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Report on casting modeling and simulation

Prepared by

Cetin Unal and Neil Carlson

Los Alamos National Laboratory

Los Alamos, NM 87544

Summary

New modeling capabilities needed to simulate the casting of metallic fuels are added to Truchas code. In
this report we summarize improvements we made in 2014 in three areas; 1- the implementation of an
adiabatic gas bubble model into Truchas to model liquid-gas flow, 2- the implementation of surface
tension model into Truchas for unstructured mesh required to run U-Zr casting, 3-the simulation of INL’s
U-Zr casting experiments with Flow3D computer program.

An alternative modeling approach for liquid-gas flow has been implemented. The new gas bubble
method is intended for large multi-phase flow calculations, where a phase (i.e., material) can be
designated as void (e.g., gas bubbles), whose detailed velocity and pressure are of no interest, only its
effect on the surrounding fluid flow. The method uses an adiabatic relation between the bubble
volumes and pressures to compute the effect of bubbles on the surrounding flow and only solves the
flow equations in the fluid (and not inside the bubbles). Compared to the existing fluid flow algorithm,
the new bubble model treats bubbles as compressible. While the algorithm is demonstrated to work for
simple test cases, much more testing and validation are required to ensure robustness and production
quality

Surface tension effects occur at an interface of two fluids when modeling multiphase flow. The earlier
generalization of surface tension considered this effect acting as a tensile force on an interface. With the
introduction of the continuum surface force (CSF) formulation this effect has been interpreted as
volumetric force acting over the interface thickness.

Truchas casting code has surface tension models, which utilize convolution-based algorithms based on
Rudman kernels and Willams kernels. The convolution algorithm requires a localized computation of the
component volume fractions in the nearby cells to the interface. Such computations can be prohibitively



expensive in parallel and engender load-balancing issues where one processor is computing the
convolution integral and others await the results from such evaluations. This problem arises further due
to poor scalability of the convolution algorithm used currently. Another issue with the convolution-
based algorithm is the Williams kernel that utilizes an eighth order kernel has an abrupt change in the
heavy side function from 0 to 1.0 and consequently poor approximation properties of the gradients and
curvatures. In comparison Rudman kernels have performed better which only utilize the sixth order
kernel and has been found to be suitable for solving problems. Also applicability of the convolution
algorithms (either Williams or Rudman) on unstructured meshes have been limited because of the lack
of appropriate interpretations of the radius of curvature required in the convolution process.

We identified and prototyped a scalable FE-based smoothing procedure that in early testing looks to be
a very promising replacement for the existing non-scalable convolution algorithm. Separately, we have
developed a FE-based scheme for calculating curvatures. This has the potential for capturing contact
angle physics, but that has not yet been seriously investigated. This scheme has also not yet been
coupled to the new smoothing procedure. Much work remains to be done to further verification of the
new smoothing procedure, modeling contact angle and production-quality implementation.

Computational simulations of gravity casting for metallic U-Zr nuclear fuel rods were performed with the
flow solver Flow3d. Numerical simulations were validated with experimental data obtained by Idaho
National Laboratory (INL). The experimentally measured transient temperature profiles inside the
casting apparatus were matched by adjusting primarily the heat transfer coefficients between melt and
mold at different locations. The volume of the rods cast, length of rods were predicted through the
transient casting process and were found to be in a reasonable agreement with experimental data. A
sensitivity analysis with vent locations, pressure, mesh refinement and effects of the surface tension at
the interface was explored. This paper provides specific guidelines on using numerical experiments for
better understanding of the gravity casting process. This work serves as a validation benchmark for the
casting problem and provides guidelines when performing simulation exercises for modeling casting.
The validated modeling parameters will be used in the simulation of larger size caster with larger
outputs in the coming fiscal year.

Below we present the details of improvements and achievements in each area. The primary author who
did the work is listed in each section.



New flow physics: Adiabatic bubble model

by

Jozsef Bakosi

A new flow physics option, the adiabatic bubble model, has been implemented in Truchas. This is similar
to the “homogeneous bubble model” option available in Flow3D. The rationale behind such a bubble
model is two-fold: (1) to speed up and make large multi-phase-flow calculations more robust that
involve many gas bubbles where the flow field inside the bubbles is of no interest, and (2) to more
accurately approximate the underlying physics, as the gas density in such calculations may be orders of
magnitude smaller than the liquid and compressible, compared to the existing flow algorithm which
treats materials as incompressible.
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Figure 1. Three bubbles surrounded by liquid. The bubble model does not solve the flow quations
inside the bubbles.

Overview

Figure 1. lllustrates three bubbles surrounded by liquid with an overlaid 2D triangular computational
mesh. Note that the figure is only an illustration -- the algorithm in Truchas works with 3D cells. In the
bubble model the mesh cells and nodes inside the red circular bubbles do not participate in the solution
of the flow. Instead, the bubble pressures are assumed homogeneous and influence the surrounding
liquid by exerting a force due to changes in the bubble volumes.

Based on designating a material as void, by assigning zero density, bubbles are identified and tracked
throughout the evolution of the flow field in space and time. Instead of integrating the flow equations
inside bubbles, their pressures are governed by the relation

= ()
P = Do % )

where p and p, denote the current-, and previous-time bubble pressures, V and V; are the current and



previous-time bubble volumes, respectively, and y is the ratio of specific heats. Each bubble is assigned
its initial pressure specified by the user via the input deck. The initial bubble volumes are computed
based on the geometrical layout of the void material (designated as bubbles by assigning zero density) in
the input deck. The bubble volumes and pressures evolve in time due to forces by the surrounding liquid
(or gas) flow computed by the existing fluid flow algorithm in Truchas.

As the above equation shows, the bubble model neglects heat transfer inside bubbles, but assumes that
the bubbles are compressible. The computed bubble pressure affects the surrounding fluid via enforcing
the bubble pressure on the surface between the bubble and the fluid.

Bubble model algorithm

To compute the influence of the changing bubble pressures on the surrounding-fluid pressure, the
bubble model algorithm needs to be able to identify distinct bubbles on a computational mesh. It also
needs to track current and previous bubble volumes between time steps. Additionally, bubbles can split
and merge, so the algorithm needs be able to maintain the relationship between splitting and merging
bubbles as time evolves. Finally, to be practically useful for large problems, the algorithm must work
with bubbles crossing processing element (PE) boundaries. In the following some aspects of the above
requirements are detailed.

Figure 2. A splitting bubble moving across processing elements. The bubble algorithm tracks the
number of splitting and merging bubbles and the history of their volumes between time steps across
multiple processing elements.

Identification and tracking the history of distinct bubbles. The bubble-find algorithm distinguishes
bubbles by assigning them unique IDs. The assignment of bubble IDs uses a recursive algorithm to
sweep through the computational mesh, checking the void volume fraction in each visited cell. Starting
from an arbitrary cell, the void volume fraction is queried followed by visiting neighbors of the cell



guerying their void volume fractions. This procedure is continued as long as nonzero volume fractions
are found. The volume fractions of the cells visited are accumulated and comprise the bubble volume.
This is a depth-first-search graph algorithm and is more efficient than having to visit each cell of the
mesh. Combining this algorithm, which finds a single continuous bubble, with flagging the already-
visited cells and attempting to visit all not-yet-visited cells, allows finding all bubbles. This bubble-find
algorithm is recursive as the same operation (querying the void volume fraction in a single cell) is carried
out by a function that calls itself for the surrounding cells. Besides accumulating the void volume
fractions to compute the bubble volume, the algorithm also keeps track of the previous-time bubble
volumes for each unique bubble using an associative container. This allows tracking the history of each
individual bubble as bubbles merge and split.

Serial prototype algorithm. The serial bubble-find algorithm, described above, has been prototyped in a
separate C++ code to allow testing of the depth-first-search graph algorithm, the splitting and merging
of bubbles, and the tracking of the bubble volumes between time steps. This step was a useful first step
of the development as the topological part of the algorithm could be understood and tested in a simple
setting without the influence of physics.

Parallelization. The algorithm described above works on a single PE and served the basis for the final,
parallelized algorithm. The first step of the parallel bubble-find algorithm is the serial bubble-find
algorithm described above, executed by each PE, yielding partial bubble volumes.

The bubbles can be large enough to reside on more than a single PE at any time, see Figure 2. The final
step of the parallel bubble-find gathers the partial bubble volumes, found by each PE. The algorithm
must be general as it must work for arbitrary number of bubbles of arbitrary shape and size, splitting
and merging, cut or uncut by PE boundaries.

The final, gather-step of the parallel bubble-find algorithm takes the number of unique bubbles found by
each PE as well as their current-, and previous-time bubble volumes and distributes them to all PEs
involved. In other words, if a bubble resides on more than one PE, all PEs that contain parts of the
bubble must see the same total bubble volume. This ensures that each PE will use the same bubble
pressure to compute the influence of the bubble on its surrounding fluid. The gather-step consists of the
following steps:

1. Generate global-to-all-PEs unique bubble IDs,
Generate a distributed graph of bubble parts connectivity for each bubble cut by a PE,
Compute the total volume of each globally-connected bubble and associate that volume with
each of the parts comprising it,

4. Scatter-gather the computed total bubble volumes at previous and current time until the total
bubble volume has reached all PEs the bubble resides on.

The gather-step of the bubble-find algorithm is designed to only use point-to-point communication for
parallel efficiency. The output of the final, gather-step of the parallel bubble-find algorithm is two
bubble volume arrays, containing the previous-, and current-time bubble volumes on all PEs
corresponding to the (potentially multiple) bubbles on each PE. Based on these two volume arrays each



PE modifies its numerical solution for the pressure of the fluid surrounding its bubbles by applying the
adiabatic formula for each computational cell that resides in a bubble and taking the bubble-cells out of
the solution for the linear system computing the fluid pressure. This essentially provides a pressure
boundary condition along bubble boundaries given by a dynamically computed bubble pressure.

A verification case

To verify that the correct solution is computed using the bubble model, a simple test case was set up

with a known analytical solution.

bubble bubble | A
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Figure 2. Horizontal channel with two bubbles surrounding a fluid in the middle of the channel.

Figure 3. depicts a horizontal channel with two bubbles surrounding a fluid in the middle of the channel.
The materials at the ends are designated as bubbles by assigning zero densities, which Truchas identifies
as void. This enables the bubble model algorithm. If the density is non-zero, the pressures are computed
as usual —in every computational cell.

Initially, both materials are in a quiescent state and the initial bubble pressures are chosen to be
unequal, p; = 1.0 and p, = 1.1. Since friction is neglected, the solution of this problem, assuming small
amplitudes, is an oscillating fluid between the bubbles whose volumes and pressures follow sine waves.
The equation governing the fluid displacement, x, of the small-amplitude motion is

mx + w?x =0,
Where m is the fluid mass, and the oscillation frequency is
=)
w” = Vpo a b §

with p, = (p1 + p2)/2, and a and b are the length of the bubbles in the direction of motion (initially
equal), see illustration above. Figure 4. shows the time-evolution of the computed bubble volumes. The
analytical solution for the oscillation period is T = 2m/w = 10.061, and the maximum volume,

Vinax = 1.605, both well reproduced by the simulation.
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Figure 4. Time evolution of the bubble volumes in the oscillating fluid verification test case.

A validation case

A more complex test case is a single light bubble in a heavy surrounding fluid, depicted in Figure 5. The
setup also includes a second bubble at the top, approximating a free atmosphere, whose pressure
nevertheless changes in this test case, modeling a sealed container. The density ratio between the
bubbles and the fluid is 1/100.

The case was run with and without the bubble model. The run without the bubble model exercises the
existing fluid flow algorithm in Truchas and computes the flow field in both materials as usual, treating
them as incompressible regions with different densities. The run with the bubble model does not solve
the fluid equations inside the bubbles and treats the bubbles as compressible, while the surrounding
fluid as incompressible materials. The initial bubble pressure of the rising bubble is assigned to be equal
to the hydrostatic pressure at the center of the bubble.

Figure 5 depicts the initial condition, and the bubble volume fraction without and with the bubble
model. As expected the two models behave qualitatively similar, i.e., the bubble rises as its density is
lower than its surroundings, but the two models compute different solutions for the bubble topology
and its rising speed. As the bubble model treats the bubbles as compressible materials, the rising bubble
expands slightly, while the top bubble, approximating the atmosphere, is slightly compressed.

Summary

An alternative modeling approach for multiphase flow has been implemented. The new method is
intended for large multi-phase flow calculations, where a phase (i.e., material) can be designated as void
(e.g., gas bubbles), whose detailed velocity and pressure are of no interest, only its effect on the
surrounding fluid flow. The method uses an adiabatic relation between the bubble volumes and
pressures to compute the effect of bubbles on the surrounding flow and only solves the flow equations



in the fluid (and not inside the bubbles). Compared to the existing fluid flow algorithm, the new bubble
model treats bubbles as compressible.

0.906188 0.907559

Figure 5: Light bubble rising and splitting with and without the bubble model — void volume fraction.
Left -- initial condition; middle -- t=0.9, no bubble model; right -- t=0.9, bubble model.

Future work

While the algorithm is demonstrated to work for simple test cases, and in parallel, much more testing
and validation are required to ensure robustness and production quality. The current implementation is

a prototype and additional work is required to finalize the model and make it part of a future Truchas
release.



Convolution versus finite element projection evaluation of surface tension
by

Rakesh Ranjan

Summary

Surface tension effects occur at an interface of two fluids when modeling multiphase flow. The earlier
generalization of surface tension considered this effect acting as a tensile force on an interface. With the
introduction of the continuum surface force (CSF) formulation of Brackbill et al. [1] this effect has been
interpreted as a volumetric force acting over the interface thickness. This interpretation is done via the
Gauss-Divergence theorem. Since the introduction of the CSF formulation of Brackbill this method has
become a standard for implementing surface tension effects in different implementations [2-4].

The Los Alamos National Laboratory (LANL) code Truchas [5] has surface tension models which utilize
convolution based algorithms based on Rudman kernels [6] and Willams kernels. The convolution
algorithm requires a localized computation of the component volume fractions in the nearby cells to the
interface. Such computations can be prohibitively expensive in parallel and engender load-balancing
issues where one processor is computing the convolution integral and others await the results from
such evaluations. This problem arises further due to poor scalability of the convolution algorithm used
currently.

The task for this project was to implement a new surface tension model that is scalable and that also
incorporates contact angle physics. Scalability required replacing the convolution procedure, and the
initial approach was to replace the entire curvature calculation with a finite element (FE) based
approach. It was discovered, however, that the smoothing produced by the convolution procedure is
essential to obtain the correct estimates to the surface tension force and a simple implementation of
the finite element gradient evaluation will not suffice for the purpose of evaluating the correct surface
tension force. Two complementary approaches were taken subsequently. The first replaced the gradient
and curvature evaluations with the FE based approach but using the existing convolution smoothing
using the Rudman kernel. The second step replaced just the convolution procedure (which was the
source of scalability problems) with an L2 projected-L2 smeared approach, and retaining the existing
computation of the curvature. This work has unfortunately consumed the full year, and no progress was
made on incorporating contact angle physics into the new surface tension model.

The first approach was to devise algorithms that perform better than the Rudman kernel convolution
process that is in use currently. It was perceived thus evaluating gradients and curvatures in a finite
element sense will provide better estimates to the curvature and surface tension force than the current
finite volume interpretations for unstructured meshes. In this regard a new finite element based
curvature calculation [7] was devised and incorporated in Truchas. It was further expected that such
curvature evaluations may be more accurate compared to finite volume calculations. This was the first



work performed and resulted in the incorporation of a new option in the input file namely
‘fe_curvature’ which does this evaluation in a finite element sense.

The second approach was the incorporation of a new L2-L2 projection-smearing of the discontinuous
VOF field to the discrete trilinear finite element space [8-10]. This projection has been found to provide
smearing of the discontinuous VOF field and has been incorporated as the second method of modeling
surface tension effects. Both methods performed well on sample problems solved and results are
presented with the algorithms used in their development. This second approach is convolution free and
does not require any ad-hoc estimates to the interface smoothing length. A new constant epsilon was
devised which controls the amount of smoothing in the projected algorithm. The development process
has been confined to the first bullet for the most part this year. Because of the limitations that were
figured out with the smearing process and development of the finite element based procedures we have
been confined to the first task. The next task is the incorporation of contact angle physics in Truchas.
This remains to be implemented.

Introduction

The analysis support function is established within the Advanced Fuels Campaign (AFC) of the Fuel Cycle
Research and Development (FCRD) program at the DOE Nuclear Energy Department to develop all
necessary analysis tool sets to complete the performance and fabrication analysis of AFC irradiated
metal, oxide and innovative fuels (including fuels and clads). This function targets three key activities:
fuel performance sensitivity analysis, fuel fabrication, and performance analysis of fuels and reactors.
We will develop, implement, and use fuel performance tools to assess AFC experiments. With the use of
fully validated analysis tool sets, we will be able to optimize the advanced fuel design prior to irradiation
and reduce the number of integral tests, saving time and investment. The assessment of fully validated
tool sets with predictive modeling capabilities will help to better understand driving mechanisms of key
phenomenon during the irradiation of AFC fuels and enable us to determine the right set of separate
effects test (SET) validation experiments and the modeling requirements in order to develop fully
predictive models. These models will allow us to interpolate in the fuel design space with higher
confidence and less uncertainty, and also to extrapolate within untested regimes with determined
uncertainties, resulting in increased confidence in safety calculations.

Two-phase flow problems, for example a liquid and a gas, separated by a moving, deforming interface
are of interest in many research fields ranging from environmental sciences to nuclear industries [11-
12]. The particular application we seek to address involves simulation of the casting of nuclear fuel rods.
In this context it would be important to note that convolution-based procedures which are currently in
use in Truchas do not provide sufficient flexibility of parallelism and thus are not sufficient for the actual
casting simulation. A convolution free L2 projected L2 smeared algorithm was developed to address
these limitations. In two-phase flow applications it is important to be able to describe the evolving



interface in space-time. For the tracking of the evolving interface in time different procedures have been
developed. These can be broadly classified into two different approaches [12].

The first involves an explicit tracking of the interface. In this method the underlying mesh deforms with
the fluid in motion. There is explicit motion of the nodal locations comprising the mesh with the moving
fluid. While movement of the interface nodes is prescribed by virtue of the velocity field the adjustment
of the inner nodes is arbitrary. Often the inner nodes are modeled moving as an elastic solid with a
prescribed interface motion (elastic update method). Interface update methods are known to provide
great accuracy, however their applicability remains limited in the case of severe interface motion. These
are broadly classified as ‘interface tracking’ methods.

The second approach considers interface-capturing methods. The methods in this category utilize an
artificial scalar to consider an implicit description of the interface. Amongst the methods are the volume
of fluid (VOF), level set (LSET) and phase field methods. Volume of fluid adds an advection equation of
this scalar advected with the incompressible Navier-Stokes equations. There is no body force in the VOF
equation. As opposed to the VOF equation the LSET equation has curvature dependent forcing function
terms. Because of these curvature terms it has often been mentioned in literature that VOF provides
better mass conservation compared to LSET. On the other hand the presence of the curvature terms in
the LSET methods endows it with the ability to handle complex topological changes in the interface
geometry. The phase field on the other hand provides an energy conservative framework for tracking
the motion of the interface. In this method the Helmholtz free energy of the system is conserved while
the interface motion is described in space-time.

Background

Los Alamos National Laboratory (LANL) code Truchas [5] considers free surface flow with the volume of
fluid (VOF) method. The code has been developed considering a cell-centered finite volume approach,
which uses the VOF equation to track the dynamics of the interface. The VOF equation is advected
explicitly in three dimensions. For modeling the interface dynamics the VOF equation is used which has
a discontinuous interface. This means that across the different cells near an interface only the cell with a
partial fill has a non-zero value of the VOF and the other cells change abruptly from zero to one. There is
no smearing involved with this discontinuous piece wise linear interface construction (PLIC)
interpretation.

Surface tension, which is an interface effect, was handled earlier as a surface force acting along the
interface width. Brackbill [1] interpreted the surface tension force as a volumetric effect acting over the
interface thickness. The thickness of the interface is usually taken to be around three to four (3-4) cell
widths. This parameter has been defined as the interface smoothing length in the code. All the cells that
reside inside the distance spanned by the interface smoothing length have the convolution integral
smearing the interface onto their cell centers. This means that the cells which lie within the distance d
from the interface have the convolution operation providing them a non-zero VOF value scaled
appropriately by the distance from the interface.



Convolution based algorithms

The code has two different algorithms which utilize convolution based procedures for incorporating
surface tension effects. The first considers the William’s kernel for convolution of the VOF field, and the
second considers the Rudman kernel. William’s kernel being eighth order provides a very sharp interface
and consequently does not provide good estimates to the curvature. Rudman kernel on the other hand
utilizes a sixth order kernel and has been used earlier for solving surface tension problems. This kernel
has provided reasonable solutions to sample problems with surface tension effects in earlier
experiments with the code [13]. The Truchas code utilizes a projection algorithm for solving the
incompressible Navier-Stokes equations [14-15].

The Rudman kernel which has been used to evaluate the surface tension force utilizes the sixth order
Kernel. In order to have a smoother transition from the value of 0 to 1 the Rudman kernel is usually
utilized during the convolution process. The convolution process can be considered as an integral over
the distance function of

C=K=x*C(x) =f C(xNK(x' — x)dx'
Q

Following such convolution procedures the gradient and the curvatures follow from the above formulae
v
n=_- and Kk =-V.n

For a function to be admissible as a kernel for use in the convolution process it must satisfy certain
properties namely:

It must have compact support.

Must be monotonically decreasing with respect to r=|x|

Must be radially symmetric

Be sufficiently smooth, i.e. for some k= 3, K should be continuously differentiable

Have the normality property, i.e. integral of K over the domain of definition equals 1.

It should approach the smoothed Heaviside function in the limit interface thickness reduces to
zero.

S0 Q0 oW

The constants in the Williams and Rudman kernels have been constructed to satisfy these properties.
Scalability of the convolution process has been an issue since the convolution process is inherently
difficult to parallelize. On unstructured meshes the convolution process does not perform well due to
lack of symmetry of the distancing from the interface.

Due to these limitations it was found necessary to replace the convolution process with an L2 projected
and L2 smeared algorithm [10]. The first task undertaken was replacement of the gradient evaluation
used currently to those obtained from a finite element implementation with the convolved Rudman
Kernel (in place) to make the gradient and curvature evaluations flexible for unstructured meshes. This
has been accomplished and is mentioned in the first bullet (below). The reason for undertaking this



task was to be able to handle complex geometry and unstructured meshes. Finite element evaluation is
the most appropriate for such cases because it can handle complex geometries. The second task was the
development of a convolution free smearing and projection (L2-L2) procedure. This was required
because of the scalability limitations mentioned above with a convolution based approach. This has
been accomplished and has been included in the second section of this document.

Finite element curvature evaluation (fe_curvature)

The convolution process smears the discontinuous VOF field to adjacent cells within the distance of d
from the interface, where d is the interface smoothing length. The interface smoothing length is taken
approximately equal to three to four cell widths. The curvature evaluations with the Rudman kernel
follow a finite volume approach which does not perform well on unstructured meshes. To remove such
limitations on restrictions to structured meshes only we incorporated a new finite element approach for
curvature evaluations. This new option incorporated in Truchas named ‘fe_curvature’ evaluates the
curvature with a finite element interpolation of the VOF field. We tested this new curvature evaluation
on two sample problems the static bubble and oscillating bubble problems.

1. Static Bubble

To validate the new curvature estimations over time, we consider the test case of a static drop in
equilibrium without gravity. The exact jump in pressure across the drop is given by

AP = ok
and the analytical expression for the curvature is given by
in2D

Kexact =

in 3D

o | =

The computational domain considered is a cube having side length of eight units. The drop is positioned
at the center of the domain with a radius R=2.0. The surface tension coefficient o was taken to be 73.
The density inside the drop was taken as 1.0 and the density outside was taken as 0.10. This provided a
density ratio of 10.0. The exact pressure difference is 36.5 in two dimensions (2D) and 73 in three
dimensions (3D). Initially the velocity and pressure field are assumed to be zero. The CFL limit in all
computations was taken as 0.4. Velocity boundary conditions are free-slip, i.e. the normal component of
the velocity is zero. The computational domain was considered equi-spaced with equal spacing in the x
and y directions. The capillary time step constraint taken as

1
dAx3\2

At = (P )
2To

with p the average density between the two phases.




The reason for the generation of the spurious velocities is seeking the solution of the Navier-Stokes
equations at the interface with varying densities. Another reason is the inaccuracies in the curvature
evaluations. The inaccuracies in the curvature evaluation affects the surface tension force which enters
the calculations as a body force in the momentum equations and causes generation of spurious
currents.
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Figure 1. Deformed bubble shapes evaluated with Rudman Kernel.

Aware of the exact solution to the problem we compare the generation of the spurious velocities
manifested in the form of deformed drop shapes at different steps of the transients for both the
Rudman kernel approach and the finite element evaluation of the curvature. Figure 1 presents the
deformed bubble shapes at times of 0, 0.2, 0.4 and 0.5 units for curvatures evaluated with the Rudman
Kernel (left to right, top to bottom). There is considerable deformation in the bubble shapes at the end
of the transient process (t-0.50).

Figure 2 provides the deformed shapes of the bubbles at the same time steps as provided with the finite
element approach to evaluating the curvature. In the second FE based approach we utilized the Rudman
kernel for the convolution process and augmented it with an FE based curvature estimation. When
comparing we notice the finite element curvature estimations are more accurate since the final
deformed shapes are less pronounced as compared to the convolution followed by a finite volume
based curvature estimation. Thus the validation of the algorithm on the static bubble problem was
achieved. With this problem solved we consider next the oscillating drop problem. This problem has
often been considered as a standard benchmark problem for solving problems with surface tension
effects.
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Figure 2. Deformed bubble shapes evaluated with Finite Element Curvatures.
2. Oscillating Drop

Oscillating drops represent a standard test case for surface tension models. We consider the problem
studied in [2]. Initially, the drop interface is an ellipse given by x*/9+y*/4=1. The drop is placed in a
computational domain of size 20x20, partitioned with a 64x64 mesh. Gravitational forces are absent.
The fluid properties are, p; = 1, p, = 0.01, gy = 0.01, and u, = 5.0x107°° and the surface tension
coefficient was takenas o = 1.

Due to the surface tension force the droplet oscillates. We examine the deformed shapes of the drop at
different time steps. Enough time is allowed for the droplet to oscillate and reach a periodic frequency
of oscillation. From the oscillations of the bubble the time period of one oscillation was calculated as T=
11.0. From these calculations the frequency of oscillation is determined as 0.0909. The simulation was
carried till an end time of t-24 to verify the stability of the oscillating bubble due to surface tension and
the constant period of oscillation.



155021

Figure 3. Oscillating bubble shapes at different times (of the transient).
Convolution free (L2 projected) algorithm

With the limitations of the convolution process in mind (scalability) we incorporate a new procedure
namely L2 projection and L2 smoothing of the volume of fluid color function to effect smearing. This
procedure has been mentioned in literature to provide smearing of the interface [10] by virtue of the
existence of the diffusion term which serves to broaden the discontinuous interface. The smoothing
operation or this smearing process is incorporated by adjusting the parameter epsilon mentioned in the
equation below.

Let us denote the smoothed field we obtain from this procedure as @ and the input discontinuous color
function to the L2 projection as ¢. The equation for the smoothing operation is provided by
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The smoothing operation can be considered as a minimization of the distance between the
discontinuous VOF field ¢ and its smooth approximation ¢ whose derivatives are regular. The
smoothing of volume fractions in volume of fluid algorithms for multiphase flows is known to introduce
artificial errors near the boundaries of the physical domain (spurious currents). The approximation of
the surface tension effects near the boundaries requires for instance the introduction of ghost cells



outside the domain. This drawback can be corrected by the above approach. Two different approaches
were taken in this algorithm. The first approach integrates all the terms in the stiffness matrix with full
integration quadrature. The second approach integrated a part of the stiffness matrix with reduced
integration and part of the stiffness matrix with full integration. These methods were included as option
1 and option 2. Coding both the methods has been accomplished and both provide good results.

There are analytical solutions available for the projection problem (stated above) in one dimension. The
three dimensional problem was reduced to one-dimension and solved to benchmark the new Truchas
code. Benchmarking of the code was done separately in each orthogonal direction X,Y,Z (results not
shown). To further test the implementation for unstructured meshes we orient the VOF field diagonally
cutting across the square shaped domain. Epsilon values were varied to verify the effect of smearing on
the original discontinuous VOF field. Figure 4 presents the input VOF and the smeared field at the end of
the projection step for epsilon values of 0, 0.005, and 0.02 respectively. The figures have been
annotated appropriately with different epsilon values. Amongst the advantages of the above procedure
are it does not depend on the distancing operation necessary for convolution based algorithms. Further
there is no limitation on the generation of acceptable results only for structured meshes.

Input: ¢ e=0

€=0.02

Figure 4. Input VOF field and output for different epsilon values.

Figure 4 presents an example where smearing has been achieved effectively for an input of a diagonally
oriented VOF field on an unstructured mesh. Both the opposite diagonals were checked for smearing for
verification purposes. However results have been presented only for the top left diagonal.

With the above example we demonstrate effective smearing on unstructured meshes. The Figure 4
above thus clarifies we replaced the earlier convolution algorithm with a L2 projected L2 smeared
approach. Both convolution and L2-L2 apporach provide smearing of the original discontinuous VOF



field. We show in the figure that the earlier convolution operation that was replaced with L2-L2
approach provides the necessary smearing needed for subsequent gradient and curvature estimations.
We further tested this new algorithm for different test problems. We are presenting three different
problems for verification purposes. The problems were the static bubble, advection of a bubble in a
channel and deforming bubble at different Bond numbers. These problems have been determined to be
standard when studying surface tension effects.

a. Static bubble

This problem has been defined earlier. As mentioned previously the domain considered was taken as [-
4.0,4.0]x[-4.0,4.0]x[0,1.0] with a unit width in the Z direction. A bubble of radius 2.0 units lies at the
origin.
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Figure 5. Static bubble solved on an unstructured mesh.

The domain was meshed with an unstructured mesh. The unstructured mesh was created with a
random perturbation of the coordinates by 12.5% with a random scheme. The simulation was
performed with an end time of 0.5 and time step size of 1e®. The constant coloreps (smoothing
parameter) was named as the value of epsilon in the code. This constant was taken as 0.005 for the
simulation. As can be seen from the figures, the problem when solved on an unstructured mesh creates
spurious currents but they remain bounded because there is no excessive motion or deformation of the
bubble shapes over time.



b. Bubble advection with surface tension

Let us consider the advection of a bubble within a second fluid with surface tension effects. The domain
was considered as [-2.0,2.0]x [-3.0,7.0]x [-0.05,+0.05]. The mesh was constructed with spacing of 0.20
along the X and Y directions providing a discretization of 20x50. A randomly perturbed mesh was
specified with a perturbation of the node coordinates by 10%. The spacing in the Z direction was set at
0.10 providing a cell width along Z.

Initially the fluids were specified to be in a state of quiescence. The cylinder was specified to have a
radius of 1.25 units. For the advection problem all the faces were assumed to have free-stream velocity
with the Y-component of velocity specified as 1.0 unit. The transient was simulated till t-4.0 time units.
The initial time step was specified as 0.001 which is lesser than the surften number restriction for the
problem of 0.005. The surface tension coefficient was taken as 0=0.73 at the interface. The smearing
constant epsilon (coloreps) was taken as 0.50.

|

Figure 6. Advection of a bubble in a long channel.

Figure 6 presents the advection of a bubble at time steps of t=0.0, 1.5 and 4.0 units. The bubble deforms
slightly while undergoing advection inside the thin channel. This example further validated the
smoothing operation and correct evaluation of the surface tension force for an unstructured mesh. It is
to be noted that the original surface tension model exhibited more pronounced deformations as
compared to the L2-L2 formulation. The present approach performs better than the Rudman kernel
convolved procedure for this problem for both structured and unstructured meshes. The superiority of
the present formulation and flexibility of the approach is further demonstrated thus.

c. Rising of air bubble in water

We consider next the rise of air bubble in water by buoyancy forces. The characteristic non-dimensional
number for this situation is the Bond number, or the ratio of the gravitational forces to surface tension
forces.
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Figure 7.Computed shapes at times t=0, 0.20 and 0.50 with Bond numbers Bo;=73.4 and
B0,=59.83x10°.

where, D is the bubble diameter. The governing equations are the Navier-Stokes equations on the
computational domain [-1,1]x[-1,2]. A drop of radius R=1/3 is initially placed at [0,0]. The mesh is 40x60.
For the first test case, the fluid properties of air (fluid 1) and water (fluid 2) are: p;=1.226, p,=1000, y; =
1.137 and p; = 1.137x10™ and the surface tension coefficient 6=0.0728. The downward acting
acceleration due to gravity was taken as 9.8. Figure 7 presents the deformed shapes of the initially
circular bubble when undergoing deformations with Bo,=73.4 and Bo,=59.83x10> with surface tension
0=0.0728. For this case observable differences in the bubble shapes is not evident between the
convolution based and projected algorithms for solving this problem. This is because in this case the
surface tension force is not dominant i.e. the flow is primarily driven by buoyancy forces.

For the second case the only parameter changed is the surface tension coefficient which is increased to
0=728 corresponding to smaller Bond numbers of Bo;=7.34x10" and Bo,=5.983. For this simulation we
observe less deformation in the bubble shapes for different curvature and surface tension models.

Figure 8 presents the computed shapes at times of 0, 0.35 and 0.50 for the second case. For this case
there are differences observed in the computed shapes with differences in the methods of evaluating
curvatures and surface tension forces. For our case with the L2 projection algorithm we observe bubble
pinch-off at non-dimensional times of t-0.50.

Conclusion



Two different approaches for incorporating surface tension effects in the code Truchas were
implemented and validated for benchmark problems. These approaches considered both a convolution
followed by a finite element based curvature evaluation for an interface, and a secondly a convolution
free (L2 projection) approach. The convolution augmented with a FE curvature algorithm was utilized to
solve the static bubble and oscillating bubble problems and results were presented. The convolution
free algorithm had two options one of full integration and reduced integration of the mass matrix terms.
The convolution free (projected) algorithm was used to solve the static bubble, bubble advection, and
the rising of an air bubble in water at different Bond numbers. The results presented show the
robustness of the convolution free algorithm for solving problems on both structured and unstructured
meshes. With the convolution based algorithm followed by the finite element approximation of the
gradient we obtain superior results on the static bubble problem as compared to Rudman kernel
evaluations.

° e ) o,

Figure 8. Computed shapes at times t=0, 0.35 and 0.50 with Bond numbers Bo,=7.34 x10" and
Bo,=5.983.
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Modeling and simulation of U-Zr casting experiments by Flow3D
by

Rakesh Ranjan

Abstract

Computational simulations of gravity casting for metallic U-Zr nuclear fuel rods were performed with the
flow solver Flow3d. Numerical simulations were validated with experimental data obtained by Idaho
National Laboratory (INL). The experimentally measured transient temperature profiles inside the
casting apparatus were matched by adjusting primarily the heat transfer coefficients between melt and
the mold at different locations. The volume of the rods cast, length of rods were predicted through the
transient casting process and were found to be in reasonable agreement with experimental data. A
sensitivity analysis with vent locations, pressure, mesh refinement, and effects of surface tension at the
interface was performed. The validated modeling parameters will be used in the simulation of larger
size caster with larger outputs in the coming fiscal year.

Introduction

To improve the manageability of spent nuclear fuels in storage repositories, metallic and oxide fuels are
being designed that burn actinides such as Pu, Np, Am, and Cm, which cause heat load problems.
Actinide burning in fast nuclear reactors has been the traditional approach [1]. Numerical simulations
for the casting problem have been investigated in research efforts previously [2-6]. Renewed attention
to this problem is important due to the casting of different types of nuclear fuel with constituents such
as Pu, Zr, and U along with Am and Np.

In an earlier work, the simulation of the casting problem along with a parametric study of variation of
different parameters affecting the casting process was performed with Flow3d [1]. In that paper
however, the model presented utilized heuristic parameters while modeling the casting process. In the
earlier paper an extensive parametric study was performed with a set of numbers as input (high, low,
and median values) for the casting problem. However, there was no experimental data to validate the
modeling parameters and casting model. Recently, INL conducted two U-Zr casting experiments. In this
paper, we extend previous work and provide comparison with two different casting experiments.
Different metrics are established to benchmark Flow3d calculations with experimental data such as
length of rods cast, volume of rods, and transient temperature profiles at different locations along the
cavities of the pins in the inner mold of the casting apparatus.



Model parameters, model tuning using INL casting experiments, and comparison of volume and
masses

A Flow3d model of the caster was constructed using exported solid models of inner and outer mold,
crucible, base plate, and casting charge. These were imported as STL files into Flow3d and the initial
configuration of the charge was specified based on the experimental data of the initial weight of the
melt (before it flows down the mold apparatus).

Two different configurations of the charge as a melt were specified (with different volumes of charge).
This was done to compare simulation results with experimental data corresponding to 100 gm and 200
gm volumes of charge obtained from INL. The control volume (finite volume) mesh generated from
Flow3d constructs the mesh on a Cartesian domain with 82x82x236 grid cells for an outer domain size
varying from [-0.041,0.041]x[-0.041,0.041]x[-0.0045,0.17275]. This provides an equi-spaced mesh in the
X, and y-directions. This is necessary for the correct curvature estimation in the surface tension
evaluations within the continuum surface force (CSF) framework. From previous preliminary numerical
experimental studies for this problem with different mesh sizes at Los Alamos National Laboratory
(LANL) this mesh was reported to capture all the flow metrics of interest with sufficient accuracy [1]. The
above mesh results in a total of 1586864 control volumes which are partitioned into blocks for parallel
processing.

Parallel implementations of the Flow3d program were effected with a block distribution of the mesh
into two to four mesh blocks. The entrapped gas Argon was assumed to behave as an ideal gas with a
gas constant cp/c, of 1.667 and pressure of the void region was specified as the pressure of mold cavity
of 85,726 Pa (85.7 kPa) for the initial simulations. The assumption in using the adiabatic model is that
the inertia of the fluid is much higher compared to the inertia of gas. This is normally considered a very
good approximation since the density of U-Pu-Zr alloy used is approximately 10,600 greater than Argon,
thus the gas inertia of Argon is negligible. A very low value of the heat transfer coefficient was specified
for the interface between the melt and the entrapped gas so as to minimize the heat loss to the bubble.
Acceleration due to gravity for the gravity pour was specified as -9.81 (m/s?), driving the flow
downward.

The solidification profile used in the model assumes release of latent heat of fusion before the fluid
changes phase from a liquid to solid. Table 1 in Crapps et al. [1] provides values of the thermal
conductivity of the molten and solid states comprising of uranium 10% zirconium mix along with the
liguidus and solidus temperatures. The latent heat of fusion is further provided for the phase change
phenomenon.

Table 1. Temperature dependent variation of thermal conductivity and rho*cp.

Thermal conductivity (W/mK)| Density*Specific Heat*10°

(J/m°K)
200 88.06 1.22
300 78.32 1.566

400 70.03 1.877




500 63.07 2.156
600 57.33 2.405
700 52.66 2.625
800 48.97 2.818
900 46.13 2.986
1000 44.01 3.131
1100 42.5 3.255
1200 41.48 3.358
1300 40.83 3.444
1400 40.43 3.514
1500 40.15 3.57
1600 39.89 3.613
1700 39.51 3.645
1800 38.9 3.668
1900 37.94 3.684
2000 36.51 3.695

Thermal conductivity determines the heat transferred from within the domain of the fluid region to the
inner and outer molds. Specific heat and density determine the heat capacity of the melt and the inner
and outer molds. There are various components of the mold assembly namely inner mold, outer mold,
crucible, charge, stopper and the base plate. Heat transfer coefficients were specified between each of
the components in the assembly. The heat transfer coefficients were empirically fit from the earlier
paper by Crapps et al [1] and the INL test simulations. The heat transfer coefficients were required to be
a constant value and are not required to be varied based on Flow3d input requirements. The specific
values used in the simulations are tabulated in Table 2 for both the full charge and half charge models.

Table 2. Heat Transfer coefficients between different components.

Mold Assembly Mold Assembly Heat Transfer Heat Transfer
Component # 1 Component # 2 Coefficient Coefficient
(full charge) (half charge)
W/(m?2eK) W/(m?2eK)
Inner mold, outer mold,
or Melt 1100 1200
Crucible
Inner mold Crucible 40 0
Outer mold Inner Mold 10 100
Inner mold Base Plate 100 100
Outer mold Crucible 40 100

Inner mold Base plate 100 100




The inner and outer molds are made of Graphite2020 from Carbone of America. Thermal properties of
Graphite were determined from literature and variation of the thermal conductivity and heat capacity
were included in the Flow3d model as a function of temperature.

By adjusting heat transfer coefficients shown in Table 2 the experimentally measured temperature
histories are matched as shown In Figures 1 & 2. Figure 1 presents the reasonable agreement between
the measured thermocouple readings for the temperatures obtained at a height of 0.03921 m (bottom)
from the bottom of the base plate with Flow3d simulations for the 100 gm run. Flow3d temperature
predictions were obtained with the identification of a probe located at the specified height from the
bottom of the baseplate. The maximum deviation between the simulation results and experiment was
found to be 3 °C. Considering the absolute magnitude of temperatures which are in the range of 250 °C
this disagreement can be considered small. Further this disagreement provides a modeling accuracy of
1.2% which is less than 2% engineering accuracy.
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Figure 1. Predicted profile vs. experimental data for 100 gm simulation.

During the casting experiments temperature measurements were made at two separate locations along
the length of inner mold. The locations of the thermocouple readings were specified as 0.03921 m
(bottom) and 0.111 m (top) from the bottom of the base plate. Figure 2 shows the temperature
histories at two locations with the adjusted heat transfer coefficients. The maximum deviation between
the predictions was found to be within 2.6°C for the bottom temperature predictions and 5.1°C for the
top thermocouple. The differences between predictions and data are reasonable. Both the deviations
0.81% and 1.2% respectively lie within the engineering accuracy of 2%. Further it was realized that the



top of the mold retains some residual charge which sticks to the surface of the inner mold which can
account for the slightly higher temperature deviation for the top thermocouple measurements.
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Figure. 2. Predicted temperature profile vs. simulation for 200 gm charge.
a. bottom of mold b. top thermocouple location

Using the heat transfer coefficients given in Table 2, the rest of experimentally measured quantities are
compared.

Experimental data was provided by INL where experimental casting of the rods was determined for two
different charges with either half or full charge. The first experiment utilized charge that was half the
volume required to obtain full fill of the rods. This simulation is mentioned as the 100 gm run. The
second experiment had twice the volume of charge specified that completely filled the rods and is
mentioned as the 200 gm run. Experimental data provided temperature profiles at different sections
along the length, in addition to composition of the final casted rods and the initial charge. The initial
pressures in the casting apparatus were also provided in the experimental data. The weight of the rods
as they were cast was recorded. Locations of the thermocouples where the temperature measurements
were made and the locations of vents were identified from GACS drawings and the drawings of the mold
cone. The vent locations were identified because the vents aid the release of entrapped Argon gas. All
these parameters were utilized to set up the model and to obtain the volume of the rods cast, length of
rods, and the transient temperature traces through transients as validation metrics for the simulation.

Additional experimental data included the pressure inside the chamber, weight of rods cast, and the
volume of the three pins at the attainment of steady state. The first INL run required simulating the



casting process when half the charge was used in the casting simulation. For this case lengths of the rods
reached half of the maximum rod lengths. The lengths of the rods from Flow3d were obtained after
breaking up the domain into a hundred sampling points. At these sampling points at which the volume
of the fluid field (VOF) was found to be greater than 0.50 was identified as the solidified melt and lesser
than 0.5 was identified as void region (occupied by Argon gas). Table 3 provides the volume of the rods
cast for the 100 gm run. There is a reasonable agreement between simulation results and experimental
data. The simulation over-predicted Rod 3 volume. Due to the complex flow structure and the
convective non-linearity while the rods are being cast there is asymmetry in the flow field in the
simulation where the melt volume is specified as half of the total rod volume. Disagreements in the
experimental results and simulation data could account for the non-uniformity of the incoming flow to
the rods.

Table 3: Volume of rods cast for 100 gm charge (cm®).

INL Flow 3d (DataSim)/Data
Experiment (simulation) Simulation
Rod 1 1.425 1.35 5%
Rod 2 1.33 1.15 14%
Rod 3 0.899 1.1875 -32%

The lengths of the rods cast for the simulation results presented in Table 3 have been provided in Table
4. Lengths of the rods are in reasonable agreement with experimental data. Due to the complex non-
linear nature of the flow field falling down the casting apparatus and the differences in the advancing
front as it hits the inner mold we obtain slightly different metrics on the 100 gm charge as compared
with INL experiments. Figure 3 presents the lengths of the rods as they were pictured after the casting
(middle three pins) for both the 100 gm and 200 gm runs. As can be seen there are breaks in the rods. A
small amount of residual solidification resulted in the presence of two drip residues as shown on the left
of the cast pins (Figure 3) for the 100 gm.

Table 4: Length of rods cast for 100 gm charge (in).

INL Flow 3d (Data-Sim)/Data
Experiment (simulation) Simulation
Rod 1 3.756 3.42 9%
Rod 2 3.516 3.09 12%
Rod 3 2.37 2.699 -14%




Figure. 3. Pictures of cast nuclear fuel rods for (a) 100 gm (b) 200 gm experiments.

Extensive testing was done on each piece of the cast rods to determine the metals distribution. The
volume of the rod(s) was obtained from such analysis after utilizing a weighted average of the individual
densities of the components found from above. The length of the rods from Flow3d was determined by
identifying a hundred sampling points along the length in the casting apparatus and identifying the
volume of fluid locations greater than 0.5 as the solidified melt. The transient casting process (Figure 4a)
along with the final profile of the three rods colored with temperature contours along the length of the
pins is presented in Figure 4 (b). Due to the usage of the bubble model which models gas entrapment
inside the apparatus breakage of the rods is evident along the length. The 100 gm charge provided a
smaller length of the rods compared to the 200 gm charge (Figure 3).
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Figure. 4. Simulation for 100 gm run (a) Transient evolution of rods cast (b) Final cast profile.

Table 4 presents the volume of rods as the cavity inside the inner and outer mold is filled with the
flowing melt for the 100 gm simulation. Figure 5 presents the transient filling process inside Rod 1 with
time. For the 100 gm simulation we observe steady state for settling of the fluid is reached at 1.5 s of
simulation time. Table 5 presents the volume of the rods cast for the 200 gm charge simulation. A larger
value of the charge was used than the previous simulation to exercise the simulation capability of
Flow3d for the casting of full rods. Assuming an equi-distributed volume of the charge we obtain an
approximate volume of charge of 3.79 (cm?) whereas Flow3d provided volumes of the rods cast varying
from 3.5 (cm®) through 3.8 (cm?) respectively. Relative to test 1 the prediction error decreased.
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Figure 5. Predicted volume of rod1 (m®) for 100 gm simulation.

Table 5: Volume of rods cast for 200 gm charge (cm®).

INL Flow 3d .
Experiment results (Data-Sim)/Data
Rod 1 3.79 3.68 3%
Rod 2 3.79 3.54 7%
Rod 3 3.79 3.39 11%

Experimental results and Flow3d simulation results are in reasonable agreement for this metric. Another
important measure during the casting process is determining the length of the rods cast. Table 6
presents this information for the experimental measurements and simulation results with Flow3d. One
can observe close agreement for the first two rods. The third rod showed a slight difference in the
recorded lengths. This can be attributed to the partial fill of the first two rods where complete fill was
not observed and caused some asymmetry in the distribution of mass of the melt and in the length of
the third rod.



Table 6. Length of rods cast for 200 gm charge (in).

INL Flow 3d .
Experiment results (Data-Sim)/Data
Rod 1 10 9.9 1%
Rod 2 10 9.6 4%
Rod 3 8.6 9.1 -6%

In an earlier paper extensive parametric analysis was performed to investigate the relative effects of
each of the parameters surface tension, contact angle, and fluid viscosity on the casting problem. It was
found surface tension had the most effect on the final solidification profile and the lengths of the rods
cast. There was no validation data for the purely numerical results presented in the paper [1]. It was
found that full fill of the rods was obtained when the Argon gas entrapment was ignored i.e. without the
adiabatic model enabled for the single fluid model. Table 6 presents the lengths of the rods cast with the
adiabatic bubble model so that effects such as rod breakage could be obtained. Both the results
presented in Table 5 and 6 were obtained with surface tension specified as 0.20 N/m.

To demonstrate the transient casting process in Figure 6 we present transients as the melt flows down
the casting apparatus at time 0.18 s and 1.8 seconds for the 200 gm simulation. Swirling flow
phenomenon is visible in the inset of Figure 6. The complex evolutions of the transient VOF equation in
three dimensions coupled with the Navier-Stokes equations provide the swirl in the flowfield. To
demonstrate the swirling flow phenomenon the velocity vectors have been overlaid on the figure. In the
first figure the molten charge just begins to fall under the effect of gravitational acceleration. The figure
has been plotted with the color grading via the temperature field. After 1.8 s of simulation time no
appreciable changes were observed in settling of the melt and it could be assumed that the casting part
of the problem had reached steady state. The solidification process starts at the end of the flow settling
down and subsequent cooling and phase change of the melt from molten state to solid state ensues.

Figure 7 presents the numerical simulations for rod 3 volume cast as a function of time prior to (while
filling during casting) and after the solidification process. As can be observed from the figure much of
the flow and settling down of the melt occurs before three (3 seconds) of simulation time.
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Figure 6. Transient casting simulation for 200 gm charge.
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Parametric Studies

We investigate the effects of key parameters that may affect the casting simulation. The effects of
surface tension, wetting angle, and viscosity have been investigated as heuristic parameters earlier in a
related study [1] and it was determined that surface tension plays a dominant role in determining the
breakage pattern of the rods in the one fluid compressible fluid model. We investigate further effects of
varying surface tension, valve discharge coefficient, and pressure inside the mold as parameters
affecting the casting phenomenon in light of the experiments available.

a. Surface Tension Effects

Surface tension was taken initially at a nominal value of 1.50N/m. Parametric studies was performed by
lowering this value to observe the effects on distribution of the rod volumes. It was observed that higher
values of surface tension provide lesser breakup and a smoother flow down the casting apparatus. Thus

this value of surface tension was used for presenting results.

Table 7: Length of rods (in) variation with surface tension (ST).

INL Experiment Flow 3d (ST-0.31) Flow 3d (ST-0.20)
Rod 1 10.0 9.71 9.75
Rod 2 10.0 9.59 9.17
Rod 3 8.6 8.14 9.14

Table 7 presents the variation in the length of rods with surface tension for values of 0.31 N/m and 0.2
N/m respectively vs. the experimental data.

b. Presence of Valves

Each rod has a small vent hole at the bottom. We simulated the gas leakage from this vent using a valve
component available in Flow3d. The mass flow rate, area of vent and the valve discharge coefficient are
input to the valve model. The upper bound of the valve coefficient (the multiplication of the discharge
coefficient and area) is estimated by assuming that volume in a rod can be discharge in casting time
given in Figure 7 without any consideration of choked conditions.

Three cases are tested to study the effect of vent size; a- zero valve coefficient (no flow through vent),
b- a valve coefficient of 1.78E-6, c-a valve coefficient of 3E-6 (simulating an effective increase in the area
of the vent and discharge coefficient). In the simulations in addition to the low value of the discharge
coefficient the vents close the instant the advancing front of the volume of fluid equation approaches
the location of the vent. This further disallows the usage of vents for any significant differences in the
flow behavior at steady state once they have come in contact with the advancing fluid front. The time
taken for the melt to flow down the casting apparatus however was affected by the presence of vents.
The time taken to reach steady state has been included in Table 8. The presence of the vent at the
bottom significantly affected the filling time for the casting problem.



Table 8. Filling time for different valve coefficients.

No Vent 1.78x10-06 (nv-v1)/nv 3.x10-06 (nv-v2)/nv
(nv) m35 /kg?-5 m35/Kg0-5
(v1) (v2)
All Rods 1.65s 1.32s -20% 1.21s -26.6%

As expected, a higher value of the valve coefficient resulted in a lower fill time of rods. Differing

locations of the vents were not investigated since such studies have been performed earlier. Results of

the change in the length of rods cast with increasing vent coefficients are provided in Table 9.

Table 9. Length of rods for varying valve coeffs (in).

No Vent 1.78x10-06 (vi-nv)/nv 3.x10-06 (v2-nv)/nv
(nv) m35/Kkg0s m3-5/kg0-5
(v1) (v2)
Rod 1 9.56 9.78 +2% 9.76 +2%
Rod 2 9.04 8.96 -1% 9.76 +8 %
Rod 3 8.10 8.77 +8 % 8.74 +8 %

From Table 9 we conclude inclusion of vents result in a more uniform rod distribution. Further with an
increasing valve coefficient the lengths of the rods increased. To obtain an estimate of the relative
volumes of the cast rods for the vent (v1,v2) vs. the no-vent (nv) cases we present the cast volumes in
Table 10.

Table 10. Volume of rods with different valve coeffs (x10°° m?).

No Vent 1.78x10-06 (vi-nv)/nv 3.x10-06 (v2-nv)/nv
(nv) m35/Kkg0s m3-5/kg0-5
(v1) (v2)
Rod 1 3.16 3.34 +6 % 3.41 +8%
Rod 2 3.36 3.72 +11% 3.55 +6%
Rod 3 3.78 3.85 +2 % 3.95 +5%

To obtain a better visual inspection of the volumes of the rods cast we present the final cast profiles for
the cases where there is an absence of vent (nv) and with valve coefficients of 1.78x10°° and 3x10™%
m>>/kg®” in Figure 8.
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Figure 8.: Final cast profiles for (a) Plugged Vent (c) Vent discharge coefficient= 1.78x10°° m**/kg"* (c)
Vent discharge coefficient= 3x10° m*°/kg"*.

As can be inspected visually the plugged vent case provides a final cast with a less uniform breakup of
the rods as compared to the vented assembly (rod breakups at the lower part of caster are evident). The
vented assembly provides for longer rod lengths with lesser breakup because there is an escape route
for the gas from the assembly.

c. Pressure Variations

Another parameter that can be controlled while simulating the casting process is the initial pressure in
the mold apparatus. To investigate the effect of pressure inside the mold cavity on the casting problem
lower initial pressures were specified in the casting apparatus while performing simulations. Two
different pressures of half (40 kPa) and three-fourth (60 kPa) of the initial pressure (from experiments)
were specified initially as adjustable parameters inside the chamber prior to gravity pour. This simulates
the real phenomenon where the pressure inside the actual casting chamber can be controlled externally
to half and a quarter of the original pressure.



Table 11. Volume of rods variation distribution with pressure (x10°® m3).

Flow 3d (80 kPa) Flow 3d (60 kPa) Flow 3d (40 kPa)
Rod 1 3.68 3.42 3.60
Rod 2 3.54 3.09 3.57
Rod 3 3.39 2.699 3.14

Table 11 presents the volume of rods cast with 60 kPa and 40 kPa pressures. A larger breakup of the rod
was observed for the 60 kPa simulation compared to the 80 kPa simulation. The 40 kPa simulation did
not exhibit any distinguishing flow features as compared to the 80 kPa simulation. Since the role of
pressure is ill-defined in the transient Navier-Stokes equations and the second fluid Argon gas is only
considered as a compressible fluid providing a pressure boundary condition it is difficult to draw
conclusions based on the final cast profile with the pressure variations inside the chamber. Further,
from the simulations it was realized that pressure fluctuations are considerable during transients and
the overall the pressure variations do not affect the final cast of rods. This is further because of the
quick temporal fluctuations of pressure during filling. In addition to the initial pressure in the chamber
the presence of the bubble further adds complexity to the problem. The homogeneous Neumann
boundary condition of no pressure variation in the normal direction to the surface of the bubble decides
the overall pressure in the domain of the casting apparatus. The reasons of having different behavior at
40 and 60 Pa were not clear. Thus we performed further analysis by reducing the pressures to 25% and
12.5% of the initial pressures inside the mold apparatus. A summary of the rod volumes obtained for the
analysis is provided in Table 12.

Table 12. Volume of rods variation distribution with pressure (x10°° m3).

Flow 3d (20 kPa) | Flow 3d (10 kPa) Flow 3d (5 kPa)
Rod 1 3.97 3.96 3.96
Rod 2 3.87 3.65 3.67
Rod 3 2.52 3.30 3.34

The second set of runs in Table 12 further establishes the assessment that transient pressure
fluctuations vary rapidly and do not exhibit a conclusive effect on the volumes of the rods cast. If the
flow problem provided slower settling times the cast rods could be affected by pressure variations. For
the present case where settling occurs in a few seconds of the simulation time pressure does not affect
the flow problem appreciably. In conclusion varying the pressure does not make any appreciable change
in length or volume of the rods cast at the attainment of steady state. However the inclusion of vents
significantly affects the time the flow problem takes to reach steady state. Increasing the vent
coefficients also provided for a more uniform distribution of the rods and consequently larger rod
lengths and less rod breakage.

d. Mesh Sensitivity



We performed a mesh sensitivity study for the problem with mesh refinement in each coordinate
direction to twice the initial values. The initial mesh comprised of a total of 1.6 million cells (82 in x and y
and 236 in z) yielding four elements along the diameter of the casting channels. A finer grid of 12.7
million elements that provided 164 elements along X and Y, and 472 in z was modeled to investigate the
effect of grid size on the solution. A finer grid provides eight elements along the diameter of the casting
channels. Temporal evolution of the flow problem as well as the final casting profiles for the finer mesh
were compared with the coarse mesh. Mesh refinement does not affect the filling time for the rods
noticeably. There is considerably more splashing with mesh refinement for the charge before it enters
the mold cavity. The fill time however was not found to vary appreciably for either the coarse or fine
mesh.

Table 13 presents the comparison of rod volumes that were determined for the mesh used in the
analysis (Mesh1-m1) and the twice-refined mesh (Mesh 2-m2). The percent difference between the two
mesh results with Mesh1 as the reference has also been provided. The maximum deviation in the results
was found to be 7% between the two meshes. This can be considered negligible since the magnitude of

the rod volumes is in the range of 10%° m°.

Table 13: Mesh sensitivity analysis for coarse and fine mesh (x10%° m’®)

Mesh (Mesh1- m1) | Finer Mesh (Mesh 2- (m1-m2)/m1
[82x82x236] m2)
[164x164x472]
Rod 1 3.96 3.66 -7 %
Rod 2 3.57 3.73 +4 %
Rod 3 3.41 3.35 +2%

A parametric study was performed for longer time simulations on the temperature variations for the
twice-refined mesh (Mesh 2) and the original mesh (Mesh 1). There were negligible differences in the
temperature measurements through the transients. The sup (supremum) norm of temperature
measurements were not found to vary not more than 1.2 °C-2 °C between the coarse and the fine mesh
results. These differences can be considered negligible considering the range of temperature
measurements from 580 °C-805 °C. The original mesh (82x82x236) results can be considered accurate
for the temperature simulations. A similar convergence analysis was performed and the same
conclusion was reached earlier in [1] when performing mesh sensitivity study.

Mesh of 82x82x236 cells (Mesh 1) utilized in the studies performed well on all the metrics of interest
and provided accurate results. Further surface tension effects affect the casting problem appreciably
and the correct value of this parameter was utilized in the modeling exercise to obtain results.

Swirling Flow

There are two possibilities for the occurrence of swirling flow. The first and demonstrable assumption is
that swirling flow is a manifestation of the rich dynamics of the advancing front (interface) which
evolves in time. The coupled volume of fluid equation (VOF) with the transient Navier-Stokes equations
under the influence of gravity demonstrates complex flow structures with the evolving free surface in



three dimensions. Swirling flow in this case is a manifestation of the velocity components (u,v,w) that
drive the advection equation for the VOF. Thus swirl in the flow is just the evolution of the explicit
advected VOF field (in time) endowed with the velocity components obtained from the solution of the
Navier-Stokes equations. This interpretation is more favored since we see the swirl in the advancing
fronts in Figure 6 during the simulation. Since the flow has to fill the thin rods and they are the only
passage the falling fluid has access to it is bound to exhibit a rich dynamics while flowing down.

The second interpretation of swirling flow could be that there are local turbulence effects while the melt
is flowing down the casting apparatus. We modeled the melt as an incompressible fluid in the laminar
regime without turbulence effects. The model performed well on capturing different aspects of the flow
and the concomitant solidification problem. We conclude turbulence effects are thus small for this
problem. We further highlight the complex flow metrics of the evolving interface already exhibit swirling
phenomenon in three dimensions with laminar flow and turbulence effects are therefore not dominant.

The exiting of argon bubbles in the melt also has an effect on the turbulent behavior or the overall flow
coming into rods. The counter-current melt-bubble can enhance the turbulent nature of incoming flow
or cause or contribute to swirling. Regardless of the reasons, the observation from the velocity field
indicate swirling in the entrance and in the upper part of the rods that support the designer reasoning to
adding flow stabilizing groves at the bottom of the entrance region. The simulation of casting with these
groves is in progress and will identify whether the groves will prevent swirling flow and provide flow
directly into rods.

Conclusion

The U-Zr casting experiments performed at INL were simulated with Flow3D computer code. The goal
was to develop a set of validated casting modeling parameters for the simulation of INL caster. Two
different casting experiments of INL were simulated. The experimentally measured transient
temperature profiles inside the casting apparatus were matched by adjusting primarily the heat transfer
coefficients between melt and mold at different locations. Then parametric studies were performed to
study the effects of changing pressures inside the mold, mesh refinements, surface tension effects, and
presence or absence of valves at the bottom of the inner mold. Experimentally measured rod lengths,
volumes and topographies were found to be in reasonable agreement with simulations. The validated
model will be used in the simulation of larger size caster with larger outputs in the coming fiscal year.
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