rods (right).  
(source: NUREG/CR-7250 [6]) 

1.2.4  Test Plan 

A total of fourteen tests were conducted where the DCS achieved steady state for 
various assembly powers and pressures using the aboveground configuration.  The 
power levels 
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tested were 0.5, 1.0, 2.5, and 5.0 kW.  The vessel pressures tested were sub-atmospheric 
(0.3 kPa), 100, 450, and 800 kPa absolute.  Similarly, a total of fourteen tests were 
conducted where the DCS achieved steady state for various assembly powers and vessel 
pressures using the underground configuration.  Like the aboveground cases, the power 
and pressure levels tested with the underground configuration were (0.5, 1.0, 2.5 and 5.0) 
kW, and (sub-atmospheric (0.3 kPa), 100, 450 and 800) kPa absolute respectively.  

A scaling analysis in Durbin et al. “Description of Dry Cask Simulator for Measuring 
Internal and External Thermal-Hydraulic Performance,” issued June 2016 [5] and 
NUREG/CR-7250, “Thermal-Hydraulic Experiments Using a Dry Cask Simulator CFD 
Validation of Vertical Dry Cask Storage System”, issued October 2018 [6], showed that 
elevated powers up to 5.0 kW were warranted to drive the induced air flow to prototypic 
levels.  NUREG/CR-7250 [6] has detailed information about the dimensional and scaling 
analyses performed for this experiment. 

Past analysis in NUREG-2174, “Impact of Variation in Environmental Conditions on the Thermal 
Performance of Dry Storage Casks,” issued March 2016 [14], showed that only in underground 
casks was the thermal response affected by crosswind due to vent blockage.  As such, lower 
mass flow rate to cool the cask is available, leading to a higher peak cladding temperature 
(PCT).   

Two types of crosswind tests were conducted.  In both types of test, the DCS was first allowed 
to reach thermal steady state for the given test conditions and zero crosswind.  For the first type 
of crosswind testing, after reaching steady state, the wind machine was then started using 
constant crosswind speed for 12 to 18 hours.  Six extended duration tests of the first type were 
conducted for (1.0 kW, 100 kPa) and (5.0 kW, 100 kPa) using a crosswind speed of 1.4, 2.7, 
and 5.3 meters per second (m/s). 

For the second type of crosswind testing, the wind speed was changed at 1-hour intervals to 
more efficiently probe the effect of crosswind speed on the induced air mass flow rate.  Thermal 
steady state was not reestablished.  The effect of crosswind velocity (from 0.5 to 5.4 m/s) on the 
induced air flow rate was measured for three powers (1.0 kW, 2.5 kW, and 5.0 kW) and three 
helium pressures (100 kPa, 450 kPa, and 800 kPa).   

1.3  Computational Fluid Dynamics Model 

ANSYS Fluent version 18 was used to create a three-dimensional CFD thermal model, as 
illustrated in Figure 1-10 and Figure 1-11, to model the thermal response of the DCS.  The 
model’s geometry and mesh were created and built using Gambit version 2.4.  CFD guidelines 
in NUREG-2152, “Computational Fluid Dynamics Best Practice Guidelines for Dry Cask 
Applications,” issued March 2013 [13], were followed to create the DCS thermal model.  
Description of boundary conditions and model input is described in Chapter 2. 

Figure 1-10 illustrates a cross section of the aboveground and underground case models.  Both 
models used 1/4th symmetry BCs to reduce the computational effort.  These models did not 
include the inside of the CYBL facility.  Convective and radiative heat BCs were applied at the 
external walls of the DCS for the aboveground and underground configurations, as shown in 
Figure 1-10.  A quiescent environment was assumed for the surroundings to model the domain 
outside these two configurations shown in Figure 1-10.   
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Figure 1-10 CFD Models for the Aboveground and Underground Configurations 

 To model the wind effects for the underground case, a half symmetry model was used to 
properly account for the existing BCs, as shown in Figure 1-11.  In this case, the CYBL facility 
was part of the model, due to the wind supply outside the underground DCS configuration.  The 
model specified the environment outside of CYBL as a quiescent medium.  Convection and 
radiation BCs were used on the outer CYBL facility walls.  Chapter 2 further discusses the 
details on building the CFD model.  

Figure 1-11 CFD Model for the Underground Configuration with Crosswind Conditions 
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1.4  Uncertainty Quantification 

ASME V&V 20-2009 [2] established steps to assess the degree of accuracy of computational 
simulations.  The accuracy of the method is obtained by comparing the experiment and the 
simulation of a local or global variable.  From the validation process provided in ASME V&V 
20-2009, the criteria for a CFD-grade experiment can be established, as also discussed in 
ASME V&V 20-2009.  A CFD-grade experiment should be able to validate CFD model with a 
minimization of the validation uncertainty on some selected figures of merit variable.  As Interim 
Staff Guidance (ISG)-11, “Cladding Considerations for the Transportation and Storage of Spent 
Fuel,” issued November 2003 [12], used PCT as a criterion to assess the safety of a dry cask, 
this report also uses it 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 derivations, and text below are taken from ASME V&V 20-2009 [2], 
NUREG/CR-7260 [7], and Bestion et al., “Requirement for CFD-Grade Experiments for Nuclear 
Reactor Thermal-Hydraulics,” issued in 2019 [3]. 
As found in NUREG/CR-7260, “CFD Validation of Dry Cask Storage Systems,” issued May 
2019 [7]: 

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 errors in the solution and experiment are: 

δS = S − T 

δD = D − T 

Then E can be written as: 
E = (S − T) − (D − T) = δS - δD 

The simulation error 𝛿𝛿𝑆𝑆 consists of three categories including the modeling error  𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 
due to physical modeling input, with approximations and assumptions; the numerical 
solution error  𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛 stemming from the numerical algorithm and the discrete mesh used 
to solve the partial differential equations; and the input data errors 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 resulting from 
the simulation input parameters (e.g., initial conditions, BCs, properties).  E is thus the 
overall result of all the errors coming from the experimental data and the simulation. 

E =  δmodel + δinput +  δnum − δD 

The unknown error 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  produced by the modeling is isolated: 

δmodel = E − ( δinput +  δnum − δD) 

The corresponding standard uncertainties for the input, numerical, and experimental 
errors are uinput, unum and uD. 

The validation standard deviation of the combination error δinput +  δnum − δD is denoted 
as 𝑢𝑢𝑣𝑣𝑣𝑣𝑣𝑣 and if the three errors are mutually independent then: 

uval = �uinput2 + unum2 + uD2  

δmodel = E ± uval     

If also 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is considered independent, then: 
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uE = �umodel2 + uinput2 + unum2 + uD2  

The ASME standard gives solutions to evaluate every term of the comparison error (E) 
and the validation uncertainty (𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯).  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 
usimulation and the experimental uncertainty uD.  The simulation uncertainty consists of 
the numerical simulation uncertainty unum and the input uncertainty uinput.  However, 
there is no established method to estimate the physical modelling uncertainty umodel. 

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 grid convergence index (GCI) method based on the Richardson 
extrapolation method.  The standard indicates how to use the E and 𝒖𝒖𝒗𝒗𝒗𝒗𝒗𝒗.  These 
quantities give the accuracy of the model used through: 

umodel = �uE2 − uval2  

From these equations, the following criteria can be concluded: 

• If |𝐄𝐄 |>> 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯, 𝐮𝐮𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 ≅ 𝐮𝐮𝐄𝐄, then 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯 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 useful and precise 
information on the quality of the physical model.  Consequently, the model can 
be improved or calibrated using the data from the experiment to achieve less 
uncertainty for the result.   

• If |𝐄𝐄| < 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯, the larger validation uncertainty implies that the model accuracy 
cannot be improved if the combination δinput, δnum and  δD cannot be reduced.  
In this case, the standard indicates that this does not prove that the model is of 
good or bad quality, but this kind of experiment will not be useful in improving the 
model. 

• If |𝐄𝐄| = 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯, 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. 

• If model uncertainty 𝐮𝐮𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦  is known or expected, sensitivity analyses on 
sensitive modeling parameters can investigate the impact this model uncertainty 
can have on target variables such as PCT and 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯. 

– If 𝐮𝐮𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 < 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯, the experiment is not very informative. 

– If 𝐮𝐮𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 > 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯, the experiment can show whether the expected model 
uncertainty is reached. 

A CFD-grade experiment is one that can be used to validate the physical model.  This 
means that the experiment provides a relatively low uncertainty of validation 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯 and 
allows a good determination of the model uncertainty 𝐮𝐮𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦.  Therefore, an experiment 
that minimizes both 𝛅𝛅𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 and 𝛅𝛅𝐃𝐃 also minimizes 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯 and provides more information on 
the accuracy of the model.  A CFD-grade experiment should provide the lowest values of 
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δinput  and δD (i.e., low 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯).  In parallel, the CFD user or specialist should strive to 
minimize the numerical error 𝐮𝐮𝐧𝐧𝐧𝐧𝐧𝐧 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 
whether the dry cask is safe in the situation for which it is designed.  Very often, and due 
to the lack of geometrical details inside the cask, as in the case of fluid gaps as 
described in the cask demonstration [7], it is much more difficult to know all necessary 
boundary and initial conditions and flow field variables in the region of interest with low 
uncertainty or high confidence.  As a result, 𝐮𝐮𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 may be large.  Such experiments 
should at least provide enough 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 PCTs.  In turn, this accuracy prediction can 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 as PCT, air mass 
flow rate, or other variables.  Thus, 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 𝛅𝛅𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢, 𝛅𝛅𝐧𝐧𝐧𝐧𝐧𝐧, and 𝛅𝛅𝐃𝐃.  As such, the 
minimization of these sources of error remains the objective of the V&V and UQ 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 in the dry cask application, as shown in NUREG-2152 [13].  Code users and 
safety analysts can then reveal the goal of the experiment, in terms of model validation.  
Among these modeling goals that can be targeted and investigated are the type of 
turbulence model that governs the flow field, state laws for the fluid of interest, or porous 
media parameters if a porous media model is used.  A list of modeling challenges, 
including BCs for dry cask applications, appears in NUREG-2152 and NUREG-2208, 
“Validation of Computational Fluid Dynamics Methods Using Prototypic Light Water 
Reactor Spent Fuel Assembly Thermal-Hydraulic Data,” issued March 2017 [15].  In this 
important initial step, CFD code users can perform pre-calculations to help define the 
mockup in terms of geometrical design, range of flow variables, choice of BCs, and 
scaling analyses.  This collaboration can also be used to define the plan of the 
experiment.  As such, a 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 in selecting where initial and BCs must be known.  
A CFD-grade experiment should specify the BCs, 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: 
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• 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. 

• If 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 ∆T between the air inlet and outlet should 
not exceed a given value. 

• 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 requested licenses for cask designs close to 50 kW or 
higher.  The analyses accompanying these applications presented CFD thermal analysis cases 
with PCT very close to the ISG-11 allowable limit of 400 degrees C, with margins as small as  
10–20 degrees C (18–36 degrees Fahrenheit (F)).  As such, in this validation exercise, the 
calculated validation uncertainty 𝐮𝐮𝐯𝐯𝐯𝐯𝐯𝐯 will be compared to these margins to determine whether 
the experiment can be classified as CFD grade.
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2   COMPUTATIONAL FLUID DYNAMICS MODEL 

This section summarizes the different model choices, solver settings, and thermophysical 
properties used in the DCS analysis. 

2.1  Models, Solver Settings, and Boundary Conditions 

In accordance with CFD best practice guidelines [13], hex mesh was used throughout all the 
control volume regions.  In the air flow region, a y+ close to unity was used to appropriately use 
the low Reynolds k-ε turbulence model.  The low Reynolds k-ε turbulence model does not use 
wall functions to bridge the turbulence model to the wall’s BC of turbulent kinetic energy and its 
dissipation as is done in the standard k-ε turbulence model.  The conservation equations for k 
and ε are integrated all the way to the wall, using finer meshing close to the wall.  CFD best 
practice guidelines [13] were used for the expansion ratio for successive volume meshing and 
mesh skewness. 

The BCs and model’s inputs in the CFD model were representative of those present during the 
experiment.  Porous media was used to model the inlet flow honeycomb straighteners at the 
inlet duct.  Equivalent frictional and inertial losses in the porous model were calculated using 
existing flow area contractions and expansions.  The outer surfaces bounding the control 
volume were allowed to interact with the surroundings ambient using both convection and 
radiation heat transfer.  A natural or turbulent heat transfer correlation was used to obtain the 
heat transfer coefficient at these external surfaces, depending on the flow regime.  The heat 
transfer correlations used at external walls were implemented through a subroutine linked to the 
main ANSYS Fluent program.  

Helium gas inside the pressure vessel was assumed to be laminar, while the external air region 
was assumed to behave according to the low Reynolds k-ε turbulence model, using a full 
buoyancy effect.  Calculations of Rayleigh and Reynolds numbers for helium flow inside the 
pressure vessel showed that the flow regime is in the laminar regime.  However, Rayleigh and 
Reynolds numbers estimated that the air flow outside the pressure vessel is in the transitional 
regime.  Helium and air were modeled using the ideal gas law.  Both transient and steady 
solutions were performed in this work.  The model used temperature-dependent thermophysical 
properties for solid materials and fluids.  Material properties, including density, thermal 
conductivity, weight, specific heat, and emissivity, came from SAND2017-13058R, “Materials 
and Dimensional Reference Handbook for the Boiling Water Reactor Dry Cask Simulator,” 
issued November 2017 [9]. 

The turbulence model for the air flow channel did not use any wall function models.  All the 
conservation equations were integrated all the way to the wall and used second-order upwind 
discretization.  Radiation heat transfer was modeled using the discrete ordinates model with 
second order upwind discretization.  A pressure solver using the Semi-Implicit Method for 
Pressure-Linked Equations (SIMPLE) linked the conservation of momentum equation to the 
continuity equation.  The least square cell-based method was used for gradient discretization.  
Body force weighted was used for pressure interpolation.  The grid was refined until a 
grid-independent solution was obtained to minimize the discretization error.  

The air inlet and outlet vents were modeled using pressure inlet and outlet BCs consecutively.  
A zero value for the static relative pressure was used at the inlet and outlet vents.  The 
operating density was evaluated at the inlet pressure and temperature conditions, 
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corresponding to the ambient.  The vents characterization was obtained using CFD best 
practice guidelines [13].  

Table 2-1 shows the solver settings used in ANSYS Fluent. 

Table 2-1 CFD Solver Settings 

CFD Solver Settings: Input Value: 
Solver Code ANSYS Fluent v18.0 
Solver Type Pressure Based 
Viscous Laminar (inside canister), Turbulent (air flow) 
Turbulent Low-Reynolds k-ε Model 
Radiation Discrete Ordinates, Gray Model 
Pressure-Velocity Coupling Scheme SIMPLE 
Time Discretization Steady State, Transient (second order) 
Spatial Discretization: 
Gradient Green-Gauss Node Based 
Pressure Second Order Upwind 
Momentum Second Order Upwind 
Energy Second Order Upwind 
Discrete Ordinates Second Order Upwind 

Table 2-2 summarizes the BCs for all configurations. 

Table 2-2 BCs for Each Configuration 

Aboveground/Underground DCS 
BCs 

Wind Case BCs 

Inlet vent Pressure inlet N/A 
Outlet vent Pressure outlet N/A 
DCS outer walls Convection + Radiation N/A 
CYBL surrounding walls N/A Convection + radiation 
CYBL top wall N/A Pressure boundary 
Wind machine N/A Velocity inlet 
Surrounding environment Inside CYBL ambient air Outside CYBL ambient air 

Table 2-3 gives the settings for the Discrete Ordinates radiation model.  Sensitivity runs for 
higher radiation parameter values than in Table 2-3 showed almost unchanged results for the 
temperature values.  The difference in the result was minimal—less than the iterative 
convergence uncertainty as discussed in Section 3.1 of this report.  As such, the input 
uncertainty analysis did not include the UQ for DO radiation parameters.  The ANSYS Fluent 
User’s Guide, issued January 2017 [1], includes detailed information about the Discrete 
Ordinates radiation model.  
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Table 2-3 Radiation Model Settings 

DOs, Gray Model Inputs: Input Value: 
Theta Divisions 4 
Phi Divisions 4 
Theta Pixels 4 
Phi Pixels 4 
Energy Iterations per Radiation Iteration 10 

NUREG-2208 [15] validated the use of porous media and showed that such an approach gave 
comparable results to the explicit model, which included fuel rods and grid spacers.  
Furthermore, SAND2019-6079R, “Modeling Validation Exercises Using the Dry Cask 
Simulator,” issued May 2019 [10], confirms that the porous media representation compares very 
favorably with the aboveground DCS experimental data in NUREG/CR-7250 [6].  
SAND2019-6079R [10] stated that NRC porous model offered results that best fit overall to the 
experimental data when compared with other models including CFD models that used explicit 
fuel representation.  Furthermore, in the CFD models submitted to the NRC for review, all dry 
cask applicants currently favor the use of the porous media representations of the fuel 
assemblies, as it simplifies the configuration and saves on processing time.   

The use of the porous media model for fuel rods requires the representation of these fuel rods 
with an equivalent frictional and inertial hydraulic loss.  An equivalent thermal conductivity 
representing both radiation and conduction inside the assembly, along with an equivalent 
density and specific heat capacity, were used to represent the fuel assemblies in the model.   

The combination of radiation and conduction heat transfer within the assembly is represented by 
an effective thermal conductivity (keff).  To determine the appropriate keff for the porous media 
model, a two-dimensional CFD model representing the detailed cross section of an assembly, 
explicitly showing fuel and water rods, was used to obtain keff for different temperature BCs.  
Radial and axial components of the effective conductivity were calculated as shown in TRW 
Environmental Safety Systems, Inc., “Spent Nuclear Fuel Effective Thermal Conductivity,” dated 
July 11, 1996 [11], and used as input for the porous media model as a function of temperature.   

2.2  Porous Media Radial and Axial Thermal Conductivity 

The TRW report [11] describes the keff approach in detail.  In NUREG-2208 [15], calculations in 
the TRW report were confirmed with the developed model using CFD ANSYS Fluent, which was 
then used to obtain the keff for the BWR 9x9 assembly.  Table 2-4 through Table 2-11 
summarize the input values for the BWR fully populated and partially populated sections for the 
radial and axial component of the effective conductivity used in this study.  The radial keff values 
for both helium and air were evaluated.  Helium was used when the pressure vessel was 
pressurized between 100 to 800 kPa and air was introduced to the pressure vessel for the sub-
atmospheric (i.e. 0.3 kPa) pressure cases through leakage paths.  

While the canister was filled with helium during the sub-atmospheric pressure scenario, air was 
prevalent; thus, this scenario used the effective thermal conductivity for air.  Another important 
aspect was the emissivity as a function of height throughout the fuel assembly, which played an 
important role in calculating the effective thermal conductivity.  SAND2017-13058R [9] includes 
the measured wall emissivity values.  The final effective thermal conductivity was implemented 
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to the CFD thermal model through a subroutine that was linked with the main ANSYS Fluent 
program as a function of temperature and height.  The subroutine consisted of an interpolation 
routine for keff using channel wall emissivity and temperature as shown in Table 2-4 through 
Table 2-11. 

Table 2-4 BWR Fully Populated Cladding Region Porous Model—Radial keff (helium) 

Emissivity Temperature (Kelvin) keff (W/m*K) 

0.2 

291 0.4484 
410 0.6318 
516 0.8373 
625 1.0916 
750 1.4183 

0.6 

290 0.4633 
409 0.6725 
514 0.9184 
621 1.2373 
740 1.6652 

 

Table 2-5 BWR Fully Populated Cladding Region Porous Model—Axial keff (helium) 

Temperature (Kelvin) keff (W/m*K) 
273 2.0846 
400 2.4077 
600 2.8906 
800 3.3538 

1000 3.8058 
1100 4.0296 

 

Table 2-6 BWR Partially Populated Cladding Region Porous Model—Radial keff 
(helium) 

Temperature (Kelvin) keff (W/m*K) 
285 0.4427 
400 0.6641 
500 0.9297 
600 1.2780 
700 1.7411 
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Table 2-7 BWR Partially Populated Cladding Region Porous Model—Axial keff (helium) 

Temperature (Kelvin) keff (W/m*K) 
273 1.8833 
400 2.1775 
600 2.6166 
800 3.0375 

1000 3.4482 
1100 3.6515 

Table 2-8 BWR Fully Populated Cladding Region Porous Model—Radial keff (air) 

Emissivity Temperature (Kelvin) keff (W/m*K) 

0.2 

290 0.1152 
412 0.2048 
545 0.3486 
662 0.5180 
805 0.7779 

0.6 

286 0.1307 
402 0.2555 
529 0.4804 
637 0.7554 
761 1.1660 

 

Table 2-9 BWR Fully Populated Cladding Region Porous Model—Axial keff (air) 

Temperature (Kelvin) keff (W/m*K) 
273 2.01 
400 2.3141 
600 2.7668 
800 3.2027 

1000 3.6312 
1100 3.8419 

 

Table 2-10 BWR Partially Populated Cladding Region Porous Model—Radial keff (air) 

Temperature (Kelvin) keff (W/m*K) 
160 0.1109 
375 0.2892 
500 0.5067 
600 0.7684 
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Table 2-11 BWR Partially Populated Cladding Region Porous Model—Axial keff (air) 

Temperature (Kelvin) keff (W/m*K) 
273 1.8051 
400 2.0773 
600 2.4841 
800 2.8759 

1000 3.2609 
1100 3.4506 

2.3  Porous Media Equivalent Density, Specific Heat, and Frictional Coefficients 

Porous media equivalent density and heat capacity based on the area ratio as a function of 
temperature was calculated.  Table 2-12 through Table 2-14 show the corresponding values.  
NUREG-2208 [15] includes further details on how to calculate these values. 

Table 2-12 Fuel Region Porous Media Equivalent Density for Helium and Air 

Assembly Type Porous Media Equivalent 
Density with Helium 

 (kg/m3) 

Porous Media Equivalent 
Density with Air 
  (kg/m3) for sub-

atmospheric  
(i.e. 0.3 kPa) cases 

Fully Populated Region 1795 1795 
Partially Populated Region 1609 1610 

Table 2-13 Fuel Region Porous Media Equivalent Specific Heat Capacity for Helium 
and Air for the Fully Populated Region 

Temperature (K) Porous Media Equivalent 
Heat Capacity for Helium 

(J/kg*K) 

Porous Media Equivalent 
Heat Capacity for Air 

 (J/kg*K)   
for sub-atmospheric  
(i.e. 0.3 kPa) cases 

200 635 635 
400 716 716 
600 780 780 
800 818 843 

1000 851 862 
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Table 2-14 Fuel Region Porous Media Equivalent Specific Heat Capacity for Helium and 
Air for the Partially Populated Region 

Temperature (K) Porous Media Equivalent 
Heat Capacity for Helium 

 (J/kg*K) 

Porous Media Equivalent 
Heat Capacity for Air 

 (J/kg*K)   
for sub-atmospheric  
(i.e. 0.3 kPa) cases 

200 634 633 
400 714 714 
600 778 778 
800 816 840 

1000 849 860 

The assembly fuel rod region porous media equivalent frictional and inertial hydraulic losses 
were based on the previous analysis documented in NUREG-2208 [15].  To accomplish this, a 
comparison of a dry cask thermal response of a detailed explicit assembly to a porous media 
assembly was performed.  The final friction coefficient, D value with units of (1/m2), was 
obtained by comparing the mass flow rate of both the detailed and porous media assemblies.  
The D value is an input to porous media friction in the ANSYS Fluent software.  The shear 
stress method [15] was used to calculate the porous media friction coefficient (D).  This 
coefficient will be a function of both the pressure and the power (decay heat) existing in the 
assembly.  NUREG-2152 [13] and NUREG-2208 [15] contain a detailed explanation for the D 
value.  Table 2-15 summarizes the values used for this study. 

Table 2-15 Fuel Region Porous Media Friction Coefficients 

Power (kW) Pressure (kPa) Fully Populated Region 
(1/m2) 

Partially Populated Region 
(1/m2) 

5 800 547,621 220,420 
2.5 800 549,788 223,614 
1 800 553,702 224,276 

0.5 800 548,373 220,820 
5 450 521,189 208,967 

2.5 450 531,401 212,937 
1 450 535,105 213,951 

0.5 450 531,894 205,897 
5 100 440,019 185,496 

2.5 100 451,461 188,543 
1 100 458,445 190,401 

0.5 100 455,873 189,644 
1 0.3 397,371 174,218 

0.5 0.3 397,737 174,377 

Figure 1.4 and Figure 1.5 show where the honeycomb mesh was used in the DCS experiment 
to obtain uniform flow before hotwire measurements for both the aboveground and underground 
configurations.  As the mesh was not explicitly modeled, the frictional and inertial pressure loss 
of the air flow through the inlet vents (entering, going through, and exiting the honeycomb 
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straighteners) were calculated.  The calculated frictional and inertial flow resistance were used 
to define a porous media to model the presence of the honeycomb screen.  An equivalent 
frictional D value of 2.7×106 m-2 was obtained.  NUREG-2152 [13] and NUREG-2208 [15] 
explain the D value in detail. 
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3   UNCERTAINTY QUANTIFICATION 

Uncertainty quantification for the CFD models was obtained using ASME V&V 20-2009 [2] for 
the target variables of interest:  PCT and air mass flow rate.  Sources of uncertainty examined in 
the analysis include simulation input, numerical errors (i.e., iterative, discretization, and round-
off), and experimental errors.  ASME V&V 20-2009 explains the method used in this calculation 
in detail.  NUREG/CR-7260 [7] undertakes similar work, which this report followed very closely. 

UQ for PCT and air mass flow rate was performed for a total of 16 cases (i.e., 8 for 
aboveground and 8 for underground).  These cases include (800 kPa, 5.0 kW), (800 kPa, 
0.5 kW), (450 kPa, 2.5 kW), (100 kPa, 5.0 kW), (100 kPa, 2.5 kW), (100 kPa, 0.5 kW), (0.3 kPa, 
1.0 kW), and (0.3 kPa, 0.5 kW) for both aboveground and underground configurations as 
illustrated in Table 4-1 thru Table 4-6.  This chapter illustrates the UQ for the (800 kPa, 5.0 kW) 
aboveground case.  The results sections and Appendix A include the UQ for the other cases.  

As found in NUREG/CR-7260, “CFD Validation of Dry Cask Storage Systems,” issued May 
2019 [7]: 

3.1  Numerical Uncertainty 

Numerical uncertainty has three major sources:  computer round-off error, iterative 
convergence uncertainty, and discretization uncertainty.  Discretization uncertainty can 
be spatial or temporal but because this simulation is steady state, temporal uncertainty is 
not of concern.  Because computer round-off error is extremely small compared to other 
sources, it is not considered here. 

3.1.1  Iterative Uncertainty 

It is generally known among CFD practitioners that CFD models need to run until they 
are properly converged.  A solution is converged when residuals and target variable 
monitors no longer vary with additional iterations.  However, some solutions are stable 
and converge better and more easily than others, depending on the physics and the 
solver settings chosen.  Some solutions converge as they are supposed to and change 
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 the last 2,000 to 3,000 iterations to determine the range of values 
over which the output changes.  This range represents the iterative convergence 
uncertainty of a solution. 

The PCT values for the baseline solution were recorded in each case for 2,000 iterations.  
Figure 3-1 represents the PCT iteration error, and Figure 3-2 shows the air inlet mass flow rate 
iteration error.  The average PCT value was found to be 659.77 ± 0.008 kelvin (K) (728 ± 
0.0144 degrees F) within a 95-percent confidence level, or within two standard deviations of the 
average value.  The average air inlet mass flow rate was found to be 0.01525 ± 1.5036×10-7 
kilograms/second (kg/s) (0.03355 ± 3.3079×10-7 pounds/second (lb/s)) within a 95-percent 
confidence level, or within two standard deviations of the average value. 
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Figure 3-1 Iterative Convergence of PCT for the (800 kPa, 5 kW) Aboveground Case 

 

 
Figure 3-2 Iterative Convergence of ṁair for the (800 kPa, 5 kW) Aboveground Case 
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The distribution of values gathered during the iterative convergence testing was plotted against 
a normal distribution to determine whether two standard deviations can safely be used as the 
95-percent confidence level for the iterative convergence uncertainty.  The data closely follow a 
normal distribution, as shown in Figure 3-3 and Figure 3-4, so this is a valid assumption. 
 

 
Figure 3-3 Normal Distribution and PCT Iterative Convergence for the (800 kPa, 5 kW) 

Aboveground Case 

 
Figure 3-4 Normal Distribution and ṁair Iterative Convergence Comparison for the (800 

kPa, 5 kW) Aboveground Case 

The iterative uncertainties of ±0.008 K (±0.0144 degrees F) and 1.5036x10-7 kg/s (± 3.3079x10-7 

lb/s) are very small compared to the temperature and air mass flow rate ranges of interest, as 
well as other sources of error in this analysis. 
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3.1.2  Discretization Uncertainty 

The GCI, as outlined in ASME V&V 20-2009 [2], recommends using at least three grids 
to determine the uncertainty of a solution with respect to the mesh.  This case uses a 
fine, a medium, and a coarse mesh, where each level of refinement is accomplished by 
doubling the mesh resolution (Table 3-1).  

Table 3-1 GCI Mesh Sizes 

Mesh # GCI Mesh Size Three-Dimensional Cells 
1 Fine 823,280 
2 Medium 353,598 
3 Coarse 160,108 

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

𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  
𝐹𝐹𝑠𝑠 ∗  |𝜑𝜑2 − 𝜑𝜑1|

𝑟𝑟21
𝑝𝑝 − 1

Where ɸ is the solution result, and 1, 2, and 3 represent the fine, medium, and coarse 
meshes respectively.  Fs is an empirically derived factor of safety, which is 1.25 for an 
asymptotically converging set of three or more meshes.  r21 is the refinement ratio of fine 
mesh cells to medium mesh cells, r32 is the refinement ratio of medium mesh cells to 
coarse mesh cells.  The order of accuracy “p” can be calculated as follows: 

𝑝𝑝 =  
ln �𝜑𝜑3 − 𝜑𝜑2

𝜑𝜑2 − 𝜑𝜑1
� + 𝑞𝑞(𝑝𝑝)

ln(𝑟𝑟21)

Where q(p) is defined as: 

𝑞𝑞(𝑝𝑝) = 𝑙𝑙𝑙𝑙 
𝑟𝑟21
𝑝𝑝 − 𝑠𝑠
𝑟𝑟32
𝑝𝑝 − 𝑠𝑠

And s is defined as: 

𝑠𝑠 = 1 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜑𝜑3 − 𝜑𝜑2
𝜑𝜑2 − 𝜑𝜑1

Because the medium mesh is used for all evaluations outside of the grid refinement 
study, it is also useful to calculate the GCI of the medium mesh, as follows: 

𝐺𝐺𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝑟𝑟21
𝑝𝑝  

Calculating the GCI using this Richardson Extrapolation method only works when the 
successive refinement results in a solution that asymptotically converges towards a fixed 
value at a cell size of zero. 
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To achieve a meaningful GCI, ASME V&V 20-2009 [2] highly recommends using a 
systematic grid refinement (i.e., constant refinement ratio throughout the computational 
volume), geometrically similar cells in each refinement level, and structured cells where 
possible.  This was a challenge, as it is for many problems.  A grid refinement ratio 
higher than 1.3 was used as recommended by ASME V&V 20-2009.  A systematic grid 
refinement was achieved for a majority of the refinements but not for all.  Additionally, to 
apply the GCI method, the grid refinement should be in the asymptotic region.  It should 
also be noted that the calculated value of order of accuracy p should not be significantly 
different than the formal value of p (i.e., the order of the method).  If any of these 
conditions are not met, an Fs of 3 should be used. 

If either asymptotic behavior did not demonstrate asymptotic convergence with the three 
meshes used, particularly in areas of strong temperature gradients, ASME V&V 20-2009 
[2] suggests that four or more mesh resolutions should be used to convincingly 
demonstrate asymptotic response in difficult problems.  However, the computational 
resources necessary to perform another refinement of mesh resolution were prohibitive. 

At measurement locations that did not obey asymptotic convergence, 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 = 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.   

For the PCT and air mass flow rate that obey asymptotic convergence, the three-mesh method 
was used to determine the discretization uncertainty.  At locations where grid refinement did not 
obey asymptotic convergence, the two-mesh method was used. 

Table 3-2 and Table 3-3 illustrate the GCI calculations for the PCT and air mass flow rate for the 
aboveground (800 kPa, 5 kW) case.  In this case Fs equal to 3 was used, as the calculated 
order of accuracy p was different than the formal order of accuracy. 

Table 3-2 GCI Values for PCT for the (800 kPa, 5 kW) Aboveground Case 

GCI for PCT: Three Mesh GCI Two Mesh GCI 
Refinement Ratio, r21 1.33 
Refinement Ratio, r32 1.3 
Factor of Safety, Fs 3 
Coarse Mesh 659 K (726.5 °F) 
Medium Mesh 659.8 K (728 °F) 
Fine Mesh 659.9 K (728.2 °F) 
Order of Convergence, p  6.19 1 
GCI 0.6 K (1 °F) 1.8 K (3.3 °F) 
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Table 3-3 GCI Values for ṁair for the (800 kPa, 5 kW) Aboveground Case 

GCI for air mass flow rate: 3-Mesh GCI 2-Mesh GCI
Refinement Ratio, r21 1.33 
Refinement Ratio, r32 1.3 
Factor of Safety, Fs 3 
Coarse Mesh 1.52x10-2 kg/s (3.34x10-2 lb/s) 
Medium Mesh 1.53x10-2 kg/s (3.35x10-2 lb/s) 
Fine Mesh 1.53x10-2 kg/s (3.36x10-2 lb/s) 
Order of Convergence, p 2.5 1 
GCI 1.44x10-4 kg/s 

(3.16x10-4 lb/s) 
2.93x10-4 kg/s  

(6.45x10-4 lb/s) 

3.1.3  Overall Numerical Uncertainty on Peak Cladding Temperature and Air Mass Flow 
Rate 

Table 3-4 presents the overall numerical uncertainty from all sources for the (800 kPa, 5 kW) 
aboveground scenario.  When computing the total numerical uncertainty, it is not sufficient to 
use the root mean square addition of iterative convergence error and discretization error, 
because the two errors are correlated [2].  Instead, they must be combined using simple 
addition.  Appendix A to this report tabulates the results for other scenarios. 

Table 3-4 Overall Numerical Uncertainty for PCT and ṁair for the (800 kPa, 5 kW) 
Aboveground Case 

PCT Air inlet mass flow rate (ṁair) 
Computer Round-off ± 0.0 K (± 0.0°F) 0 kg/s (± 0 lb/s) 
Iterative Convergence ± 0.008 K (± 0.014°F) 1.50x10-7 kg/s (± 3.31x10-7 lb/s) 
Discretization (GCI) ± 1.8 K (± 3.3°F) 2.93x10-4 kg/s (± 6.45x10-4 lb/s) 
Numerical Uncertainty ± 1.8 K (± 3.3°F) 2.93x10-4 kg/s (± 6.46x10-4 lb/s) 

3.2  Input Uncertainty 

The input uncertainty method used was the finite difference method (also variously 
called the 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: 
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𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2 =  ��
𝜕𝜕𝜕𝜕
𝜕𝜕𝑋𝑋𝑖𝑖

𝑢𝑢𝑋𝑋𝑖𝑖�
2𝑛𝑛

𝑖𝑖=1

Where: 

𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = Total input uncertainty 
𝑆𝑆 = Simulation result 
𝑢𝑢𝑋𝑋𝑖𝑖 = Corresponding standard uncertainty in input parameter 𝑋𝑋𝑖𝑖 
𝑋𝑋𝑖𝑖 = Input parameter 
𝑛𝑛 = Number of inputs in the sensitivity study 
∂S/∂Xi = 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.   

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 (e.g., Monte Carlo, 
Latin Hypercube), 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.  Table 3-5 and Table 3-6 provide the range for each parameter and the 
total input uncertainty for the PCT and air mass flow rate, respectively.  

Twelve input variables were used to quantify the uncertainty for the PCT and inlet air mass flow 
rate.  The geometry in this validation was well described and controlled, as such fluid gaps were 
not among the input variables to quantify the uncertainty.  This simulation has a large number of 
inputs, so several other variables could also have been evaluated, but the uncertainty in these 
input values was deemed to be of minor importance to the overall simulation uncertainty.  Table 
3-5 and Table 3-6 list the input variables that were evaluated, along with their associated
contribution to the uncertainty on PCT and air mass flow rate, respectively.

The input variables were assumed to be uncorrelated, so the total input uncertainty was 
calculated as the root mean square of all the individual input uncertainties in each column.  
Table 3-5 and Table 3-6 describe each input variable, its baseline value, and its associated 
uncertainty for the PCT and air mass flow rate, respectively.  
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Table 3-5 Input Uncertainty of PCT for the (800 kPa, 5 kW) Aboveground Case 

Table 3-6 Input Uncertainty of ṁair for the (800 kPa, 5 kW) Aboveground Case 

Input
Parameters Units:

Baseline 
Input Value:

Uncertainty 
of Input:

Lower PCT 
Output (K):

Upper PCT 
Output (K):

Uncertainty of 
PCT ± (K)

External Heat                      
Transfer Coefficient % h h 0.3 660.2 659.4 0.4

Ambient Temperature (K) 300 3 657.8 661.7 2.0
Kaowool Emissivity (-) 0.9 0.1 660.1 659.8 0.2

Carbon Steel                    
Emissivity (-) 0.67 0.07 666.9 653.2 6.9

Zirc Emissivity  % ε-zirc  ε-zirc 0.20 662.4 657.6 2.4
Fuel Bundle                           

Porous Resistance % D-fuel D-fuel 0.1 658.1 661.0 1.5
Fuel Radial                          

Thermal Conductivity % K-eff-rad K-eff-rad 0.1 666.1 654.4 5.8
Fuel Axial

Thermal Conductivity % K-eff-ax K-eff-ax 0.20 660.0 659.6 0.2
Helium Pressure Pa 800,000 1000 659.8 659.7 0.0

Ambient Pressure Pa 84,000 110 659.8 659.7 0.1
Total Decay Heat Watts 5000 75 656.3 663.2 3.5

Honeycomb Porous          
Resistance % D-H D-H 0.100 659.5 660.0 0.3

Total Input Uncertainty (K): 10.2

Input
Parameters Units:

Baseline 
Input Value:

Uncertainty 
of Input:

Lower ṁair  
(kg/sec)

Upper ṁair 
(kg/sec)

Uncertainty of ṁair     
± (kg/sec)

External Heat                      
Transfer Coefficient % h h 0.3 1.53x10-2 1.52x10-2 4.45x10-5

Ambient Temperature (K) 300 3 1.55x10-2 1.50x10-2 2.52x10-4

Kaowool Emissivity (-) 0.9 0.1 1.53x10-2 1.52x10-2 2.25x10-5

Carbon Steel                    
Emissivity (-) 0.67 0.07 1.53x10-2 1.52x10-2 8.00x10-5

Zirc Emissivity  % ε-zirc  ε-zirc 0.20 1.52x10-2 1.53x10-2 3.20x10-5

Fuel Bundle                           
Porous Resistance % D-fuel D-fuel 0.1 1.52x10-2 1.53x10-2 3.10x10-5

Fuel Radial                          
Thermal Conductivity % K-eff-rad K-eff-rad 0.1 1.52x10-2 1.52x10-2 3.65x10-5

Fuel Axial
Thermal Conductivity % K-eff-ax K-eff-ax 0.20 1.52x10-2 1.52x10-2 1.00x10-6

Helium Pressure Pa 800,000 1000 1.52x10-2 1.52x10-2 1.00x10-6

Ambient Pressure Pa 84,000 110 1.52x10-2 1.53x10-2 1.65x10-5

Total Decay Heat Watts 5000 75 1.51x10-2 1.53x10-2 9.85x10-5

Honeycomb Porous          
Resistance % D-H D-H 0.100 1.57x10-2 1.48x10-2 4.31x10-4

Total Input Uncertainty (kg/sec): 5.21x10-4
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3.3  Simulation Uncertainty Quantification 

The total simulation uncertainty is a combination of the numerical uncertainty and the input 
uncertainty, presented in Table 3-7.  These calculations of simulation uncertainty were repeated 
for all the cases for PCT and air mass flow rate.  These simulation uncertainties are the basis 
for the errors calculated on the baseline simulation result, which are compared to experimental 
results with associated experimental uncertainties. 

Table 3-7 Simulation Uncertainty for PCT and ṁair for the (800 kPa, 5 kW) Aboveground 
Case 

PCT 𝑚̇𝑚air 
Numerical Uncertainty ± 1.5 K (2.7 °F) ±2.93x10-4 kg/s (6.45x10-4 lb/s) 

Input Uncertainty ±10.3 K (18.4 °F) ±5.21x10-4 kg/s (11.46x10-4 lb/s) 
Simulation Uncertainty  ±10.4 K (18.7 °F) ±1.2x10-3 kg/s (2.63x10-3 lb/s) 

3.4  Experimental Uncertainty 

The uncertainty and error inherent in an experimental result are critical for accurately 
interpreting the data.  Therefore, this section provides estimates of the uncertainties in the 
experimental measurements.  The general description of the method used and an explanation 
of the source of each reported measurement uncertainty are described NUREG/CR-7250 [6]. 
As described in NUREG/CR-7250 [6]: 

The overall standard uncertainty of an indirect measurement y, dependent on N indirect 
measurements xi, is defined below.  The standard uncertainty associated with an indirect 
measurement is analogous to the standard deviation of a statistical population. 

∑
=









∂
∂

=
N

i
i

i

u
x
yu

1

2
2

Here, u is used to define the standard uncertainty of a measurement.  The expanded 
uncertainty, U, is reported in NUREG/CR-7250 [6] and defines the bounds that include 
95 percent of the possible data.  The expanded uncertainty is assumed to be defined as 
the product of the standard uncertainty and the Student’s t-value.  All uncertainty 
measurements are assumed to be based on a Student’s t-distribution with no fewer than 
30 measurements.  The associated t-value for 95-percent intervals is 2.0 for 29 degrees 
of freedom.  Therefore, the equation below shows the definition of the expanded 
uncertainty as used in the following sections for a 95-percent confidence interval. 

U = t-value u 

Table 3-8 summarizes the expanded uncertainty for each measurement used in this report.  
NUREG/CR-7250 [6] includes further details. 
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Table 3-8 Summary of the Expanded Uncertainty Determined for Each Measurement 

Measurement, x Units Expanded Uncertainty, Ux 
Peak Cladding Temperature K 7 

Ambient Temperature K 3 
Ambient Pressure kPa, abs 1.1x10-1 
Helium Pressure kPa, abs 1 

Vacuum kPa, abs 3.0x10-1 
Voltage V 3.8x10-1 
Current A 3.8x10-1 
Power kW 7.5x10-2 

Forced Air Mass Flow Rate Kg/s 5.9x10-4 
Induced Air Mass Flow Rate (Aboveground) Kg/s 1.5x10-3 
Induced Air Mass Flow Rate (Underground) Kg/s 1.1x10-3 

Induced Air Mass Flow Rate (Crosswind) Kg/s 1.3x10-3 

Normalized Air Mass Flow Rate, (ṁ/ ṁo) _ 5.6x10-2 
Crosswind Speed m/s 4.9x10-2 

3.5  Validation Uncertainty Quantification 

The total validation uncertainty is a combination of the numerical uncertainty, the input 
uncertainty, and the experimental uncertainty, presented in Table 3-9.  These calculations of 
validation uncertainty were repeated for all the cases for PCT and air mass flow rate.   

Table 3-9 Total Validation Uncertainty for PCT and ṁair for the (800 kPa, 5 kW) 
Aboveground Case 

PCT 𝑚̇𝑚air 
Numerical Uncertainty ± 1.5 K (2.7 °F) ±2.93x10-4 kg/s (6.45Ex10-4 lb/s) 

Input Uncertainty ±10.3 K (18.45 °F) ±5.21x10-4 kg/s (11.46x10-4 lb/s) 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.510-3 kg/s (3.3x10-3 lb/s) 

Validation Uncertainty ± 12.5 K (22.6°F) ±1.90x10-3 kg/s (4.19x10-3 lb/s) 
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4   RESULTS AND DISCUSSIONS 

4.1  Aboveground Dry Cask Simulator Computational Fluid Dynamics Model 
Validation Results 

For the aboveground DCS configuration, CFD analyses were performed for 14 cases in which 
the DCS achieved steady state for various assembly powers and pressures.  The power levels 
tested were 0.5, 1.0, 2.5, and 5.0 kW.  The vessel pressures tested were sub-atmospheric 
(i.e., 0.3 kPa), 100, 450, and 800 kPa absolute.  CFD was performed for all 14 cases.  On the 
other hand, UQ for PCT and air mass flow rate was performed for eight cases, including 
(800 kPa, 5 kW), (800 kPa, 0.5kW), (450 kPa, 2.5 kW), (100 kPa, 5 kW), (100 kPa, 2.5 kW), 
(100 kPa, 0.5 kW), (0.3 kPa, 1 kW), and (0.3 kPa, 0.5 kW) cases.  

This section presents four cases (800 kPa, 5 kW), (800 kPa, 0.5 kW), (100 kPa, 5 kW), and 
(100 kPa, 0.5 kW).  Appendices A1 and B1 present the other four cases. 

Table 4-1 through Table 4-3 summarize the aboveground results for PCT and air mass flow 
rate, including the UQ. 

Table 4-1 PCT and ṁair for Aboveground Cases 

P 
(kPa) 

Power 
(kW) 

CFD Experiment Δ (CFD-Experiment) 
PCT 
(K) 

𝒎̇𝒎air 
(kg/s) 

PCT 
(K) 

𝒎̇𝒎air 
(kg/s) 

Δ PCT 
(K) Δ 𝒎̇𝒎air (kg/s) 

800 0.5 360 2.19x10-2 359 2.21x10-2 1 -2.25x10-4

800 1 405 3.05x10-2 410 3.1x10-2 -5 -4.58x10-4

800 2.5 517 4.57x10-2 521 4.69x10-2 -4 -1.15x10-3

800 5 659 6.1x10-2 659 6.26x10-2 0 -1.61x10-3

450 0.5 367 2.31x10-2 367 2.41x10-2 0 -9.75x10-4

450 1 422 3.13 x10-2 426 3.28x10-2 -4 -1.50x10-3

450 2.5 545 4.74x10-2 545 4.76x10-2 0 -2.48x10-4

450 5 691 6.51x10-2 689 6.55x10-2 2 -4.2x10-4

100 0.5 376 2.58x10-2 376 2.64x10-2 0 -6.06x10-4

100 1 435 3.55x10-2 434 3.53x10-2 1 1.92x10-4 
100 2.5 563 5.28x10-2 570 5.31x10-2 -7 -3.2 x10-4

100 5 707 6.92x10-2 715 6.89x10-2 -8 3.4x10-4 
0.3 0.5 448 2.57x10-2 458 2.53x10-2 -10 4.27x10-4 
0.3 1 536 3.48x10-2 549 3.51x10-2 -13 -3.22x10-4
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Table 4-2 PCT Uncertainty Quantification for Aboveground Cases 

P 
(kPa) 

Power 
(kW) 

PCT (K) Δ PCT (K) 
(CFD-

Experiment) 

Uncertainty (K) 

CFD Experiment Experiment Simulation Validation 

800 0.5 360 359 1 7 8 10.6 
800 1 405 410 -5 7 
800 2.5 517 521 -4 7 
800 5 659 659 0 7 10.4 12.5 
450 0.5 367 367 0 7 
450 1 422 426 -4 7 
450 2.5 545 545 0 7 8.7 11.1 
450 5 691 689 2 7 
100 0.5 376 376 0 7 10.3 12.4 
100 1 435 434 1 7 
100 2.5 563 570 -7 7 9.3 11.7 
100 5 707 715 -8 7 11.7 13.6 
0.3 0.5 448 458 -10 7 16.7 18.1 
0.3 1 536 549 -13 7 13.8 15.5 

Table 4-3 ṁair Uncertainty Quantification for Aboveground Cases 

P 
(kPa) 

Power 
(kW) 

𝒎̇𝒎air 
(kg/sec) 

Δ 𝒎̇𝒎air 
(kg/sec) 
(CFD-

Experime
nt) 

ṁair Uncertainty (kg/sec) 

CFD Experiment Experiment Simulation Validation 

800 0.5 2.19x10-2 2.21x10-2 -2.25x10-4 1.5x10-3 9.31x10-4 1.75x10-3 
800 1 3.05x10-2 3.1x10-2 -4.58x10-4 1.5x10-3 
800 2.5 4.57x10-2 4.69x10-2 -1.15x10-3 1.5x10-3 
800 5 6.1x10-2 6.26x10-2 -1.61x10-3 1.5x10-3 1.2x10-3 1.90x10-3 
450 0.5 2.31x10-2 2.41x10-2 -9.75x10-4 1.5x10-3 
450 1 3.13 x10-2 3.28x10-2 -1.50x10-3 1.5x10-3 
450 2.5 4.74x10-2 4.76x10-2 -2.48x10-4 1.5x10-3 5.23x10-4 1.57x10-3 
450 5 6.51x10-2 6.55x10-2 -4.2x10-4 1.5x10-3 
100 0.5 2.58x10-2 2.64x10-2 -6.06x10-4 1.5x10-3 1.03x10-3 1.80x10-3 
100 1 3.55x10-2 3.53x10-2 1.92x10-4 1.5x10-3 
100 2.5 5.28x10-2 5.31x10-2 -3.2 x10-4 1.5x10-3 5.97x10-4 1.6x10-3 
100 5 6.92x10-2 6.89x10-2 3.4x10-4 1.5x10-3 1.24x10-3 1.93x10-3 
0.3 0.5 2.57x10-2 2.53x10-2 4.27x10-4 1.5x10-3 1.089x10-3 1.84x10-3 
0.3 1 3.48x10-2 3.51x10-2 -3.22x10-4 1.5x10-3 1.02x10-3 1.8x10-3 
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Sections 4.1.1 through 4.1.4 show plots for temperature profiles as function of height for 
maximum fuel temperature including PCT in the assembly, channel box, basket, pressure 
vessel, shell1, and shell1-insulation.  The PCT validation uncertainty bar is shown at all PCT 
locations. 

4.1.1  Aboveground (800 kPa, 5 kW) Case 

 

Figure 4-1 PCT for the Aboveground (800 kPa, 5 kW) Case  

 

 

 

Figure 4-2 Channel Box Temperature for the Aboveground (800 kPa, 5 kW) Case 
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Figure 4-3 Basket Temperature for the Aboveground (800 kPa, 5 kW) Case 

Figure 4-4 Pressure Vessel Temperature for the Aboveground (800 kPa, 5 kW) Case 
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Figure 4-5 Shell1 Temperature for the Aboveground (800 kPa, 5 kW) Case 

 

 

 

Figure 4-6 Shell1-Insulation Temperature for the Aboveground (800 kPa, 5 kW) Case 
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4.1.2  Aboveground (800 kPa, 0.5 kW) Case 

 

Figure 4-7 PCT for the Aboveground (800 kPa, 0.5 kW) Case 

 

 

 

Figure 4-8 Channel Box Temperature for the Aboveground (800 kPa, 0.5 kW) Case 
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Figure 4-9 Basket Temperature for the Aboveground (800 kPa, 0.5 kW) Case 

 

 

 

Figure 4-10 Pressure Vessel Temperature for the Aboveground (800 kPa, 0.5 kW) Case 
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Figure 4-11 Shell1 Temperature for the Aboveground (800 kPa, 0.5 kW) Case 

 

 

 

Figure 4-12 Shell1-Insulation Temperature for the Aboveground (800 kPa, 0.5 kW) Case 
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4.1.3  Aboveground (100 kPa 5 kW) Case 

 

Figure 4-13 PCT for the Aboveground (100 kPa, 5 kW) Case 

 

 

 

Figure 4-14  Channel Box Temperature for the Aboveground (100 kPa, 5 kW) Case 
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Figure 4-15 Basket Temperature for the Aboveground (100 kPa, 5 kW) Case 

 

 

 

Figure 4-16 Pressure Vessel Temperature for the Aboveground (100 kPa, 5 kW) Case 
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Figure 4-17 Shell1 Temperature for the Aboveground (100 kPa, 5 kW) Case 

 

 

 

Figure 4-18 Shell1-Insulation Temperature for the Aboveground (100 kPa, 5 kW) Case 
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4.1.4  Aboveground (100 kPa, 0.5 kW) Case 

 

Figure 4-19 PCT for the Aboveground (100 kPa, 0.5 kW) Case 

 

 

 

Figure 4-20  Channel Box Temperature for the Aboveground (100 kPa, 0.5 kW) Case 
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Figure 4-21 Basket Temperature for the Aboveground (100 kPa, 0.5 kW) Case 

 

 

 

Figure 4-22 Pressure Vessel Temperature for the Aboveground (100 kPa, 0.5 kW) Case 
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Figure 4-23 Shell1 Temperature for the Aboveground (100 kPa, 0.5 kW) Case 

 

 

Figure 4-24 Shell1-Insulation Temperature for the Aboveground (100 kPa, 0.5 kW) Case 
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4.2  Underground Computational Fluid Dynamics Model Validation Results 

CFD analyses were performed for 14 cases where the DCS achieved steady state for various 
assembly powers and pressures.  The power levels tested were 0.5, 1.0, 2.5, and 5.0 kW.  The 
vessel pressures tested were sub-atmospheric (i.e., 0.3 kPa), 100, 450, and 800 kPa 
absolute.  CFD was performed for all these cases.  On the other hand, the UQ for PCT and air 
mass flow rate was performed for eight cases, including (800 kPa, 5 kW), (800 kPa, 0.5 kW), 
(450 kPa, 2.5 kW), (100 kPa, 5 kW), (100 kPa, 2.5 kW), (100 kPa, 0.5 kW), (0.3 kPa, 1 kW), and 
(0.3 kPa, 0.5 kW). 

This section presents four cases (800 kPa, 5 kW), (800 kPa, 0.5 kW), (100 kPa, 5 kW), and 
(100 kPa, 0.5 kW).  Appendix B shows the other four cases. 

Table 4-4 through Table 4-11 summarize the underground results of PCT and air mass flow 
rate, including UQ.  Initially, like the aboveground case, the frictional factor for the honeycomb 
air flow straightener (i.e., D = 2.7x106 (m-2)) was used.  Table 4-4 shows the results obtained for 
PCT and air mass flow rate.  CFD analysis overpredicted the air mass flow rate for all the cases 
by as much as 12.8 percent.  As such, a higher D-value was needed to model the honeycomb 
air flow straightener due to the compression effect and non-uniformity as discussed and 
explained in detail in NUREG/CR-7250.   

A D-value of 3.6x106 (m-2) was obtained based on a comparison between the experimental data 
and CFD numerical simulation for the highest air mass flow rate percentage error (i.e., 450 kPa, 
0.5 kW) case.  As such, this D-value was adopted for the rest of the underground CFD 
simulation cases. 

Table 4-4 PCT and ṁair for Underground Cases for D = 2.7x106 (m-2) 

P 
(kPa) 

Power 
(kW) 

CFD Data Δ (CFD-Data) 
PCT 
(K) 

𝒎̇𝒎air 
(kg/s) 

PCT 
(K) 

𝒎̇𝒎air 
(kg/s) 

Δ PCT  
(K) Δ 𝒎̇𝒎air (kg/s) 𝒎̇𝒎air 

% error 
800 0.5 363 2.36x10-2 363 2.18x10-2 0 1.76x10-3 7.5 
800 1 405 3.33x10-2 406 3.06x10-2 1 2.70x10-3 8.1 
800 2.5 522 4.83x10-2 524 4.57x10-2 2 2.60x10-3 5.4 
800 5 661 6.55x10-2 661 6.11x10-2 0 4.42x10-3 6.7 
450 0.5 366 2.57x10-2 366 2.24x10-2 0 3.29x10-3 12.8 
450 1 420 3.45x10-2 420 3.21x10-2 0 2.43x10-3 7.0 
450 2.5 546 5.13x10-2 546 4.88x10-2 0 2.46x10-3 4.8 
450 5 694 7.00x10-2 689 6.51x10-2 5 4.90x10-3 7.0 
100 0.5 375 2.90x10-2 374 2.64x10-2 1 2.62x10-3 9.0 
100 1 434 3.96x10-2 433 3.61x10-2 1 3.49x10-3 8.8 
100 2.5 563 5.77x10-2 563 5.33x10-2 0 4.42x10-3 7.7 
100 5 707 7.51x10-2 704 6.99x10-2 3 5.24x10-3 7.0 
0.3 0.5 447 2.87x10-2 454 2.59x10-2 7 2.81x10-3 9.8 
0.3 1 535 3.91x10-2 538 3.63x10-2 3 2.76x10-3 7.1 
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Table 4-5 PCT and ṁair for Underground Cases for D = 3.6x106 (m-2) 

P 
(kPa) 

Power 
(kW) 

CFD Data Δ (CFD-Data) 

PCT 
(K) 

𝒎̇𝒎air 
(kg/s) 

PCT 
(K) 

𝒎̇𝒎air 
(kg/s) 

Δ PCT  
(K) 

Δ 𝒎̇𝒎air 
(kg/s) 

𝒎̇𝒎air 
% 

error 
800 0.5 364 2.15x10-2 363 2.18x10-2 1 3.26x10-4 1.5 
800 1 405 3.07x10-2 406 3.06x10-2 1 9.04x10-5 0.3 
800 2.5 522 4.50x10-2 524 4.57x10-2 2 7.20x10-4 1.6 
800 5 661 6.15x10-2 661 6.11x10-2 0 4.32x10-4 0.7 
450 0.5 367 2.35x10-2 366 2.24x10-2 1 1.13x10-3 4.8 
450 1 421 3.2x10-2 420 3.21x10-2 1 1.40x10-4 0.4 
450 2.5 548 4.79x10-2 546 4.88x10-2 2 8.80x10-4 1.8 
450 5 695 6.59x10-2 689 6.51x10-2 6 8.08x10-4 1.2 
100 0.5 376 2.67x10-2 374 2.64x10-2 2 3.08x10-4 1.2 
100 1 435 3.68x10-2 433 3.61x10-2 2 6.64x10-4 1.8 
100 2.5 564 5.41x10-2 563 5.33x10-2 1 8.36x10-4 1.5 
100 5 707 7.09x10-2 704 6.99x10-2 3 9.88x10-4 1.4 
0.3 0.5 447 2.65x10-2 454 2.59x10-2 7 5.60x10-4 2.1 
0.3 1 535 3.63x10-2 538 3.63x10-2 3 5.04x10-5 0.1 

 

Table 4-6 PCT Uncertainty Quantification for Underground Cases 

P 
(kPa) 

Power 
(kW) 

PCT (K) Δ PCT (K) 
(CFD-Data) 

 

Uncertainty (K) 

CFD Data Data Simulation Validation 
800 0.5 364 363 1 7 8.9 11.3 
800 1 405 406 1 7   
800 2.5 522 524 2 7   
800 5 661 661 0 7 10.5 12.6 
450 0.5 367 366 1 7   
450 1 421 420 1 7   
450 2.5 548 546 2 7 9.5 11.8 
450 5 695 689 6 7   
100 0.5 376 374 2 7 10.5 12.6 
100 1 435 433 2 7   
100 2.5 564 563 1 7 9.3 11.6 
100 5 707 704 3 7 11.7 13.6 
0.3 0.5 447 454 7 7 16.8 18.2 
0.3 1 535 538 3 7 14 15.7 
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Table 4-7 ṁair Uncertainty Quantification for Underground Cases 

P 
(kPa) 

Power 
(kW) 

𝒎̇𝒎air  
(kg/sec) 

Δ 𝒎̇𝒎air 
(kg/sec) 
(CFD-
Data) 

 

Uncertainty (kg/sec) 

CFD Data Data Simulation Validation 

800 0.5 2.15x10-2 2.18x10-2 3.26x10-4 1.1x10-3 1.601x10-3 1.95x10-3 
800 1 3.07x10-2 3.06x10-2 9.04x10-5 1.1x10-3   
800 2.5 4.5x10-2 4.57x10-2 7.20x10-4 1.1x10-3   
800 5 6.15x10-2 6.11x10-2 4.32x10-4 1.1x10-3 2.30x10-3 2.55x10-3 
450 0.5 2.35x10-2 2.24x10-2 1.13x10-3 1.1x10-3   
450 1 3.20x10-2 3.21x10-2 1.40x10-4 1.1x10-3   
450 2.5 4.80x10-2 4.88x10-2 8.80x10-4 1.1x10-3 1.91x10-3 2.20x10-3 
450 5 6.60x10-2 6.51x10-2 8.08x10-4 1.1x10-3   
100 0.5 2.67x10-2 2.64x10-2 3.08x10-4 1.1x10-3 1.57x10-3 1.91x10-3 
100 1 3.68x10-2 3.61x10-2 6.64x10-4 1.1x10-3   
100 2.5 5.41x10-2 5.33x10-2 8.36x10-4 1.1x10-3 1.98x10-3 2.26x10-3 
100 5 7.08x10-2 6.99x10-2 9.88x10-4 1.1x10-3 2.36x10-3 2.61x10-3 
0.3 0.5 2.65x10-2 2.59x10-2 5.60x10-4 1.1x10-3 1.58x10-3 1.93x10-3 
0.3 1 3.63x10-2 3.63x10-2 5.04x10-5 1.1x10-3 1.32x10-3 1.71x10-3 

 

Sections 4.2.1 through 4.2.4 show temperature profiles as function of height for the assembly 
fuel region maximum temperature including the PCT, channel box, basket, pressure vessel, 
shell1, and shell2.  The PCT validation uncertainty bar is shown at all PCT locations. 
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4.2.1  Underground (800 kPa, 5 kW) Case 

 

Figure 4-25 PCT for the Underground (800 kPa, 5 kW) Case 

 

 

 

Figure 4-26 Channel Box Temperature for the Underground (800 kPa, 5 kW) Case 
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Figure 4-27 Basket Temperature for the Underground (800 kPa, 5 kW) Case 

 

 

 

Figure 4-28 Pressure Vessel Temperature for the Underground (800 kPa, 5 kW) Case 
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Figure 4-29 Shell1 Temperature for the Underground (800 kPa, 5 kW) Case 

 

 

 

Figure 4-30 Shell2 Temperature for the Underground (800 kPa, 5 kW) Case 

 

 

 

295

315

335

355

375

395

415

0 1 2 3 4 5

Te
m

pe
ra

tu
re

 (K
)

Height (m)

Experiment

CFD

295

300

305

310

315

0 1 2 3 4 5

Te
m

pe
ra

tu
re

 (K
)

Height (m)

CFD

Experiment



 

4-21 

4.2.2  Underground (800 kPa, 0.5 kW) Case 

 

 

Figure 4-31  PCT for the Underground (800 kPa, 0.5 kW) Case 

 

 

 

Figure 4-32 Channel Box Temperature for the Underground (800 kPa, 0.5 kW) Case 
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Figure 4-33 Basket Temperature for the Underground (800 kPa, 0.5 kW) Case 

 

 

 

Figure 4-34 Pressure Vessel Temperature for the Underground (800 kPa, 0.5 kW) Case 
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Figure 4-35 Shell1 Temperature for the Underground (800 kPa, 0.5 kW) Case 

 

 

 

Figure 4-36 Shell2 Temperature for the Underground (800 kPa, 0.5 kW) Case 
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4.2.3  Underground (100 kPa, 5 kW) Case 

 

Figure 4-37 PCT for the Underground (100 kPa, 5 kW) Case 

 

 

 

Figure 4-38 Channel Box Temperature for the Underground (100 kPa, 5 kW) Case 
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Figure 4-39 Basket Temperature for the Underground (100 kPa, 5 kW) Case 

 

 

 

Figure 4-40 Pressure Vessel Temperature for the Underground (100 kPa, 5 kW) Case 

295

325

355

385

415

445

475

505

535

565

0 1 2 3 4 5

Te
m

pe
ra

tu
re

 (K
)

Height (m)

CFD

Experiment

295

325

355

385

415

445

475

505

0 1 2 3 4 5

Te
m

pe
ra

tu
re

 (K
)

Height (m)

CFD

Experiment



 

4-26 

 

Figure 4-41 Shell1 Temperature for the Underground (100 kPa, 5 kW) Case 

 

 

 

Figure 4-42 Shell2 Temperature for the Underground (100 kPa, 5 kW) Case 
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4.2.4  Underground (100 kPa, 0.5 kW) Case 

 

Figure 4-43 PCT for the Underground (100 kPa, 0.5 kW) Case 

 

 

 

Figure 4-44 Channel Box Temperature for the Underground (100 kPa, 0.5 kW) Case 
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Figure 4-45 Basket Temperature for the Underground (100 kPa, 0.5 kW) Case 

 

 

 

Figure 4-46 Pressure Vessel Temperature for the Underground (100 kPa, 0.5 kW) Case 
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Figure 4-47 Shell1 Temperature for the Underground (100 kPa, 0.5 kW) Case 

 

 

Figure 4-48 Shell2 Temperature for the Underground (100 kPa, 0.5 kW) Case 
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As shown in Table 4-1 through Table 4-3 for the aboveground cases, and in Table 4-4 through 
Table 4-7 for the underground cases, the PCT and air mass flow rate are within the validation 
uncertainty (i.e., the validation uncertainty is larger than the difference between the experiment 
and the CFD predictions).  From the plots shown in this section and in Appendix B to this report, 
CFD results mimic and predicts very favorably the shape of the experimental temperature profile 
for all cases for the fuel temperature including PCT, channel box, basket, pressure vessel, 
shell1, shell2, and shell1-insulation.  As shown for the high-pressure cases (i.e., 800 kPa), the 
higher temperatures occur near the top of the pressure vessel, as shown in Figures 4-1 and 4-7 
for the aboveground cases, and Figures 4-25 and 4-31 for the underground cases.  However, 
for the lower pressure cases (i.e., 100 kPa), the higher temperatures occur near the middle 
section of the vessel.  Temperature in this middle section stayed almost flat for a distance 
spanning between 1/3 and 2/3 of the height, as illustrated in Figure 4-13 and Figure 4-19 for the 
aboveground cases, and Figures 4-37 and 4-43 for the underground cases.  For the pressure of 
450 kPa, the higher temperature values were reached at a height between the high temperature 
locations for the 800 kPa and 100 kPa cases (i.e., approximately at 2/3 height) as shown in 
Figures B-1 and B-25 for the aboveground cases and underground cases, respectively.  For the 
sub-atmospheric (i.e. 0.3 kPa) cases shown in Appendix B.1, the higher temperatures are 
reached in the lower section (i.e., bottom 1/3) as illustrated in Figure B-13 and Figure B-19 for 
the aboveground cases, and Figures B-37 and B-43, for the underground cases.   

Higher temperature values were reached at lower pressures for the same power value as a 
result of lower convection heat transfer, due to a lower helium mass flow rate inside the 
pressure vessel.  Conversely, for higher pressure, higher convection heat transfer will take 
place as a result of the higher helium mass flow rate in the assembly.  For the sub-atmospheric 
(i.e. 0.3 kPa) cases, as shown in Figure B-13 and Figure B-19 for the aboveground cases, and 
Figures B-37 and B-43 for the underground cases, even higher temperatures were reached due 
to the introduction of air (i.e. leakage) inside the pressure vessel.  In these cases, vacuum 
conditions were sought, but due to unavoidable air leakage, vacuum conditions were not 
achieved.  Air thermal conductivity is much lower than helium thermal conductivity.  
Consequently, lower heat transfer by conduction took place through the air medium, and higher 
temperatures were reached for these low-pressure sub-atmospheric (i.e. 0.3 kPa) cases.   

The PCT axial profiles for all the cases show discrepancies between experimental data and 
CFD predictions at lower heights.  This difference became smaller as the pressure decreased.  
The axial temperature profiles for the DCS structures (i.e., channel box, basket, pressure 
vessel, shell1, shell1-insulation, and shell2) trend closer to the experimental data than the axial 
temperature profiles for the PCT in all the cases.  A possible explanation for this discrepancy 
could be attributed to the power distribution model or uncertainty for the thermocouple’s 
location.  Further work is needed to determine the reasons for these trends.  However, one 
immediate observation was that the temperature profiles moving outward from the fuel 
assembly to the DCS structures approach the same ambient temperatures.  Certainly, this 
cannot be attributed to the use of porous media to model the fuel region, as CFD models using 
an explicit representation of the fuel region predicted similar trends [10].  

The CFD thermal model predicted the temperature profile for the DCS external wall (i.e., shell2) 
very favorably within the experimental uncertainty of 3 K, as seen in Figures 4-30, 4-36, 4-42, 
and 4-48, and in Figures B-30, B-36, B-42, and B-48 in Appendix B.  These favorable 
predictions proved that the BCs, using the combination of convection and radiation through a 
linked subroutine to ANSYS Fluent at the external boundaries of DCS, were modeled correctly. 
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As illustrated in the uncertainty tables in Chapter 3 and Appendix A, the major component of the 
simulation uncertainty is the input uncertainty for both the PCT and the air mass flow rate.  The 
PCT input uncertainty is affected by different input variables, depending on the case.  For high 
decay heat cases, the carbon steel emissivity and fuel radial thermal conductivity contributed 
the most to the PCT input uncertainty.  The decay heat variability also contributed to the input 
uncertainty but to a lesser extent.  For lower decay heat cases, the PCT input uncertainty is 
mostly affected by the decay heat variability, ambient temperature variation, and, to a lesser 
extent, by fuel radial thermal conductivity and carbon steel emissivity.  For all cases, the air 
mass flow rate input uncertainty was primarily affected by the variation of the inlet flow 
straightener’s porous media frictional coefficient, ambient temperature, and, to a lesser extent, 
decay heat and carbon steel emissivity. 

A PCT validation uncertainty varying between 10.7 and 13.6 K for pressurized-helium cases and 
changing between 15.5 and 18.2 K for the sub-atmospheric (i.e. 0.3 kPa) cases were calculated 
for both the aboveground and underground configuration testing.  An air mass flow rate 
validation uncertainty varying between 1.25x10-3 and 1.93x10-3 kg/s was calculated for 
pressurized-helium cases, and between 1.32x10-3 and 1.83x10-3 kg/s for the sub-atmospheric 
(i.e. 0.3 kPa) cases.  The maximum validation uncertainty of the PCT and the air mass flow rate 
represents 2.5 percent and 2.8 percent of the maximum measured PCT and air mass flow rate, 
respectively.  The calculated validation uncertainties are a small fraction of the maximum PCT, 
and mass flow rate measured in the experiment.  As such, this experiment can be classified as 
a CFD-grade experiment.   

As part of the licensing of dry cask storage systems, vendors have submitted applications with 
margins in the range of 10 to 20 degrees C from the currently acceptable cladding temperature 
limit of 400 degrees C, as discussed in NRC ISG-11 [12].  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 or equal to this margin of 10 to 20 degrees C.  Cask system 
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 one of these inputs so that the input uncertainty of the simulation can be 
minimized.  It 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, 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. 

4.3  Underground with Crosswind 

Steady-state CFD calculations were performed for multiple cases, for decay heat power of 5 kW 
and pressure of 800 kPa and 100 kPa, using crosswind speeds varying between 0 to 8.9 m/s (0 
to 20 mph).  These steady state runs were initialized using steady state solutions with no 
crosswind.  A transient analysis of 50 hours was also performed for one case using a decay 
heat power of 5 kW and a pressure of 100 kPa, with a crosswind speed of 5.4 m/s (12 mph), 
starting from naturally induced conditions with no crosswind. 
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4.3.1  Crosswind (800 kPa, 5 kW) Cases 

4.3.1.1  Steady State 

Table 4-8 Steady State CFD for Underground with Crosswind at (800 kPa, 5 kW) 

Wind 
Speed in 

m/s (mph) 
PCT 
(K) 

𝒎̇𝒎air 
(kg/sec) 

(PCT-
PCTnaturally 

induced) 
(K) 

𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced

∆ (PCT-
PCTnaturally 

induced) (K) 
∆ (𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced) 

0 (naturally 
induced) 667 5.86x10-2 0.0 1.000 21.08 8.07x10-2 
1.34 (3) 664 5.15x10-2 -2.4 0.879 21.08 7.58x10-2 
2.68 (6) 662 3.45x10-2 -4.4 0.588 21.08 6.41x10-2 
4.02 (9) 660 2.95x10-2 -6.6 0.503 21.08 6.06x10-2 
4.47 (10) 659 2.87x10-2 -7.9 0.490 21.08 6.01x10-2 
4.92 (11) 658 2.84x10-2 -9.0 0.485 21.08 5.99x10-2 
5.36 (12) 656 2.85x10-2 -10.6 0.486 21.08 5.99x10-2 
5.81 (13) 655 2.90x10-2 -11.9 0.494 21.08 6.03x10-2 
6.71 (15) 652 3.08x10-2 -14.8 0.526 21.08 6.16x10-2 
8.94 (20) 648 3.44x10-2 -19.0 0.587 21.08 6.40x10-2 

Table 4-9 Steady-State Experiment for Underground with Crosswind at (800 kPa, 5 kW) 

Wind 
Speed in 

m/s (mph) 
𝒎̇𝒎air 

(kg/sec) 
𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced

(PCT-
PCTnaturally 

induced) 
(K) 

∆ (𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced) 

∆ (PCT-
PCTnaturally 

induced) (K) 

0 (naturally 
induced) 6.32x10-2 1 4.11x10-2 
0.45 (1.0) 6.34x10-2 1.0026 4.12x10-2 
0.89 (2.0) 5.55x10-2 0.8783 3.86x10-2 
1.34 (3.0) 4.99x10-2 0.7892 3.68x10-2 
 1.79 (4.0) 4.49x10-2 0.7105 3.52x10-2 
2.24 (5.0) 4.05x10-2 0.6403 3.37x10-2 
2.68 (6.0) 3.74x10-2 0.5923 -3.5 3.27x10-2 14 
3.17 (7.1) 3.65x10-2 0.5779 3.25x10-2 
3.58 (8.0) 3.56x10-2 0.5636 3.22x10-2 
4.02 (9.0) 3.54x10-2 0.5599 3.21x10-2 
4.47 (10.0) 3.54x10-2 0.5605 3.21x10-2 
4.92 (11.0) 3.53x10-2 0.5580 3.20x10-2 
5.32 (11.9) 3.56x10-2 0.5625 -8 3.21x10-2 14 
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Table 4-10 Simulation, Experimental and validation Errors for (800 kPa, 5 kW)  
 Crosswind Cases 

Simulation Error Experimental Error Validation Error 
∆ (PCT- PCTnaturally induced) (K) 23 14 27 
∆ (𝒎̇𝒎air/𝒎̇𝒎air_naturally induced) 0.130 0.056 0.142 

Figure 4-49  PCT Change as Function of Crosswind Speed for the Underground  
(800 kPa, 5 kW) Cases 

Figure 4-50 Inlet Air Mass Flow Rate Ratio Change as Function of Crosswind Speed for 
the Underground (800 kPa, 5 kW) Cases 
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Figure 4-51 PCT as a function of height for the (800 kPa, 5 kW) Cases for Natural and 
Crosswind at 5.36 m/s (12 mph) 

Figure 4-52 Delta PCT as a Function of Height for the (800 kPa, 5 kW) Cases for Natural 
and Crosswind at 5.36 m/s (12 mph) 
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4.3.2  Crosswind (100 kPa, 5 kW) Cases 

4.3.2.1  Steady State 

Table 4-11 Steady-State CFD for Underground with Crosswind at (100 kPa, 5 kW) 

Wind 
Speed in 

m/s (mph) 
PCT 
(K) 

𝒎̇𝒎air 
(kg/sec) 

(PCT-
PCTnaturally 

induced) 
(K) 

𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced

∆ (PCT-
PCTnaturally 

induced) (K) 
∆ 

(𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced) 
0 (naturally 
induced) 713 6.74x10-2 0.0 1.000 23.34 7.01x10-2 
1.34 (3) 715 6.06x10-2 2.3 0.900 23.34 6.66x10-2 
2.68 (6) 719 4.74x10-2 6.4 0.704 23.34 5.98x10-2 
4.02 (9) 723 3.44x10-2 10.3 0.511 23.34 5.30x10-2 
4.47 (10) 723 3.27x10-2 10.8 0.486 23.34 5.21x10-2 
4.92 (11) 724 3.21x10-2 11.2 0.476 23.34 5.18x10-2 
5.36 (12) 723 3.25x10-2 11.0 0.482 23.34 5.20x10-2 
5.81 (13) 723 3.33x10-2 10.7 0.494 23.34 5.24x10-2 
6.71 (15) 722 3.45x10-2 9.1 0.512 23.34 5.30x10-2 
8.94 (20) 721 3.66x10-2 8.0 0.543 23.34 5.41x10-2 

Table 4-12 Steady-State Experiment for Underground with Crosswind at (100 kPa, 5 kW) 

Wind 
Speed in 

m/s (mph) 
𝒎̇𝒎air 

(kg/sec) 

(PCT-
PCTnaturally 

induced) 
(K) 

𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced

∆ (PCT-
PCTnaturally 

induced) 
(K) 

∆ (𝒎̇𝒎air/𝒎̇𝒎air_naturally 

induced) 

0 (naturally 
induced) 7.16x10-2 1 3.63x10-2 
0.45 (1.0) 7.19x10-2 1.0044 3.64x10-2 
0.89 (2.0) 6.43x10-2 0.8977 3.45x10-2 
1.34 (3.0) 5.73x10-2 1.7 0.8004 14 3.27x10-2 
1.83 (4.1) 5.30x10-2 0.7410 3.16x10-2 
2.28 (5.1) 4.82x10-2 0.6735 3.04x10-2 
2.68 (6.0) 4.48x10-2 3.7 0.6252 14 2.95x10-2 
3.17 (7.1) 4.32x10-2 0.6037 2.91x10-2 
3.58 (8.0) 4.20x10-2 0.5872 2.88x10-2 
3.98 (8.9) 4.17x10-2 0.5823 2.87x10-2 
4.47 (10.0) 4.19x10-2 0.5850 2.88x10-2 
4.92 (11.0) 4.17x10-2 0.5826 2.87x10-2 
5.28 (11.8) 4.22x10-2 6 0.5901 14 2.89x10-2 
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Table 4-13  Simulation, Experimental and validation Errors for (100 kPa, 5 kW)  
Crosswind Cases 

Simulation Error Experimental Error Validation Error 
∆ (PCT- PCTnaturally induced) (K) 23 14 27 
∆ (𝒎̇𝒎air/𝒎̇𝒎air_naturally induced) 0.130 0.056 0.142 

Figure 4-53 PCT Change as Function of Crosswind Speed for the Underground  
(100 kPa, 5 kW) Cases 

Figure 4-54 Inlet Air Mass Flow Rate Ratio Change as Function of Crosswind Speed for 
the Underground (100 kPa, 5 kW) Cases 
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Figure 4-55 Inlet Air Mass Flow Rate Ratio Change as Function of Crosswind Speed for 
the Underground (100 kPa, 5 kW) and (800 kPa, 5 kW) Cases 

 

 

 

Figure 4-56 PCT as a Function of Height for the (100 kPa, 5 kW) Cases for Natural and 
Crosswind at 5.36 m/s (12 mph) 
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Figure 4-57 Delta PCT as a Function of Height for the (100 kPa, 5 kW) Cases for Natural 
and Crosswind at 5.36 m/s (12 mph) 

4.3.2.2  Transient 

Table 4-14  Transient CFD for Underground with Crosswind at (100 kPa, 5 kW) at 
5.36 m/s (12 mph) 

Time 
(hrs.) 

𝒎̇𝒎air (kg/sec) PCT (K) 𝒎̇𝒎air/𝒎̇𝒎air_naturally induced (PCT-PCTnaturally induced) 
(K)  

0 0.074060 712.5 1.0000 0.0 
2 0.032587 715.1 0.4400 2.6 
4 0.032951 718.6 0.4449 6.1 
6 0.031769 720.8 0.4290 8.3 
8 0.031242 722.0 0.4218 9.5 
10 0.031627 722.8 0.4270 10.3 
12 0.031629 723.1 0.4271 10.6 
14 0.031639 723.2 0.4272 10.7 
16 0.031566 723.3 0.4262 10.8 
18 0.031938 723.4 0.4312 10.9 
20 0.031532 723.4 0.4258 10.9 
25 0.032136 723.4 0.4339 10.9 
30 0.031409 723.4 0.4241 10.9 
40 0.031627 723.4 0.4270 10.9 
50 0.031484 723.4 0.4251 10.9 
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Figure 4-58 PCT Difference as a Function of Time for the (100 kPa, 5 kW) Case at a 
Crosswind Speed of 5.36 m/s (12 mph) 

 

Figure 4-59 Inlet Air Mass Flow Rate Ratio as a Function of Time for the (100 kPa, 5 kW) 
Case at a Crosswind Speed of 5.36 m/s (12 mph) 
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As demonstrated in the experiment, crosswinds can affect the DCS thermal performance.  
When the crosswind is blowing straight on the inlet and outlet vents, air flow is blocked at the 
outlet vents but augmented through the inlet vents.  At lower velocities, these two opposing 
actions of crosswind will restrict the flow overall.   

The overall resistance to flow imposed by the wind will reduce the air mass flow rate when 
compared to the naturally induced air flow.  At higher wind speeds, the air mass flow rate 
downward trend stops, and the flow through the DCS starts to increase.  Depending on the 
case, there is a critical crosswind speed at which the air mass flow rate eventually starts to 
increase.  These critical wind speeds can vary between 2.25 and 6.7 m/s (5 and 15 mph), 
depending on the cask configuration and environmental conditions.   

CFD predictions in previous analyses as documented in NUREG-2174 [14] predicted a critical 
wind speed of 3.6 m/s (8 mph).  As such, before the critical wind speed, less air is available to 
cool the dry cask and higher PCTs are expected.  At the critical wind speed, the air mass flow 
rate reaches its lowest and the PCT is at its highest value.  At speeds higher than the critical 
wind speed, the air mass flow rate starts to increase, and PCT starts to decrease.  As shown in 
Figure 4-50, Figure 4-54, and Figure 4-55 for both cases (800 kPa, 5 kW) and (100 kPa,5 kW), 
the air mass flow rate is reduced by as much as 50 percent of the naturally induced case at the 
critical crosswind speed of close to 5.4 m/s (12 mph).  Similar reduction of the air mass flow was 
obtained in earlier predictions [14].  For both cases, the CFD prediction of the air mass flow ratio 
compares very favorably with the obtained experimental data.  The predicted and experimental 
air mass flow rate ratios are within the calculated uncertainty as shown in Figure 4-50, Figure 
4-54, and Figure 4-55.    

For the (100 kPa, 5 kW) case, the maximum PCT was reached at the critical crosswind speed of 
around 5.4 m/s (12 mph), when the air mass flow rate reached its minimum.  Thereafter, PCT 
started decreasing due to the increase of air mass flow rate through the DCS.  At around 
5.4 m/s (12 mph), the PCT increased by 10 K.  In previous CFD predictions for underground 
configurations designed by cask applicants [14], PCT increased by as much as 50 K for a 
crosswind speed of 5 mph.  If the DCS had used a prototypical thick overpack, a much higher 
PCT change would be predicted.   

The DCS shells (i.e., shell1 and shell2), as shown in Figure 1-4, were fabricated using a thin 
stainless-steel sheet to mimic the overpack.  When wind was blowing at the thin stainless-steel 
sheet, this metal jacket was cooled, and eventually the cooling effect reached the fuel region.  
For the (800 kPa, 5 kW) case, the PCT slightly decreased as the crosswind increased from 0–
8.95 m/s (0 to 20 mph).  PCT never increased, even at the critical point at a crosswind speed of 
5.4 m/s (12 mph).  The PCT for the case of (800 kPa, 5 kW) is at the top of the fuel region, as 
shown in Figure 4-51, while the PCT location for the case of (100 kPa, 5 kW) is at the middle 
half, between 1/3rd and 2/3rd of the fuel height, as shown in Figure 4-56.  As the PCT location 
for the high-pressure case is closer to the wind blowing machine, and the overpack consists of a 
thin stainless-steel sheet, the PCT decreased as shown in Figure 4-51 and Figure 4-52.  The 
cooling effect at a crosswind of 5.4 m/s (12 mph) is also present in the lower pressure case 
(100 kPa, 5 kW) as shown in Figure 4-56, but it was not able to reach the location of the PCT.  
The cooling effect for the (100 kPa, 5 kW) case was observed at a height of 3.5 m as shown in 
Figure 4-56 and Figure 4-57.  Similarly, in the (800 kPa, 5 kW) case, the cooling effect was 
observed at a height of 0.7 m as shown in Figure 4-51 and Figure 4-52. 

As shown in Figure 4-58 and Figure 4-59 for the (100 kPa, 5 kW) transient case, the air mass 
flow rate reaches steady-state values sooner than the PCT.  The air mass flow rate reached 
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95 percent of its steady-state value in 2 hours, while the PCT reached the same level in 
12 hours.  Due to the time constraint, the DCS experiment [6] used this fact to obtain the air 
mass flow rate for a crosswind speed of between 0 and 5.4 m/s (12 mph), using 3-hour intervals 
with a constant wind speed. 
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5   CONCLUSIONS 

A CFD validation of data collected using a DCS followed guidelines from NUREG-2152 [13] and 
ASME V&V 20-2009 [2].  The DCS, a test apparatus simulating the fuel compartment of a dry 
cask, was constructed and operated to produce first-of-a-kind, high-fidelity transient and 
steady-state thermal-hydraulic data sets suitable for CFD model validation (i.e., CFD-quality 
data).  The experiment tested configurations for both vertical aboveground and underground 
storage cask systems and validated the CFD models successfully.  A wind machine also tested 
the effect of wind speed on the PCT and induced air mass flow rate in the underground 
configuration and validated them successfully.  Over 40 unique data sets were collected and 
analyzed for these efforts.  This report covered most of the measured data, to diligently validate 
the thermal model that the NRC uses for dry cask applications.   

CFD analyses were performed for all 14 experimental cases with the DCS apparatus in the 
aboveground configuration.  Complete validation, including UQ using ASME V&V 20-2009 [2], 
was performed for eight of these cases.  Similarly, CFD cases were run for all 14 tests, with the 
DCS apparatus in the underground configuration.  Complete validation, including UQ using 
ASME V&V 20-2009, was obtained for eight of these cases.  Steady-state analysis was used to 
make CFD predictions for both configurations (i.e., 28 cases).  These cases included different 
power levels, including 0.5, 1.0, 2.5, and 5.0 kW.  The helium pressures inside the pressure 
vessel were sub-atmospheric (0.3 kPa), 100, 450, and 800 kPa absolute.  CFD analyses were 
performed for 21 cases using the crosswind machine with the DCS apparatus in the 
underground configuration.  The effect of crosswind velocity (from naturally induced to 5.4 m/s) 
on the induced air mass flow rate was measured using the highest used power of 5.0 kW and 
two helium pressures (100 kPa and 800 kPa). 

This report has demonstrated that the CFD simulation results of the DCS thermal model are 
within the calculated validation uncertainties of the experimental data measured at Sandia 
National Laboratories.  Moreover, the process outlined here demonstrates the process by which 
simulation uncertainty can be quantified, as outlined in ASME V&V 20-2009 [2], for a complex, 
real-world application. 

The performances of the aboveground and underground DCS were similar, as expected, and 
can be summarized as follows: 

• All steady-state peak temperatures and induced air mass flow rates increased with 
increasing assembly power.   

• PCTs decreased with increasing internal helium pressure for a given assembly power, 
indicating increased internal convection for pressurized vessels.  

• The location of the PCT moved from near the top of the assembly to approximately 1/3 
the height of the assembly for the highest (800 kPa absolute) to the lowest (0.3 kPa 
absolute) pressure studied, respectively.  This shift in PCT location is consistent with 
convective heat transfer increasing with internal helium pressure.   

• The highest average steady-state PCT was 715 K for 5.0 kW and 100 kPa helium 
pressure.  This temperature was in the range of the NRC limits for allowable PCT of 
673 K for normal operation and 843 K for off-normal operation [12].   
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• For the crosswind test series, as the wind speed increased from zero, the normalized air 
mass flow rate rapidly dropped to a minimum of between 0.45 and 0.5 at a crosswind 
speed between 2.5 and 5.0 m/s and then slowly increased as the crosswind speed 
increased further. 

The typical certification process [17] 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 simulation inputs (e.g., decay heat, 
ambient temperature, emissivity) would all be chosen as conservatively bounding values that 
would yield a PCT value that is equal to or greater than the actual PCT value.  This type of 
approach provides reasonable assurance of the safe operation of the dry cask system.  

When using the best estimate inputs for the DCS provided by Sandia National Laboratories for a 
validation test, consisting of the base CFD model and UQ, the simulation results predicted the 
experimental measurements very favorably for all the cases within the validation uncertainty.  In 
fact, the thermal model used by the NRC for this validation work in this report predicted the 
PCTs and induced air mass flow rates for a majority of the cases within the experimental 
uncertainty, which is significantly lower than the validation uncertainty.  In some cases, even 
with no discrepancy between CFD prediction and the data from the experiment.  This ultimate 
finding yields confidence in the model choices used to create the CFD thermal model used by 
the NRC.  

The highest PCT difference between the CFD prediction and experimental data was 13 K, 
obtained for the aboveground configuration under sub-atmospheric (i.e. 0.3 kPa) conditions with 
1 kW power.  A validation uncertainty of 15.5 K was calculated for this case.  The highest air 
mass flow rate difference between the CFD prediction and experimental data was 1.5x10-3 kg/s, 
obtained for the aboveground configuration for the (450 kPa, 1 kW) case.  The validation 
uncertainty for this case was not calculated, but the experimental uncertainty of 1.5x10-3 kg/s 
was provided in NUREG/CR-7250 [6].  The validation uncertainty for this case will be expected 
to be higher than the experimental uncertainty.  The experimental uncertainty will be combined 
with the simulation uncertainty to obtain the validation uncertainty, as illustrated in Chapter 3. 

A calculated PCT validation uncertainty varying between 10.7 K and 13.6 K for pressurized-
helium cases and spanning between 15.5 K and 18.2 K for the sub-atmospheric (i.e. 0.3 kPa) 
cases were obtained.  An air mass flow rate validation uncertainty varying between 1.5x10-3 kg/s 
and 1.93x10-3 kg/s was calculated for pressurized-helium cases, and between 1.32x10-3 kg/s 
and 1.83x10-3 kg/s for the sub-atmospheric (i.e. 0.3 kPa) cases.  The maximum validation 
uncertainty of the PCT and air mass flow rate represents 2.5 percent and 2.8 percent of the 
maximum measured PCT and air mass flow rate.  The calculated validation uncertainties are a 
small fraction of the maximum PCT, and the mass flow rate measured in the experiment.  As 
such, this experiment can be classified as a CFD-grade experiment.   

Cask vendors have been submitting applications within margins in the range of about 10 to 
20 degrees C (18-36 °F) from the ISG-11 temperature limit of 400 degrees C.  A validation 
experiment would be useful and successful if it can improve the model’s capabilities.  This can 
be achieved, if it is demonstrated that the accuracy of the CFD thermal model using the 
validation uncertainty is less than or equal to this margin of 10 to 20 degrees C (18 – 36 °F). 

A validation experiment would also be useful and successful if it can improve the model’s 
capabilities.  This can be achieved by demonstrating that the accuracy of the CFD thermal 
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model using the validation uncertainty is as minimal as possible.  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 one of these 
inputs so that the input uncertainty of the simulation can be minimized.  It 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, 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.  The experimental data collected in this 
program were geared toward obtaining a CFD-grade experiment.  The main objective of the 
CFD-grade experiment is the minimization of the validation uncertainty and hence, the 
improvement of the CFD thermal model.  When a thermal model is well validated, the dry cask 
applicants and thermal reviewers will have confidence in the predicted margin even when it is 
minimized without exceeding the set limit.  This report shows that a well-crafted, best estimate 
thermal model is a model that is implemented using the design basis following CFD best 
practice guidelines and complemented by UQ.  Such a model will have enough information for 
dry cask applicants and thermal reviewers on the margins that can be considered safe for 
applications and certifications.  A range of 10-14 K for the validation uncertainty was calculated 
for the helium-filled canister DCS experiment.  

The method presented here, using a best estimate analysis that consisted of a base-case CFD 
thermal model, complemented by UQ, showed that the PCT and air mass flow rate for all the 
cases were predicted within the calculated validation uncertainty bands, as shown in the result 
sections.  As such, the CFD models and inputs that were used in the DCS modeling approach 
as suggested in CFD best practice guidelines [13] were successfully validated using the data 
obtained for the DCS experiment at Sandia National Laboratories.  The validation uncertainty in 
this program consisted of a decay heat uncertainty input, which contributed to the increase of 
the validation uncertainty, especially for the low decay heat case, as shown in the uncertainty 
chapter (i.e. Chapter 3), results chapter (i.e. Chapter 4), and appendix A.  As NRC certifies dry 
casks for a specific heat input, the uncertainty input from this variable will not be of concern.  As 
such, the validation uncertainty, which also can be considered as margins to be kept from the 
limiting temperature, will decrease.  Consequently, 10 K thermal margins can be considered 
acceptable if a best estimate CFD thermal model is used, consisting of the base case and UQ 
using CFD best practice guidelines.  Based on this validation, the NRC has full confidence that 
the physical models and solver settings used in this thermal model will be able to predict dry 
cask thermal performance.  Additionally, the UQ method for dry cask analysis should include the 
following: 

• numerical uncertainty 

– discretization error 
– convergence errors 
– round-off errors 

• input uncertainty, including wall thermal emissivity, porous media effective thermal 
conductivity (i.e., radial and axial), thermophysical properties for fluids and solids, BCs 
(i.e., ambient temperature, heat exchange with ambient, inlet BC, geometrical 
uncertainties (e.g., gaps, geometrical approximations)) 

• experimental uncertainty, in the case of validation 
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Often, the cask applicant uses the worst-case scenario to perform dry cask thermal analyses, 
especially when there are enough margins from the allowable PCT limit.  However, when the 
cask is designed for higher decay heat, the PCT values are getting close to the limit, and the 
obtained margin is questionable, the method presented in this report to evaluate the UQ should 
be used as a guide to show compliance with the PCT limit.  The method presented herein, when 
used properly, will inform the applicant and thermal reviewer about the right margin to have for 
any cask design.  The worst-case scenario model is based on conservative input values using a 
phenomena identification and ranking table (PIRT).  The right PIRT should include all the 
possible input variables and modeling settings with possible uncertainties.  As such, the worst-
case scenario model is a model that will consist of input choices that will impact the dry cask 
thermal performance negatively (i.e., each input variable will lead to a conservative PCT).  The 
modeling uncertainty for this type of thermal model should only include numerical uncertainties.  
In this case, the safety margins will be defined at least by the numerical uncertainty given that 
the worst-case scenario thermal model followed CFD best practice guidelines as given and 
documented in NUREG-2152 [13]. 
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APPENDIX A  
UNCERTAINTY QUANTIFICATION FOR OTHER CASES 

A.1  Aboveground

A.1.1  Aboveground (800 kPa, 0.5 kW) Case

Table A-1 Overall Numerical and Input Uncertainty for PCT and ṁair for the (800 kPa, 
0.5kW) Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0.0 K (0.0°F) ± 0 kg/s (0 lb/s) 
Iterative Convergence ± 0.05 K (0.09°F) ± 1.140x10-5 kg/s (2.51x10-5 lb/s) 
Discretization (GCI) ± 0.61 K (1.1°F) ± 1.442x10-4 kg/s (3.17x10-4 lb/s) 
Numerical Uncertainty ± 0.66 K (1.19°F) ± 1.556x10-4 kg/s (3.42x10-4 lb/s) 
Total Input Uncertainty ± 8 K (14.4°F) ± 4.502x10-4 kg/s (9.90x10-4 lb/s) 

Table A-2 Simulation Uncertainty for PCT and ṁair for the (800 kPa, 0.5 kW) 
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ±8 K (14.4°F) ±9.526x10-4 kg/s (2.096x10-3 lb/s) 

Table A-3 Validation Uncertainty for PCT and ṁair for the (800 kPa, 0.5 kW) 
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.5x10-3 kg/s (3.3x10-3 lb/s) 
Validation Uncertainty ± 10.6 K (19.1 °F) ±1.76x10-3 kg/s (3.872x10-3 lb/s) 

A.1.2  Aboveground (450 kPa, 2.5 kW) Case

Table A-4 Overall Numerical and Input Uncertainty for PCT and ṁair for the 
(450 kPa, 2.5 kW) Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.02 K ± 1.637x10-6 kg/s 
Discretization (GCI) ± 0.733 K ±1.222x10-5 kg/s 
Numerical Uncertainty ± 0.75 K (1.4°F) ± 1.386x10-5 kg/s (3.049x10-5 lb/s) 
Total Input Uncertainty ± 8.6 K (15.5°F) ± 2.797x10-4 kg/s (6.153x10-4 lb/s) 
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Table A-5 Simulation Uncertainty for PCT and ṁair for the (450 kPa, 2.5 kW) 
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 8.7 K (15.7 °F) ±5.601x10-4 kg/s (1.232x10-3 lb/s) 

Table A-6 Validation Uncertainty for PCT and ṁair for the (450 kPa, 2.5 kW) 
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.5x10-3 kg/s (3.3x10-3 lb/s) 
Validation Uncertainty ± 11.1 K (20 °F) ±1.582x10-3 kg/s (3.48x10-3 lb/s) 

A.1.3  Aboveground (100 kPa, 5kW) Case

Table A-7 Overall Numerical and Input Uncertainty for PCT and ṁair for the 
(100 kPa, 5 kW) Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.001 K ± 3.739x10-7 kg/s 
Discretization (GCI) ± 0.037 K ± 2.444x10-4 kg/s 
Numerical Uncertainty ± 0.038 K (0.07 °F) ± 2.448x10-4kg/s (5.3856x10-4 lb/s) 
Total Input Uncertainty ± 11.7 K (21.1°F) ± 5.7x10-4 kg/s (1.254x10-3 lb/s) 

Table A-8 Simulation Uncertainty for PCT and ṁair for the (100 kPa, 5 kW) 
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 11.7 K (21.1 °F) ±1.241x10-3 kg/s (2.7302x10-3 lb/s) 

Table A-9 Validation Uncertainty for PCT and ṁair for the (100 kPa, 5 kW) 
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.5x10-3 kg/s (3.3x10-3 lb/s) 
Validation Uncertainty ± 13.6 K (24.5 °F) ±1.931x10-3 kg/s (4.2482x10-3 lb/s) 



A-3

A.1.4  Aboveground (100 kPa, 2.5 kW) Case

Table A-10 N     umerical Uncertainty for PCT and ṁair for the (100 kPa, 2.5 kW)                           
Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.0005 K ± 3.966x10-7 kg/s 
Discretization (GCI) ± 1.47 K ± 1.222x10-5 kg/s 
Numerical Uncertainty ± 1.47 K (2.6°F) ± 1.262x10-5 kg/s (2.7764x10-5 lb/s) 
Total Input Uncertainty ± 9.2 K (16.6°F) ± 3.146x10-4 kg/s (6.921x10-4 lb/s) 

Table A-11      Simulation Uncertainty for PCT and ṁair for the (100 kPa, 2.5 kW)  
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ±9.34 K (16.8 °F) ±6.297x10-4 kg/s (1.385x10-3 lb/s) 

Table A-12      Validation Uncertainty for PCT and ṁair for the (100 kPa, 2.5 kW) 
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.5x10-3 kg/s (3.3x10-3 lb/s) 
Validation Uncertainty ± 11.7 K (21.1 °F) ±1.608x10-3 kg/s (3.5376x10-3 lb/s) 

A.1.5  Aboveground (100 kPa, 0.5 kW) Case

Table A-13       Numerical Uncertainty for PCT and ṁair for the (100 kPa, 0.5 kW)  
Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.038 K ± 1.212x10-5 kg/s 
Discretization (GCI) ± 0.122 K ± 1.332x10-4 kg/s 
Numerical Uncertainty ± 0.16 K (0.3°F) ± 1.453x10-4 kg/s (3.1966x10-4 lb/s) 
Total Input Uncertainty ± 10.3 K (18.5°F) ± 5.047x10-4 kg/s (1.1x10-3 lb/s) 

Table A-14          Simulation Uncertainty for PCT and ṁair for the (100 kPa, 0.5 kW)  
Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Simulation Uncertainty ± 10.3 K (18.5 °F) ±1.05x10-3 kg/s (2.31x10-3 lb/s) 
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Table A-15      Validation Uncertainty for PCT and ṁair for the (100 kPa, 0.5 kW)  
Aboveground Case  

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.5x10-3 kg/s (3.3x10-3 lb/s) 
Validation Uncertainty ± 12.4 K (22.3 °F) ±1.815x10-3 kg/s (3.993x10-3 lb/s) 

A.1.6  Aboveground (0.3 kPa, 1 kW) Case

Table A-16      Numerical Uncertainty for PCT and ṁair for the Aboveground Case for the  
(0.3 kPa, 1 kW) Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.0007 K ± 1.791x10-6 kg/s 
Discretization (GCI) ± 1.344 K ± 3.544x10-4 kg/s 
Total Numerical Uncertainty ± 1.345 K (2.421°F) ± 3.562x10-4 kg/s (7.8364x10-4 lb/s) 
Total Input Uncertainty ± 13.8 K (24.8°F) ± 3.033x10-4 kg/s (6.6726Ex10-4 lb/s) 

Table A-17 S      imulation Uncertainty for PCT and ṁair for Aboveground Case for the  
(0.3 kPa, 1 kW) Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 13.8 K (24.8°F) ±1.037x10-3 kg/s (2.2814x10-3 lb/s) 

Table A-18      Validation Uncertainty for PCT and ṁair for Aboveground Case for the  
(0.3 kPa, 1 kW) Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.5x10-3 kg/s (3.3x10-3 lb/s) 
Validation Uncertainty ± 15.5 K (27.9 °F) ±1.807x10-3 kg/s (3.9754x10-3 lb/s) 

A.1.7  Aboveground (0.3 kPa, 0.5 kW) Case

Table A-19      Numerical Uncertainty for PCT and ṁair for the (0.3 kPa, 0.5 kW)  
Aboveground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.0008 K ± 9.045x10-6 kg/s 
Discretization (GCI) ± 1.589 K ± 2.212x10-4 kg/s 
Numerical Uncertainty ±1.589 K (2.9°F) ± 2.302x10-4 kg/s (5.0644x10-4 lb/s) 
Total Input Uncertainty ± 16.6 K (29.9°F) ± 5.012x10-4 kg/s (1.1026x10-3 lb/s) 
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Table A-20 S      imulation Uncertainty for PCT and ṁair for the (0.3 kPa, 0.5 kW)  
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 16.7 K (30.1°F) ±1.103x10-3 kg/s (2.4266x10-3 lb/s) 

Table A-21 V     alidation Uncertainty for PCT and ṁair for the (0.3 kPa, 0.5 kW)  
Aboveground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.5x10-3 kg/s (3.3x10-3 lb/s) 
Validation Uncertainty ± 18.1 K (32.5 °F) ±1.846x10-3 kg/s (4.0612x10-3 lb/s) 
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A.2  Underground

A.2.1  Underground (800 kPa, 5 kW) Case

Table A-22 N     umerical Uncertainty for PCT and ṁair for the (800 kPa, 5kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.345 K ± 4.2641x10-6 kg/s 
Discretization (GCI) ± 2.277 K ± 3.7948x10-4 kg/s 
Numerical Uncertainty ± 2.6 K (4.7 °F) ± 3.84x10-4 kg/s (8.448x10-4 lb/s) 
Total Input Uncertainty ± 10.2 K (18.4°F) ± 1.081x10-3 kg/s (2.3782x10-3 lb/s) 

Table A-23 S      imulation Uncertainty for PCT and ṁair for the (800 kPa, 5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 10.5K (18.9°F) ±2.295x10-3 kg/s (5.049x10-3 lb/s) 

Table A-24 V     alidation Uncertainty for PCT and ṁair for the (800 kPa, 5 kW)  
UndergroundCase 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3 kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 12.6 K (22.7 °F) ±2.545x10-3 kg/s (5.599x10-3 lb/s) 

A.2.2  Underground (800 kPa, 0.5 kW) Case

Table A-25 N     umerical Uncertainty for PCT and ṁair for the (800 kPa, 0.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.063 K ± 3.1864x10-6 kg/s 
Discretization (GCI) ± 3.542 K ±4.0731x10-4 kg/s 
Numerical Uncertainty ± 3.604 K (6.5 °F) ± 4.1x10-4 kg/s (9.02x10-4 lb/s) 
Total Input Uncertainty ± 8.15 K (14.7°F) ± 6.915x10-4 kg/s (1.5213x10-3 lb/s) 
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Table A-26 S      imulation Uncertainty for PCT and ṁair for the (800 kPa, 0.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 8.9K (16°F) ±1.608x10-3 kg/s (3.5376x10-3 lb/s) 

Table A-27 V     alidation Uncertainty for PCT and ṁair for the (800 kPa, 0.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3 kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 11.3 K (20.3 °F) ±1.949x10-3 kg/s (4.2878x10-3 lb/s) 

A.2.3  Underground (450 kPa, 2.5 kW) Case

Table A-28 N     umerical Uncertainty for PCT and ṁair for the (450 kPa, 2.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.10 K ± 6.2153x10-6 kg/s 
Discretization (GCI) ± 3.67 K ± 2.5299x10-4 kg/s 
Numerical Uncertainty ± 3.77 K (6.8 °F) ± 2.59x10-4 kg/s (5.698x10-4 lb/s) 
Total Input Uncertainty ± 8.7 K (15.7°F) ± 9.174x10-4 kg/s (2.0183x10-3 lb/s) 

Table A-29 S      imulation Uncertainty for PCT and ṁair for the (450 kPa, 2.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ±9.5 K (17.1°F) ±1.907x10-3 kg/s (4.1954x10-3 lb/s) 

Table A-30 V     alidation Uncertainty for PCT and ṁair for the (450 kPa, 2.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3 kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 11.8 K (21.2 °F) ±2.201x10-3 kg/s (4.8422x10-3 lb/s) 
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A.2.4  Underground (100 kPa, 5 kW) Case

Table A-31 N     umerical Uncertainty for PCT and ṁair for the (100 kPa, 5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.002 K ± 8.35x10-7 kg/s 
Discretization (GCI) ± 1.01 K ± 1.2649x10-4 kg/s 
Numerical Uncertainty ± 1.01 K (1.8°F) ± 1.27x10-4 kg/s (2.794 x10-4 lb/s) 
Total Input Uncertainty ± 11.7 K (21.1°F) ± 1.175x10-3 kg/s (2.585x10-3 lb/s) 

Table A-32      Simulation Uncertainty for PCT and ṁair for the (100 kPa, 5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ±11.7 K (21.1 °F) ±2.364x10-3 kg/s (5.2008 x10-3 lb/s) 

Table A-33 V     alidation Uncertainty for PCT and ṁair for the (100 kPa, 5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3 kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 13.6 K (24.5 °F) ±2.607x10-3 kg/s (5.7354x10-3 lb/s) 

A.2.5  Underground (100 kPa, 2.5 kW) Case

Table A-34 N     umerical Uncertainty for PCT and ṁair for the (100 kPa, 2.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.0014 K ± 8.3507x10-7 kg/s 
Discretization (GCI) ± 1.26 K ± 1.2649x10-5 kg/s 
Numerical Uncertainty ± 1.27 K (2.3 °F) ± 1.35 x10-5   kg/s (2.97x10-5 lb/s) 
Total Input Uncertainty ± 9.2 K (16.6°F) ± 9.885x10-4 kg/s (2.1747x10-3 lb/s) 

Table A-35 S      imulation Uncertainty for PCT and ṁair for the (100 kPa, 2.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 9.3 K (16.7°F) ±1.977 x10-3 kg/s (4.3494x10-3 lb/s) 
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Table A-36 V     alidation Uncertainty for PCT and ṁair for the (100 kPa, 2.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3   kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 11.6 K (20.9 °F) ±2.263x10-3 kg/s (4.9786x10-3 lb/s) 

A.2.6  Underground (100 kPa, 0.5 kW) Case

Table A-37 N     umerical Uncertainty for PCT and ṁair for the (100 kPa, 0.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.007 K ± 2.7313x10-6 kg/s 
Discretization (GCI) ± 0.38 K ± 1.0119x10-5 kg/s 
Numerical Uncertainty ± 0.39K (0.7°F) ± 1.29 x10-5 kg/s (2.838x10-5 lb/s) 
Total Input Uncertainty ± 10.5 K (18.9°F) ± 7.831x10-4 kg/s (1.7228x10-3 lb/s) 

Table A-38 Total Simulation Uncertainty for PCT and ṁair for the (100 kPa, 0.5 kW) 
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 10.5 K (18.9°F) ±1.566x10-3 kg/s (3.4452x10-3 lb/s) 

Table A-39 T     otal Validation Uncertainty for PCT and ṁair for the (100 kPa, 0.5 kW) 
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3 kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 12.6 K (22.7 °F) ±1.914x10-3 kg/s (4.2108x10-3 lb/s) 

A.2.7  Underground (0.3 kPa, 1 kW) Case

Table A-40 N     umerical Uncertainty for PCT and ṁair for the (0.3 kPa, 1 kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.01 K ± 6.5448x10-6 kg/s 
Discretization (GCI) ± 1.39 K ± 1.0372x10-4 kg/s 
Numerical Uncertainty ± 1.40 K (2.5 °F) ± 1.1x10-4   kg/s (2.42x10-4 lb/s) 
Total Input Uncertainty ± 14. K (25.2°F) ± 6.482x10-4 kg/s (1.426x10-3 lb/s) 
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Table A-41 S     imulation Uncertainty for PCT and ṁair for the (0.3 kPa, 1 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ±14 K (25.2°F) ±1.315x10-3 kg/s (2.893x10-3 lb/s) 

Table A-42 V     alidation Uncertainty for PCT and ṁair for the (0.3 kPa, 1 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3   kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 15.7 K (28.2 °F) ±1.714x10-3 kg/s (3.7708 x10-3 lb/s) 

A.2.8  Underground (0.3 kPa, 0.5 kW) Case

Table A-43 N     umerical Uncertainty for PCT and ṁair for the (0.3 kPa, 0.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for One inlet Vent 
Computer Round-off ± 0 K ± 0 kg/s 
Iterative Convergence ± 0.002 K ± 5.5594x10-6 kg/s 
Discretization (GCI) ± 1.39 K ± 2.1504x10-5 kg/s 
Numerical Uncertainty ± 1.39 K (2.5°F) ± 2.71x10-5   kg/s (5.962x10-5 lb/s) 
Total Input Uncertainty ± 16.7 K (30.1°F) ± 7.901x10-4 kg/s (1.7382x10-3 lb/s) 

Table A-44 S     imulation Uncertainty for PCT and ṁair for the (0.3 kPa, 0.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Simulation Uncertainty ± 16.8 K (30.2°F) ±1.581x10-3 kg/s (3.4782x10-3 lb/s) 

Table A-45 V     alidation Uncertainty for PCT and ṁair for the (0.3 kPa, 0.5 kW)  
Underground Case 

PCT 𝒎̇𝒎air for All the Vents 
Experimental Uncertainty ± 7 K (12.6 °F) ±1.1x10-3   kg/s (2.42x10-3 lb/s) 
Validation Uncertainty ± 18.2 K (32.8 °F) ±1.926x10-3 kg/s (4.2372x10-3 lb/s) 
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APPENDIX B
RESULTS FOR OTHER CASES 

B.1  Aboveground

B.1.1  Aboveground (450 kPa, 2.5 kW) Case

Figure B-1  PCT for the Aboveground (450 kPa, 2.5 kW) Case 

Figure B-2  Channel Box Temperature for the Aboveground (450 kPa, 2.5 kW) Case 
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Figure B-3 Basket Temperature for the Aboveground (450 kPa, 2.5 kW) Case 

 

 

 

Figure B-4 Pressure Vessel Temperature for the Aboveground (450 kPa, 2.5 kW) Case 
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Figure B-5 Shell1 Temperature for the Aboveground (450 kPa, 2.5 kW) Case 

Figure B-6 Shell1-Insulation Temperature for the Aboveground (450 kPa, 2.5 kW) Case 
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B.1.2  Aboveground (100 kPa, 2.5 kW) Case 

 

Figure B-7 PCT for the Aboveground (100 kPa, 2.5 kW) Case 

 

 

 

Figure B-8  Channel Box Temperature for the Aboveground (100 kPa, 2.5 kW) Case 
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Figure B-9 Basket Temperature for the Aboveground (100 kPa, 2.5 kW) Case 

 

 

 

Figure B-10 Pressure Vessel Temperature for the Aboveground (100 kPa, 2.5 kW) Case 
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Figure B-11 Shell1 Temperature for the Aboveground (100 kPa, 2.5 kW) Case 

 

 

 

Figure B-12 Shell1-Insulation Temperature for the Aboveground (100 kPa, 2.5 kW) Case 

 

295

305

315

325

335

345

355

0 1 2 3 4 5

Te
m

pe
ra

tu
re

 (K
)

Height (m)

CFD

Experiment

295

300

305

310

315

320

325

0 1 2 3 4 5

Te
m

pe
ra

tu
re

 (K
)

Height (m)

CFD

Experiment



 

B-7 

B.1.3  Aboveground (0.3 kPa, 1 kW) Case 

 

Figure B-13 PCT for the Aboveground (0.3 kPa, 1 kW) Case 

 

 

 

Figure B-14  Channel Box Temperature for the Aboveground (0.3 kPa, 1 kW) Case 
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Figure B-15 Basket Temperature for the Aboveground (0.3 kPa, 1 kW) Case 

 

 

 

Figure B-16 Pressure Vessel Temperature for the Aboveground (0.3 kPa, 1 kW) Case 
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Figure B-17 Shell1 Temperature for the Aboveground (0.3 kPa, 1 kW) Case 

 

 

 

Figure B-18 Shell1-Insulation Temperature for the Aboveground (0.3 kPa, 1 kW) Case 
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B.1.4  Aboveground (0.3 kPa, 0.5 kW) Case 

 

Figure B-19 PCT for the Aboveground (0.3 kPa, 0.5 kW) Case 

 

 

 

Figure B-20 Channel Box Temperature for the Aboveground (0.3 kPa, 0.5 kW) Case 
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Figure B-21 Basket Temperature for the Aboveground (0.3 kPa, 0.5 kW) Case 

 

 

 

Figure B-22 Pressure Vessel Temperature for the Aboveground (0.3 kPa, 0.5 kW) Case 
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Figure B-23 Shell1 Temperature for the Aboveground (0.3 kPa, 0.5 kW) Case 

 

 

 

Figure B-24 Shell1-Insulation Temperature for the Aboveground (0.3 kPa, 0.5 kW) Case 
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B.2  Underground 

B.2.1  Underground (450 kPa, 2.5 kW) Case 

 

Figure B-25 PCT for the Underground (450 kPa, 2.5 kW) Case 

 

 

 

Figure B-26  Channel Box Temperature for the Underground (450 kPa, 2.5 kW) Case 
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Figure B-27 Basket Temperature for the Underground (450 kPa, 2.5 kW) Case 

 

 

 

Figure B-28 Pressure Vessel Temperature for the Underground (450 kPa, 2.5 kW) Case 
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Figure B-29 Shell1 Temperature for the Underground (450 kPa, 2.5 kW) Case 

 

 

 

Figure B-30 Shell2 Temperature for the Underground (450 kPa, 2.5 kW) Case 
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B.2.2  Underground (100 kPa, 2.5 kW) Case 

 

Figure B-31 PCT for the Underground (100 kPa, 2.5 kW) Case 

 

 

 

Figure B-32  Channel Box Temperature for the Underground (100 kPa, 2.5 kW) Case 
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Figure B-33 Basket Temperature for the Underground (100 kPa, 2.5 kW) Case 

 

 

 

Figure B-34 Pressure Vessel Temperature for the Underground (100 kPa, 2.5 kW) Case 
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Figure B-35 Shell1 Temperature for the Underground (100 kPa, 2.5 kW) Case 

 

 

 

Figure B-36 Shell2 Temperature for the Underground (100 kPa, 2.5 kW) Case 
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B.2.3  Underground (0.3 kPa, 1 kW) Case

Figure B-37 PCT for the Underground (0.3 kPa, 1 kW) Case 

Figure B-38  Channel Box Temperature for the Underground (0.3 kPa, 1 kW) Case 
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Figure B-39 Basket Temperature for the Underground (0.3 kPa, 1 kW) Case 

Figure B-40 Pressure Vessel Temperature for the Underground (0.3 kPa, 1 kW) Case 
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Figure B-41 Shell1 Temperature for the Underground (0.3 kPa, 1 kW) Case 

 

 

 

Figure B-42 Shell2 Temperature for the Underground (0.3 kPa, 1 kW) Case 
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B.2.4  Underground (0.3 kPa, 0.5 kW) Case 

 

Figure B-43 PCT for the Underground (0.3 kPa, 0.5 kW) Case 

 

 

 

Figure B-44  Channel Box Temperature for the Underground (0.3 kPa, 0.5 kW) Case 
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Figure B-45 Basket Temperature for the Underground (0.3 kPa, 0.5 kW) Case 

 

 

 

Figure B-46 Pressure Vessel Temperature for the Underground (0.3 kPa, 0.5 kW) Case 
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Figure B-47 Shell1 Temperature for the Underground (0.3 kPa, 0.5 kW) Case 

Figure B-48 Shell2 Temperature for the Underground (0.3 kPa, 0.5 kW) Case 
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