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[bookmark: _Toc69713507]ABSTRACT
This report documents the progress in preparing the ANSYS/Fluent® and MELCOR models to perform characterization studies of aerosols dispersal and deposition within a select spent fuel cask system.  Steady state thermal-hydraulic cask response is modeled with both codes, at present, while the MELCOR source code is being modified to allow imposed thermal-hydraulic conditions with aerosol physics calculations.  This will allow the MELCOR model to assume the thermal-hydraulic calculation from the ANSYS/Fluent®, while only computing the aerosol physics. 
Detailed results are presented on the thermal-hydraulic analysis of the MAGNASTOR® cask for the current ANSYS/Fluent® model, with convergent conditions observed over two fidelities.  While the MELCOR computation computes the steady state conditions, they differ sufficiently from that computed with ANSYS/Fluent®.  The MELCOR analysis include a set of UO2 sources to investigate system response for interim reporting.  The airborne concentrations and evolving distributions are presented. 
Model development is anticipated to continue as additional components impacting flow conditions or aerosol deposition within the MAGNASTOR® cask and Westinghouse fuel assemblies are identified.
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Interim Report on Aerosol Deposition Inside a Spent Transportation and Storage Canister
[bookmark: _Hlk69889548]This report fulfils milestone M3SF-21SN010207072 with aerosol depletion estimates inside a spent fuel dry storage system using MELCOR, inside work package (SF-21SN01020707).  This work was sponsored under the Department of Energy’s (DOE) Office of Nuclear Energy Spent Fuel and Waste Disposition (SFWD) campaign.
[bookmark: _Toc69713510]INTRODUCTION
Spent nuclear fuel must be contained until ultimate disposal to prevent radionuclides from entering the environment.  In addition to the fuel cladding, canisters containing the fuel provide a barrier to release.  In the event that the cladding fails and releases radionuclides in the form of aerosol particles, the canister is designed to contain the release.  Furthermore, the natural flow within the canister, and the external surface area of the fuel rods, provide ample opportunity for radioactive aerosol to deposit on the fuel rods.  This work analyzes the natural aerosol particle removal processes within a typical canister.
Preliminary analysis of the evolution of airborne material following release from a spent fuel pin is provided.  An example commercial cask system, the MAGNASTOR® system, was modeled to support investigative analysis of the thermal-hydraulic system performance and coupled aerosol physics.  Thermal-hydraulic analyses are presented for the ANSYS/Fluent® and MELCOR computer codes.  While MELCOR explicitly couples thermal-hydraulic computations and aerosol transport and deposition, buoyancy driven flow modeling should employ implicit momentum conservation; however, the momentum equation in MELCOR does not conserve momentum.  Therefore, the ANSYS/Fluent® computer code results are intended to be used first as a comparative case to the MELCOR results.  But the MELCOR model will eventually apply the thermal dynamic state parameters from the Fluent® analysis while computing the aerosol physics. 
A description of the MAGNASTOR® system is provided in Section 2 to help familiarize the reader with the general layout and major system components relevant to the thermal-hydraulic analysis of the MAGNASTOR® system.  The ANSYS/Fluent® model and results are presented in Sections 3 and 4, respectively.  Similarly, the MELCOR model and results are presented in Sections 5 and 6, respectively.  The MELCOR results incorporate preliminary UO2 aerosol sources.  The resulting airborne mass distributions and overall deposition are presented.
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[bookmark: _Toc69713511]MAGNASTOR® CASK DESCRIPTION
The cask design and configuration applied in the following analysis are intended to summarily represent the MAGNASTOR® system.  
A schematic of the MAGNASTOR® system is shown below in Figure 1.  The cut-away depicts the cask system and several major components within.  The goal of the analysis is to demonstrate the characterization of aerosol particulate within the Transportation and Storage Canister (TSC).  Therefore, a complete computational modeling and description of the cask is unwarranted given the TSC acts as the outermost barrier preventing dispersions of aerosolized particulate from the cask system.  The system description and model development are restricted to the TSC and components housed within.  Structural components of the TSC and fuel assemblies not discussed are additionally not incorporated in the computational models.
From the TSC variants reported, the modeled system for the analyses conforms to the TSC1/2 variant [NAC, PDF page 183/786].  Manufactured from stainless steel, the TSC is a cylindrical shell with a base and closure lid.  The outer diameter of the shell is 72 inches with a wall thickness of 0.5 inches.  The closure lid and base have reported thicknesses of 9 and 2.75 inches, respectively, and the interior height of the TSC is 180 inches [NAC, PDF page 283/786].
Within the TSC, the MAGNASTOR® system is configurable for various spent fuel types and damage states. An assemblage of Fuel Tube Assemblies (FTAs) and damaged fuel cannisters comprises the basket assembly.  As the analysis does not investigate damaged fuel assemblies, the basket assembly considered is constructed from only FTAs, carbon steel rectangular tubes with neutron absorber material plates.  The FTAs are corner welded diagonally with neighboring FTA, permitting a maximum of four FTAs to be affixed to any given FTA.  Spent fuel assemblies are slotted directly into the FTAs as well as the resultant voids formed by the FTAs.  See Figure 2 for a depiction of an FTA.
For the analyses presented, a 37-assembly configuration for undamaged pressurized water reactor (PWR) is modeled.  The basket assembly consists of 21 FTAs and 16 resultant voids, shown in Figure 3.  The preferential loading pattern is specified with a peak heat load of 1.2 kW housing Westinghouse 17x17 fuel assemblies, in accordance with the reported bounding thermal evaluation [NAC, PDF page 246/786]. The designation of the assemblies as A, B, or C in Figure 4 corresponds to heat generation rates of 922, 1200, and 800 W/assembly, respectively [NAC, PDF page 686/786].  
To reduce the complexity in modeling the basket assembly, a simplified basket assembly wherein the alternating FTAs and resultant voids are reduced to a uniform, solid square grid is modeled.  An inner dimension length of 8.75 inches is assumed along with a thickness of 0.45 inches.  The neutron absorber as well as all other undiscussed structural components are disregarded from the simplified model. 
Each spent fuel assembly pin, shown in 
Figure 5, is 151.6 inches (3851 mm) in length.  The assumed base elevation of the fuel pins is taken from the base elevation of the basket assembly.  Given a total length of an FTA is 173.5 inches (4407 mm), there is an empty space at the top of each FTA that is 173.5 – 151.6 = 21.9 inches (556.3 mm) long.  With a total interior height of the TSC, 180 inches (4572 mm) [NAC, PDF page 283/786], 6.5 inches (16.5 mm) of space exists between the ends of the baskets and the interior TSC base and lid.  The lowest extent of the basket assembly is 3 inches (76.2 mm) above the bottom of the canister to allow for helium to enter the bottom of each basket [NAC, page 172/786].  Thus, the top space between the baskets and the canister is 6.5 – 3.0 = 3.5 inches (88.9 mm) long.  A vertical view, downward into TSC is shown in Figure 4.  All other fuel assembly components are disregarded from the model space, presently.
The TSC is filled with helium at an absolute pressure of 8 atmospheres [NAC, PDF page 241/786] and is vertically oriented.  Due to decay heat from the spent fuel, buoyancy flow is induced upwards through the spent fuel assemblies and downward in the annular region between the assemblies and canister walls.  Heat generated by the spent fuel leaves the TSC primarily by convection due to the induced buoyancy air flow [Fort et al., 2016; Jensen et al., 2019] that is external to the TSC, and within the concrete cask.  
[image: ]
[bookmark: _Ref68605409][bookmark: _Toc69461567][bookmark: _Toc69564018]Figure 1. Concrete cask showing placement of TSC (Transportation and Storage Canister) inside a concrete cask [NAC, PDF page 181/786].

[image: ]
[bookmark: _Ref68851944][bookmark: _Toc69461568][bookmark: _Toc69564019]Figure 2. Depiction of the Fuel Tube Assembly. Computations models disregard the neutron absorber components.
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[bookmark: _Ref68851955][bookmark: _Toc69461569][bookmark: _Toc69564020][bookmark: _Hlk69473765]Figure 3. Unloaded PWR basket assembly in the 37-fuel assembly configuration.
[bookmark: _Ref68605421][bookmark: _Toc69461570][bookmark: _Toc69564021]Figure 4[image: ][image: ]. Top view of PWR (Pressurized Water Reactor) fuel assemblies* preferential loading pattern [NAC, PDF page 688/786] on the left side of the figure.
*The assemblies marked at A, B, and C have heat generation rates of 922, 1200, and 800 W, respectively.  On the right side of the figure is the 3-D scaled representation of the ANSYS/Fluent® model using SpaceClaim® software within the ANSYS® workbench.  The yellow, red, and light blue regions on the right side correspond to the A, B, and C type assemblies on the left side of the figure, respectively.  The top space and the cylindrical curved shell of the TSC have been removed so that the assemblies can be seen.
[bookmark: _Ref68685951][bookmark: _Toc69461571][image: ]
[bookmark: _Toc69564022]Figure 5 Geometry of Fuel Pin [Westinghouse].
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[bookmark: _Toc69713512]ANSYS/FLUENT® MODEL
The objective of the ANSYS/Fluent® model is to provide the helium flow rate and temperature in the assemblies for the MELCOR code which calculates aerosol deposition.  In subsequent work we may extend the computational domain to include the concrete cask and heat transfer to the environment.  In addition, more geometric details such as the assembly top and bottom nozzles may be included.  
The ANSYS/Fluent® model is shown schematically on the right side of Figure 4, and the geometric parameters in the model are given in Appendix A.  The thermo-physical properties used in the model are given in Appendix B.  For all these parameters, the literature source is given, or the method of determination is given.  
The fuel pin power distribution is modeled as shown in Figure 6.  On the left had side of the figure is a depiction of a general Westinghouse fuel pin.  On the right, the modeled fuel region is shown.  A uniform power distribution is modeled for the highlighted region.
Symmetry can be used to reduce the model to 1/8 of the geometry as shown in Figure 7.  On the left side of this figure the blue shaded region is the only part that is modeled.  The five vertical regions from the bottom are: (1) the 3-inch (76.2 mm) high bottom open space, (2) the 144-inch (3657.6 mm) high heated region, (3) the 7.6-inch (193.04 mm) high unheated pin, (4) the 21.9-inch (556.26 mm) high space in the baskets, and (5) the 3.5-inch (88.9 mm) high space above the baskets which is not shown for clarity.
Thus, there is an empty space at the top of each FTA that is 173.5 – 151.6 = 21.9 inches (556.3 mm) long.  This space will be shown later to result in recirculating eddies.

[image: ]
[bookmark: _Ref68852612][bookmark: _Toc69461572][bookmark: _Toc69564023]Figure 6. Geometry of Fuel Pin [Westinghouse] on the left, and the idealized right circular cylinder fuel pin used in the model on the right (not to scale).

[image: ]
[bookmark: _Ref68852994][bookmark: _Toc69461573][bookmark: _Toc69564024]Figure 7. Top view of PWR (Pressurized Water Reactor) fuel assemblies preferential loading pattern [NAC, PDF page 688/786] on the left with the blue shaded region corresponding to the 1/8 geometry as used in the model on the right.

On the symmetry planes, the temperature gradient, shear stress and mass flow rate through the planes are zero.  The basket size is given in Figure 8 and is modeled as a square cross section with 9.2 inches (233.68 mm) on a side.  The basket walls are modeled as steel conduction shells with a wall thickness of 0.45 inches (11.43 mm).
[image: ]
[bookmark: _Ref68853058][bookmark: _Toc69461574][bookmark: _Toc69564025]Figure 8. Top view of PWR fuel assemblies preferential loading pattern [NAC, PDF file page 648/786] with dimensions of basket walls given in the lower right corner.

A typical discretization with 259,609 finite volumes is shown in Figure 9.  The desired finite volumes are rectangular blocks with faces that are either parallel or perpendicular to the direction of flow, which is exactly what is shown in Figure 9 for the assemblies.  Flow in the annular regions and space above the baskets is more complicated, and therefore no effort was made to have the mesh rectangular even though it turned out that way for the annular region.  The faces of four assemblies are shown with the X-axis pointing to the left.  From Figure 7, that means that the view is that of the broad blue arrow in the positive Z-direction.
[image: ]
[bookmark: _Ref68853220][bookmark: _Toc69461575][bookmark: _Toc69564026]Figure 9. Discretization for 259,609 finite volumes.

The heat loss from the canister is primarily by convection due to chimney effect of air rising rapidly between the outer canister wall and the concrete cask.  From the “engineers edge” website, the forced convection value of , the heat transfer coefficient, is 10 W/m2/C for low speed air over a surface [www.engineersedge.com/heat_transfer/convective_heat_transfer_coefficients__13378.htm].  The air velocity is provided in NAC [PDF page 556/786].  The legend indicated flow velocities up to 1.9 m/s, but the contour plot is not clearly drawn so that the flow velocity profiles can be determined.  Nonetheless, a 1 m/s air flow can be considered low speed.  For forced convection at 2 m/s over a 0.2-m square plate a nominal value for , the heat transfer coefficient is 12 W/m2/C [Holman, 1981].  This may be a good approximate value for the canister.  Until the cask concrete wall and space between the canister and cask are modeled, a value of  = 10 W/m2/C is used as the best estimate of the heat transfer coefficient in this work.  
Modeling flow in the interstitial space between 264 fuel pins and 25 slightly larger guide tubes in a single assembly is computationally intensive.  Furthermore, to model the flow for 37 such assemblies, with flow coupling in the open ends, combined with flow in the annular space, and including heat transfer is computationally very intensive.  Therefore, the approach developed for flow through the assemblies is to model assemblies as a porous media [Lee et al. 2009; Zigh and Gonzalez, 2017].  The porosity of an assembly is the open space available for flow.  This is computed assuming 289 identical cylindrical  fuel pins with an outer diameter of 0.375 inches (9.525 mm) that occupy the space unavailable for flow in a square basket with an inner dimension of 8.75 inches (222.25 mm).  The result is a porosity of 0.417 as given in Appendix A of this work. 
Zigh and Gonzalez [2017] varied the friction coefficient for flow in the porous media representation of an assembly to match the measured peak cladding temperature.  The units of the friction coefficient are not given in their report, but the units must be area based on their Equation 2-7.  Assuming metric units, the friction coefficient is in units of square meters.  From page 2-16 of their report, the friction coefficient is given as 1.12×106 and 0.992×106 m2 for two different cells and a power of 1 kW.  In the porous media literature, this coefficient is an inverse permeability, and for this work we use an inverse permeability of 1.0×106 m2.  The permeability is used to determine the superficial velocity through a porous media given by Darcy’s law [Bear, 1972], and can be expressed for one-dimensional flow due to a pressure gradient and gravity as,


where
 = superficial velocity in the z-direction (m/s),
 = volumetric flow rate (m3/s),
= permeability of medium (m-2),
 = fluid viscosity (kg/m/s),
 = fluid density (kg/m3),
 = z-component of gravitational acceleration (m/s2),
 = cross-section area including media and fluid (m2),
 = pressure (Pa = kg/m/s2), and
 = distance in direction of flow (m).

For the general 3-D case, Darcy’s law is given as,



where the arrow on top of a variable is used to indicate a vector, and  is the pressure gradient.
To demonstrate the reasonableness of using a porous media model, consider an idealized perfectly smooth pipe of diameter  and length  passing through an impermeable square region of side length , where   .  But instead of flow exterior to the pipe as is the case for an assembly, the flow is confined to the inside the pipe which represents an idealize pore.  For steady, laminar and incompressible flow of a Newtonian fluid through the pipe, the volumetric flow rate is given by the well-known Hagen-Poiseuille solution,



where  is the higher pressure minus the lower pressure.  Neglecting the effects of gravity, the superficial velocity is given by substituting Eq. (3) into Eq. (1) to obtain



For this idealized case



and thus, the permeability from Eq. (4) is given by



For a closely packed pipe so that , a permeability of 10-6 m2 as estimated from the work of Zigh and Gonzales, corresponds to a pipe diameter of 6.38 mm (0.251 in.) from Eq. (6).  This diameter for a pore is comparable to the spacing between the pins in an assembly, and thus demonstrates the reasonableness of the porous media representation of flow through the assemblies, and that the units of the friction coefficient reported by Zigh and Gonzales are m2.  Higher values of the friction coefficient correspond to lower values of the permeability, which corresponds to a smaller pore diameter from Eq. (6).  Actual porous media are far more complicated than a single straight pore and have numerous convoluted pathways through the media.
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[bookmark: _Toc69713513]ANSYS/FLUENT® RESULTS
Contour plots of temperature, pressure, and flow velocity in the vertical direction are given in this section.  From Figure 7, the upwards vertical direction is along the Y-axis.  Two views will be given for each variable, corresponding to the two surfaces of the wedge given in Figure 7.  Contours on the left side of the page correspond to the view in the direction of the Z-axis.  This view is shown in Figure 7 as a broad blue arrow and looks at the side of four assemblies along the X-axis.  Contours on the right side of the page correspond to the view shown in Figure 7 as a broad green arrow looking at a diagonal between the X and Z axes and look at a plane that cuts through three assemblies. 
For 259,609 finite volumes and a heat transfer coefficient of 10 W/m2/C, the temperature, pressure and flow velocity contours are given in Figure 10, Figure 11, and Figure 12, respectively.  To demonstrate convergence, the same problem with the same parameters and geometry is repeated but with 1,775,191 finite volumes with the results in Figure 13, Figure 14, and Figure 15, respectively.  There were not significant differences in the results when increasing the number of finite volumes by a factor of 6.8.
The temperature contours in Figure 10 and Figure 13 show the effects of heating with natural convection.  As noted previously, assemblies marked as the B-type have the highest heat generation rate, and therefore are hotter than the other assemblies.  The maximum temperature of 600 K (327 C) or 588 K (315 C) is attained near the top of these assemblies, in Figure 10 and Figure 13, respectively.  This maximum temperature is well within the design criterion of the maximum fuel cladding temperature of 400 C [NAC, PDF page 241/786].  The assemblies do not have a uniform temperature because helium that has been cooled by passing downward in the annular region, rises from the bottom of the canister to cool the bottom of the assemblies.  The basket walls also contribute some cooling of the assemblies by transferring heat downward by conduction.  There is a sharp drop in temperature at the top of the heated region.  Interestingly, the temperature does not drop uniformly within the baskets above the heated region.  Instead, there are slightly hotter zones close to the sides of the baskets.  An explanation for this behavior will be given later.
The pressure contours in Figure 11 and Figure 14 show the expected decrease in pressure from the bottom to the top of the canister.  These are the pressures above the operating pressure of 8 atmospheres (810,600 Pa).  Comparable values are obtained for both levels of discretization.  The pressure drop across the assemblies is less than 3 Pa, which is miniscule compared to the operating pressure of the canister.  That is why only variations of pressure around the operating pressure are given in Figure 11 and Figure 14. 
Of significant importance for the MELCOR simulation is the upward velocity in the Y-direction.  Contours of this variable are shown in Figure 12 and Figure 15.  Throughout the canister, the y-velocity is less than 1 m/s, and much less than that within the assemblies where there is much surface area for aerosol particles to deposit.  In these figures the higher velocities are attained in almost streaks in the empty space region of the baskets above the pins.  Also, in the annular region where helium is flowing downward, the flow is not uniform.
[image: ]
[bookmark: _Ref68855189][bookmark: _Toc69461576][bookmark: _Toc69564027]Figure 10. Temperature contours with 259,609 finite volumes.
[image: ]
[bookmark: _Ref68855210][bookmark: _Toc69461577][bookmark: _Toc69564028]Figure 11. Pressure contours with 259,609 finite volumes.
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[bookmark: _Ref68855216][bookmark: _Toc69461578][bookmark: _Toc69564029]Figure 12. Vertical velocity contours with 259,609 finite volumes.
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[bookmark: _Ref68855223][bookmark: _Toc69461579][bookmark: _Toc69564030]Figure 13. Temperature contours with 1,775,191 finite volumes.
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[bookmark: _Ref68855231][bookmark: _Toc69461580][bookmark: _Toc69564031]Figure 14. Pressure contours with 1,775,191 finite volumes.
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[bookmark: _Ref68855240][bookmark: _Toc69461581][bookmark: _Toc69564032]Figure 15. Vertical velocity contours with 1,775,191 finite volumes. 

To investigate the observed narrow, high temperature band behavior above the fueled regions in Figure 10 and Figure 13, and for the y-velocity in Figure 12 and Figure 15, contours of the velocity magnitude and direction, (not just the y-velocity as used in MELCOR), are plotted below on the right side of Figure 16.  The view in Figure 16 is that shown in Figure 7 as a broad blue arrow and looks at the side of four assemblies along the X-axis.  Flow clearly rises from the porous region into the empty space of the baskets and must leave this space to satisfy conservation of mass at steady conditions.  In addition, in the space above the baskets there is radial flow that is perpendicular to the baskets.  This radial flow across the top of the baskets is shown on the left side of Figure 16 and drags fluid coming out of the baskets in the radial direction.  Thus, a recirculation pattern is developed in the empty space of the baskets.  Recirculation drives cooler gas from above the baskets downward along the outer radial side of the basket, and hotter gas arising from the porous media along the inner radial side of the basket.  Hence there is a hotter streak on the inner radial side of the baskets as shown in Figure 10 and Figure 13.  This also explains the higher velocities on the inner radial side of the baskets in Figure 12 and Figure 15.  If, however, the top nozzle is included as planned for future analysis, the empty space at the top of the baskets will be significantly reduced, which may reduce or eliminate recirculation. 

[image: ]
[bookmark: _Ref68855342][bookmark: _Toc69461582][bookmark: _Toc69564033]Figure 16. Velocity magnitude from the ANSYS/Fluent® model on the right and schematic of the flow pattern above the porous media representation on the left.
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The MELCOR computer code [Humphries, 2018] couples thermal-hydraulic modeling and risk significant phenomena within a system level accident analysis code.  While the documented MELCOR cask modeled is presently computing the thermal-hydraulic response and steady state system performance of the simplified cask, these calculations are intended to be replaced with the ANSYS/Fluent® thermal-hydraulic results to improve the natural circulation modeling while restricting the MELCOR analysis to the computation of the aerosol phenomena.
Presently, the MELCOR model development and analysis of the cask system are supported by the following MELCOR code packages: Control Volume Hydrodynamic and FLow path packages (CVH-FL), Heat Structure package (HS), and the RadioNuclide package (RN). Supporting these computations are the Material Properties (MP) and Non-Condensible Gas package (NCG).  Problem execution is defined by the Executive package (EXEC).  The MP and NCG properties, are provided in Appendix B, except for density as it cannot be edited by a user.  The pertinent package modeling practices will be discussed for the HS, CVH-FL, and RN input.  Unless otherwise stated, the default code treatment may be assumed.  Some default behavior is discussed below at the authors’ discretion based on perceived importance.  The model input that deviates from the dimensions provided by the ANSYS/Fluent® input are presented below in international system of units (SI), in agreement with the native MELCOR input.
MELCOR computes advection of mass and energy from arbitrary regions, defined by control volumes, by solving a three-equation set: mass, energy, and momentum for a hydrodynamic field.  The code models transport for two fields, atmosphere and liquid, giving a total of six equations.  In general, control volumes are used to define the hydrodynamic state of a given enclosed space.  The altitude (top and bottom elevations) and total hydrodynamic volume are the principal input along with the initial thermal-dynamic information to satisfy the determination of the state parameters, pressure, temperature, constituent gas composition, etc.  The MELCOR model discretization of the TSC is shown in Figure 17.
The TSC can be divided into 4 general regions, the top (region above the basket assembly), base (region below the basket assembly), the basket assembly (volume within the basket assemblies), and the fuel assemblies (the sub-region of the basket assembly that contains fuel pins).  Each assembly group, A, B, and C are modeled by a corresponding set of axial stacked control volumes serially connected by inlet and outlet flow paths.  The fuel assemblies are subdivided into 5 axial segments, similar to reactor modeling practices [Bixler, 2013].  At the N+1 axial level, the remaining free volume of the basket assembly is modeled. Plena are used to model the base and top regions, the TSC spaces below and above the basket assembly, respectively.  These control volumes provide the inlet to and outlet from the basket assembly as well as the annulus region.  Between the basket assembly and TSC cylindrical wall is the annulus region, which is subdivided at the same axial positions as the basket assembly.  Similarly, each annulus volume is connected to its nearest annulus neighbor by an inlet and outlet flow path. 
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[bookmark: _Ref68867493][bookmark: _Toc69461583][bookmark: _Toc69564034]Figure 17. MELCOR model nodalization. Control volume assembly group A, B, and C are depicted as N0M, where M is the corresponding number 1, 2, and 3, respectively and the annulus is nodalized as 1N*
*Where N is the axial set for the both the annulus and basket assembly region. The flow paths connecting the B assembly volumes as well as the C assembly volumes are omitted from the figure.

The control volume total hydrodynamic volumes are computed from the dimensions in Appendix B and facility description provided in Section 2.  The dimensions of the fuel pin, number of fuel pins, and the simplified basket assembly dimension were used to compute the free volume for each fuel assembly group control volume.  In general, the default flow-through area, the area with which the net volumetric flow rate of the control volume is used to compute the internal velocity, which is supplied to the HS package to compute heat and mass transfer to structures, is appropriate for most vertical flow applications.  By default, MELCOR computes flow-through area by dividing the control volume’s hydrodynamic volume by the total axial elevation change.  This gives the cross-sectional area between the FTA square grid and the enclosed assemblies, multiplied by the number of assemblies of a given the assembly group.
The TSC enclosed volumes are initialized at 486.15 K and the same pressure as the ANSYS/Fluent® model, 8.106 MPa.  Given a steady state portion of the analysis is performed prior to inserting the aerosols, these values are permitted to achieve a quasi-steady state.  Thus, the initial temperature for the analysis is irrelevant, with the exception of the environment conditions, defined at standard temperature and pressure.
Definition of the flow paths, which represents the momentum expression and constitutive equations, requires specifying the inertial length (a surrogate for the mass being transported), the flow area, and open/close junction heights.  To approximate the inertial length, volume center to volume center flow paths are defined.  This is performed by defining the location of the flow path junctions to be at the control volume center for each of the connected volumes.  The junction heights determine the availability of a field for transport and for the reader’s convenience may be considered similar to pipe openings.  Given only atmospheric transport is being computed, further explanation is not necessary as atmospheric material is always the only field present at each junction openings.  The minor and major losses, form and friction losses of the transmitted fluids, are modeled as given in Eq. (8), using Eqs. (7) and (9),

where,
 = User-defined form loss coefficient of the flow path,
 = Friction factor for the segment,
 = Hydraulic diameter of a segment,
 = Segment length of a segment,
 = Open fraction of the path,
 = Area of either a segment or flow path, the ratio converts the flow path velocity to a segment velocity in the pressure drop correlation,
= The current flow path segment,
 = The given field, atmosphere or liquid,
 = The associated flow path, and
 = Combined form and friction loss factor

where,
 = Pressure drop due to form and friction losses,
 = Density of field, and 
 = Velocity.
Given laminar flow, the friction factor, which is expressed in MELCOR as the Fanning friction factor is provided as,

where, 
 = A constant, with a default value of 16, and
 = Reynolds number.
Frictional losses, which are computed for user-defined flow path segments, are restricted to the flow path regions represented within the basket assembly and the annulus.  The Slam of the basket assembly region is taken from [Zigh 2013] and adjusted to a nominal value of 25 for the fuel assembly region, note the reference applies the Darcy-Weisbach representation of the friction factor reporting nominal value of 100 in the reference.  The multiplication factor of four present in Equation 7 differentiates the two.  The annulus region retains the default constant value of 16 for Slam.  The frictional losses of the flow path regions in the top and base control volumes are disregarded.  Form loss coefficients of 1.0 are specified for the flow paths entering and exiting the basket assembly and annulus, only.  Given the structural models are limited to the FTAs, fuel pins, and TSC components, form loss factors were not applied to accommodate form losses for the grid spacers at this time.
The HS package represents physical structures and their necessary characteristics to model energy exchange with the working fluid.  Similar to the ANSYS/Fluent® model, the represented components are the fuel pins, basket assembly, and TSC within the model.  HS modeling is primarily performed in the definition of the total volume, identified material, interacting area, and characteristic dimension of the structure.  The heat transfer area and physical locations are apparent from the model description and dimensions provided in Appendix A.
While the ANSYS/Fluent® representation of the fuel/cladding system is modeled as a permeable media, MELCOR distinctly models intact structures with simple geometries, such as rectangular, spherical, or cylindrical.  The fuel/gap/clad system is model with the dimensional characteristics of fresh fuel, the characteristic dimension is the outer diameter of the cladding for the cylindrical geometry.  The outer fuel and cladding diameters are modeled as 0.0040132 m and 0.0047498 m.  A helium-filled gap resides between the outer fuel diameter and the inner diameter of the cladding, 0.0041783 m.  Due to fuel swelling, spent fuel has a gap reduced considerably compared to fresh fuel, enhancing heat transfer.  This will be addressed in future model improvements.  The unheated section of the fuel pins is modeled assuming only the presences of zirconium cladding.  A fraction of the total single pin power is uniformly sourced into the heat structures constituting the heated region.
Characteristic lengths for the TSC wall and the basket assembly are taken as the full height for each given structure.  The TSC lid and base characteristic lengths are approximated as the square root of the surface area.  Each are modeled as rectangular geometries.  For the current analyses, the characteristic lengths of the TSC are disregarded given the heat transfer coefficients are directly defined.  Given the ANSYS/Fluent® model’s application of a single 10 W/m2/C, a similar total steady state heat transfer resistance is imposed by defining both the inner and outer heat transfer coefficients as 20 W/m2/K.
The basket assembly cannot be correctly modeled in MELCOR given the complex geometry.  The FTAs are subdivided into singular, 2-sided rectangular plates at each axial level, depicted in the nodalization shown in Figure 18.  The 2-sided structures perform convective heat transfer with the associated neighboring fluid found in the corresponding control volume.  Given the three-assembly group model, some FTAs walls have both sides interacting with the fluid associated with assembly group A, or one side interacting with assembly B group.  The heat transfer coefficients are computed by default for the FTAs while applying the axial height of the local control volume as the characteristic length.
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[bookmark: _Ref69131493][bookmark: _Toc69461584][bookmark: _Toc69564035]Figure 18. Heat structures included in the MELCOR model and their general location.

Default code behavior is maintained concerning the convection heat transfer regimes, natural versus forced, and flow regime, laminar versus turbulent.  Given the passive operation of the cask system, heat transfer will be continuously modeled with laminar/natural convection correlations for all heat structure.
UO2 is sourced into the model to a prescribed size bin and total mass for the TSC.  This insertion occurs over a single timestep across all control volumes to produce a uniform concentration.  Once the aerosol mass is present, the RN package will compute the agglomeration and deposition rate of the UO2 mass.  By default, all aerosols are assumed to be adequately represented with a density of 1000 kg/m3.  For Light-Water Reactor applications, where accidents involving large quantities of water are present, this assumption is well-founded.  However, given a dry cask and assumed UO2 aerosol, the default density of the RN package was specified as 10980 kg/m3, the density of UO2.
Given not all control volumes have a horizontal heat structure to support depositing mass due to gravitational settling, inter-volume transfer of gravitational settling is addressed through the RN1_SET record.  This record assigns a recipient control volume which may receive the gravitationally settled mass from another volume.  A settling area equivalent to the flow area is specified for each control volume; the base is excluded given the heat structure representing the TSC bottom.  Masses introduced into the recipient control volume are inserted into the largest available size bin.  This does produce some artificial agglomeration rates between smaller size particles and the largest particles, since large aerosol particles have greater residence time in the atmosphere than is perhaps warranted.



[bookmark: _Toc69713515]MELCOR RESULTS
The MELCOR analyses presented are performed to characterize the aerosol behavior for a select set of scenarios.  There are two stages to each analysis.  First, the analyses are initiated with a steady state calculation from a time of -3.5e5 s until 0.0 s.  All cask control volume vapor temperatures are presented in Figure 19 to illustrate a quasi-steady condition is provided.  Figure 20 depicts similar quasi-steady conditions for the cask pressure.  Given MELCOR is computing the thermal-hydraulic state parameters of the cask, a comparison with the ANSYS/Fluent® temperatures is presented in Error! Reference source not found..  The ANSYS/Fluent® representative temperatures are computed from ANSYS/Fluent® cells which overlap with the chosen MELCOR geometry.  
It is anticipated that these temperature discrepancies observed are primarily a result of the fuel/gap/cladding models applied between the two simulations. Reductions of the fuel/gap/cladding overall resistance would increase the delta of the fluid temperature across the axial height of the fuel.  A decrease in the internal energy of the fuel/gap/clad system would correspond to an overall increase in the internal energy of the fluid, disregarding increased heat loss to the environment. However, the significant temperature drop observed at the base of the cask would require a unique model approach to enhance heat transfer to the bottom of the TSC, perhaps by imposing forced convection.  While the MELCOR thermal-hydraulic results are incorporated in the analyses at the time of this interim report, investigating these differences will not be required for the final characterization of the aerosol population wherein the MELCOR results will apply the thermal dynamic conditions and inter-flow between control volumes.  
The second phase of the analyses commences with the introduction of a uniform aerosol concentration into the cask hydrodynamic volume at time 0.0 s.  Table 1 provides the mass concentration and size of the initial, uniformly dispersed UO2 aerosols.  Insertion of the aerosol mass is concluded within the first calculation timestep after time 0.0 s. 
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[bookmark: _Ref69226995][bookmark: _Toc69461585][bookmark: _Toc69564036]Figure 19. Quasi-steady state temperature for all cask volumes.


[bookmark: _Ref69227010][bookmark: _Toc69461586][bookmark: _Toc69564037]Figure 20. Quasi-steady state pressure at the top of the cask.
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[bookmark: _Ref69712584][bookmark: _Toc69461587][bookmark: _Toc69564038]Figure 21. Comparison of the MELCOR and ANSYS/Fluent® computed temperatures.

[bookmark: _Ref69289587][bookmark: _Ref69230343][bookmark: _Toc69421098][bookmark: _Toc69564005]Table 1. UO2 aerosol sourced to cask.
	Cm,o (mg/m3)
	Size Distributions – Geometric Diameter (AED)

	
	Monodisperse – 0.3 µm (1 µm)
	Bidisperse 0.15 and 0.45 µm (0.5 and 5 µm) 50/50% by mass

	1
	X
	X

	10
	X
	X



The aerosol mass sources are introduced with the density of UO2 and geometric diameter given in Table 1.  Their resulting aerosol distributions are presented in Figure 22 through Figure 25 for select time periods.  To assist in interpreting the data between geometric diameters and aerodynamic equivalent diameter (AED), Table 2 provides the corresponding boundaries for a given aerosol section/bin size, where the diameter of the AED is computed by multiplying the square-root of the density ratio of the physical aerosol and water.  Ultimately, the deposition of airborne UO2 results in a steady decrease in the concentration of the UO2, as seen Figure 26 through Figure 29.

[bookmark: _Ref69293192][bookmark: _Toc69421099][bookmark: _Toc69564006]Table 2. Aerosol section/bin number and corresponding boundaries are provided.
	Aerosol Section/Bin Number
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Upper Bound*

	Geometric Lower Bound Diameter
	0.10
	0.19
	0.35
	0.65
	1.20
	2.24
	4.16
	7.75
	14.40
	26.90
	50.00*

	AED Lower Bound 
	0.33
	0.63
	1.16
	2.15
	3.98
	7.42
	13.78
	25.68
	47.72
	89.14
	165.68*


* Upper bound of aerosol section/bin 10
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[bookmark: _Ref69292653][bookmark: _Toc69461588][bookmark: _Toc69564039]Figure 22. Distribution* of the aerosol mass for the monodisperse 1 mg/m3 source. 
*Total mass normalization is normalized against the current airborne mass, while initial mass normalization is normalized against the initial mass source.
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[bookmark: _Toc69461589][bookmark: _Toc69564040]Figure 23. Distribution of the aerosol mass for the bidisperse 1 mg/m3 source.
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[bookmark: _Toc69461590][bookmark: _Toc69564041]Figure 24. Distribution of the aerosol mass for the monodisperse 10 mg/m3 source.

[image: ]
[bookmark: _Ref69292672][bookmark: _Toc69461591][bookmark: _Toc69564042]Figure 25. Distribution of the aerosol mass for the bidisperse 10 mg/m3 source.
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[bookmark: _Ref69294387][bookmark: _Ref69294383][bookmark: _Toc69461592][bookmark: _Toc69564043]Figure 26. Deposition removal of airborne aerosol for the monodisperse 1 mg/m3 source.
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[bookmark: _Toc69461593][bookmark: _Toc69564044]Figure 27. Deposition removal of airborne aerosol for the bidisperse 1 mg/m3 source.
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[bookmark: _Toc69461594][bookmark: _Toc69564045]Figure 28. Deposition removal of airborne aerosol for the monodisperse 10 mg/m3 source.
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[bookmark: _Ref69294476][bookmark: _Toc69461595][bookmark: _Toc69564046]Figure 29. Deposition removal of airborne aerosol for the bidisperse 10 mg/m3 source.

In general, the deposition of the UO2 aerosols mass within the first few hours greatly reduces the total concentration.  Assuming the failure of a fuel pin results in an ejection of aerosolized UO2, the duration of prolonged material remaining in suspension is relatively short and would likely require coincidental failures of the cask barrier and failure of uranium clad to pose a health consequence as computed by the analyses.  MELCOR by default computes settled aerosol as remaining so, unless vaporization of the aerosols resulting from high temperatures occurs.  As expected, the mode of the distributions occurs near the typical aerosol size most resilient to depositions/agglomeration mechanisms, for AED this would be ~0.3 micron.  Therefore, there is sensitivity to the initial distribution of the prescribed UO2 size distribution.  Aerosol diameter sizes greater than 0.3 micron, will not show a persistence for remaining airborne leading to shorter durations.  This effect is apparent when comparing the monodisperse and bidisperse at 1 hr distribution.  Having a greater mass fraction below a 0.3 micron size, the bidisperse distribution results in a greater fraction of material agglomerating into sizes near 0.3 micron AED.  This results in the airborne UO2 remaining suspended for longer durations.
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APPENDIX A. [bookmark: _Toc69461555][bookmark: _Toc69713517]CANISTER AND CASK PROPERTIES

[bookmark: _Toc69564007]Table A-1. Dimensions of MAGNASTOR® TSC used in Fluent® model.
	Parameter
	Value 
inch (mm)
	Source and comments

	TSC outer diameter
	72 (1828.8)
	NAC, PDF page 283/786

	TSC inner diameter
	71 (1803.4)
	NAC, PDF page 183/786

	TSC outer height
	191.8 (4871.72)
	NAC, PDF page 183/786 for TSC1 & TCS3

	TSC inner height
	180 (4572)
	Subtract from outer height 2.75-inch bottom canister thickness (page 183/786) and 9.0-inch-thick closure lid (for TSC1 & TSC2, page 183/786).

	Basket outer square dimension
	9.65 (245.11)
	NAC, PDF page 648/786

	Basket inner square dimension
	8.75 (222.25)
	NAC, PDF page 648/786

	Basket square box model dimension
	9.2 (233.68)
	Average of basket inner and outer square dimension

	Basket height
	173.5 (4406.9)
	NAC, PDF pages 191/786 and 201/786

	Basket height above bottom of inner TSC
	3.0 (76.2)
	NAC, PDF page 172/786

	Space between top of assemblies to inner TSC height
	3.5 (88.9)
	TSC inner height minus basket height and minus basket height above bottom of inner TSC 

	Fuel pin outer diameter
	0.375 (9.53)
	Zigh and Gonzalez, NUREG 2208, PDF page 19/93

	Basket cross section area for flow
	76.56 in2 (49395 mm2)
	Square of basket inner square dimension ((8.75)2 in2)

	Pins/assembly
	289
	17 x 17 PWR assembly

	Porosity
	0.417
	Π(pin diameter/2)2(pins/assembly)/basket cross section area for flow




[bookmark: _Toc69564008]Table A-2. Dimensions of MAGNASTOR® cask (to be used in future analyses).
	Parameter
	Value 
inch (mm)
	Source and comments

	concrete cask outer height
	225.27 (5721.9)
	NAC, PDF page 174/786

	concrete cask outer diameter
	136 (3454.4)
	NAC, PDF page 184/786

	concrete cask wall thickness
	26.5 (673.1)
	NAC, PDF page 184/786

	concrete cask inner diameter
	83 (2108.2)
	Outer diameter – 2*wall thickness

	steel liner outer diameter
	83 (2108.2)
	NAC, PDF page 184/786

	TSC outer height
	191.8 (4871.7)
	NAC, PDF page 183/786

	thickness carbon steel liner (CC1 and CC2)
	1.75 (44.5)
	NAC, PDF page 174/786


[bookmark: _Toc69461556]
APPENDIX B. [bookmark: _Toc69713518]THERMOPHYSICAL PROPERTIES

[bookmark: _Toc69564009]Table B‑1. Helium Properties [Holman, 1981]
	Temperature (K)
	Temperature (C)
	*Density (kg/m3)
	Heat Capacity (kJ/kg/C)
	Viscosity (kg/m/s)
	Thermal Conductivity (W/m/C)

	144
	-129
	0.3379
	5.200
	125.5 × 10-7
	0.0928

	200
	-73
	0.2435
	5.200
	156.6 × 10-7
	0.1177

	255
	-18
	0.1906
	5.200
	181.7 × 10-7
	0.1357

	366
	93
	0.13280
	5.200
	230.5 × 10-7
	0.1691

	477
	204
	0.10204
	5.200
	275.0 × 10-7
	0.197

	589
	316
	0.08282
	5.200
	311.3 × 10-7
	0.225

	700
	427
	0.07032
	5.200
	347.5 × 10-7
	0.251

	800
	527
	0.06023
	5.200
	381.7 × 10-7
	0.275


*For the calculations, the density is calculated by the Redlich-Kwong equation of state contained in the Fluent® database.


[bookmark: _Toc69564010]Table B‑2. Steel Density and Heat Capacity of Basket Walls [Zigh and Gonzalez, Tables 2-3 and 2-9, 2017].
	Temperature (K)
	Temperature (C)
	Density (kg/m3)
	Heat Capacity (J/kg/C)

	200
	-73
	8030
	402

	400
	127
	8030
	526

	600
	327
	8030
	554

	800
	527
	8030
	581

	1000
	727
	8030
	608

	1200
	927
	8030
	640



[bookmark: _Toc69564011]Table B-3.  Axial Thermal Conductivity* of Assemblies [Zigh and Gonzalez, Table 2-25, 2017]
	Temperature (K)
	Temperature (C)
	Thermal Conductivity (W/m/C)

	273
	0
	16

	398
	125
	17

	498
	225
	19

	800
	527
	22.6

	1200
	927
	28


*Thermal conductivity in the radial direction which is perpendicular to the axis of the pins is taken as 0.04 times the axial thermal conductivity.



[bookmark: _Toc69564012]Table B-4. Thermal Conductivity of Steel Basket Walls [Zigh and Gonzalez, Table 2-10, 2017]
	Temperature (K)
	Temperature (C)
	Thermal Conductivity (W/m/C)

	273
	0
	4.43

	400
	127
	5.1

	600
	327
	6.06

	800
	527
	6.96

	1000
	727
	7.84

	1100
	827
	8.29



[bookmark: _Toc69564013]Table B-5. Assembly Heat Capacity [Zigh and Gonzalez, Table 2-35, 2017]
	Temperature (K)
	Temperature (C)
	Heat Capacity (J/kg/C)

	273
	0
	571

	400
	127
	662

	600
	327
	731

	800
	527
	770

	1000
	727
	801
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Figure 5.8.7-1  Schematic of PWR Fuel Preferential Loading Pattern
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