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This paper presents the new thermal hydraulic models describing the
hydrodynamics of the solid fuel/steel chunks during an LMFBR hypothetical core-
disruptive accident. These models, which account for two-way coupling Detween
the solid and fluid phases, describe tne mass, momentum,and energy exchanges
which occur when the chunks are present at any axial location. Tney have been
incorporated in LEVITATE [lJ. a code for the analysis of fuel and cladding
dynamics under Loss-of-Flow (LOF) conditions. Their influenc on fuel motion
is presented in the context of the L6 TREAT [2] experiment analysis. It is
shown that the overall hydrodynamic behavior of the molten fuel and solid-fuel
chunks is dependent on both the size of the chunks and the power level. At
low and intermediate power levels the fuel motion is more dispersive when
small chunks, rather than large ones, are present. At high power levels the
situation is reversed. These effects are explained in detail.

1. INTRODUCTION

unprotected LOF accidents in LMFBRs with a moderate positive void worth
lead to overpower situations due to sodium boiling and voiding. This over-
power, which can be enhanced by molten cladding relocation, leads to fuel
melting and fuel pin breakup. The subsequent motion of Doth liquid and solid
fuel components strongly influences the net reactivity, and thus, the accident
sequence. Earlier safety analysis codes which descrioe these events nave
generally concentrated on modeling the hydrodynamic behavior of the liquid and
vapor components, and assumed that the solid fuel is in the form of small fuel
particles, moving with the same velocity as the liquid fuel component [3j
[4j. However, it is now recognized that in addition to other components large
solid fuel/steel chunks are likely to be present in the voided channels during
the initiating phase of a LOF accident [5J. Pellet-size solid fuel chunks
have been observed in various experiments, such as P3A L6j and L5 [2J. Under
certain conditions, they can play a significant role in the early fuel
relocation, due to jamming at the abrupt contractions characteristic for LOF
geometries [7J. A typical LOF geometry, as modeled by LEVITATE, is shown in
Fig. l.

The presence of large fuel chunks requires a two-way coupling between the
fuel chunks and the surrounding components in order to describe correctly the
fuel dynamics in the presence of solid fuel chunks. Such a two-way coupling
model has been recently incorporated into the LEVITATE channel treatment.

IM8T



LEVITATE is a code for the analysis of fuel and cladding dynamics under
Loss-of-Flow conditions, which has recently become part of te SAS4A LBJ code
system. LEVITATE models the fuel subassembly in a one-dimensional geometry,
assuminy that all pins in the subassembly behave coherently. Three basic
thermal-hydraulic models are used for each subassembly: (A) Tf\e liydrodynamic
model describing the cavities inside the fuel pins, which initially contain
liquid fuel and fission gas. (8) The hydrodynamic model describing the
coolant channel, bounded by the outside cladding surface and structure. This
channel contains initially liquid sodium and sodium vapor. (C) The heat
transfer and melting/freezing model, describing the solid fuel pins stubs,
which separate the outer channel from the inner cavity.

2. MODEL DESCRIPTION

The new models which nave been incorporated in the LEVITATE code describe
the hydrodynamics of solid fuel/steel chunks which can move independently of
the other components in the coolant channel. The chunks have a cylindrical
geometry, with radius k and length L as shown in Fig. 2. They have a
different radius in each axial cell, but the ratio 2R/L is constant and the
value currently used is 2R/L=1. Each chunk can contain either fuel or steel
or Doth. The solid fuel chunks carry with them the unreleased fission gas,
which was present in the original fuel. The chunks in each cell are
characterized by two temperatures Tfue-| and T st e e] and the two components ex-
change heat with the surrounding components and with each other. The velocity
of the chunks varies from cell to cell and they exchange momentum with the
surrounding molten fuel/steel, gas and walls, in a manner uependent on the
local flow regime.

Several mechanisms have been identified which lead to the formation of
solid fuel/steel chunks: (A) Disruption of the original fuel pins, which can
occur when the cladding is locally molten, leading to the formation of
relatively large fuel chunks, comparable in size to the fuel pellets. Smaller
chunks can be formed when irradiated fuel is subject to high power
transients. (B) Breakup of the frozen fuel crust which was formed previously
on the cladding and hexcan wall leading to the formation of smaller size
chunks, with a radius comparable to the thickness of the crust. (C) Local
Dulk freezing of fuel, when no solid support for crust formation is present,
leading to the formation of generally small chunks.

The radius of the chunks in each cell can change due to the addition of
new chunks, via convection or chunk generation. The new radius is calculated
as a mass weighted average of the radii of the chunks being combined. Due to
heat transfer processes and internal heat generation some solid chunks can
also begin to melt, decrease in size and eventually disappear from the chunk
field.

Th computational mesh used in LEVITATE is shown in Fig. 3, which
highlights the dependent variables related to the cnunks. The subscripts
ch,fu and ch.se have been used to indicate the fuel chunks and steel chunks,
respectively. The spatial mesh is staggered, with generalized densities and
enthalpies defined at the center of the cell and velocities defined at the
cell boundaries. This technique, combined with the donor cell differencing
procedure, is helpful in eliminating the numerical instabilities which are
likely to occur otherwise in hydrodynamic calculations. Two nass and two
energy conservation equations are solved for the fuel and steel chunks, but
only are momentum equation. The general form of the conservation equations is
shown below:
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Note that equations (1) and (3), i.e. the mass and energy conservation
equations will be integrated over Az7 (fig. 3), while the momentum
conservation equation will be integrated over AZ'^- The specific aspects
related to the hydrodynamics of the chunks become more clear when the
integrated form of the convective fluxes is examined. Thus, the convective
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In (5) the subscripts ch,k have been dropped for clarity.

If Ai >_ Ai-1 tne term (p'u)i-V- becomes
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Returning to the equation (5) which applies to the geometry in Fig. 3, we can
see that at an abrupt contraction the chunk convective flux differs from the

Airegular convective flux for a fluid component by the factor -r-— . This is
Vl

due to the fact that some chunks will hit the surface normal to the flow and
will be prevented from leaving the cell. The continuity equation does not
apply to the chunk field, which has an obviously discontinuous nature. It can
be seen that the larger the difference between Aj_j and Aj, the more different
the behavior of the chunk will be from the behavior of the fluid components.
Another factor to consider is the size of the solid chunks. Thus, if large
chunks are present and the cross sectional area of an individual chunk in cell
i-1 becomes larger than Ai, the convective flux (P'U ),_]./_ will be reduced to
zero. This is an additional constraint, not reflected irreq. (5). The
residual or complementary part of the convective flux in eq. 5 is for u^>0:

, , .residual , fi i , ,,N

This term, when integrated over time, measures the amount of chunks which have
hit the wall normal to the flow during the current time step. Because these
chunks will loose their momentum and come to a temporary rest, the abrupt
contraction acts like a significant momentum sink, which has been separated
from the other sources/sinks in eq. (2). While this momentum sink could be
compared to the local pressure drop which appears at the abrupt area changes
equation for the fluid components, its nature is very different and related to
the discontinuous character of the chunk field. The chunk jamming at the
abrupt contraction is illustrated in fig. 4. The momentum loss at the abrupt
contractionsj due to the chunk field can play a significant role in the
hydrodynamic behavior of the overall system, as will be shown in the next
section.

Another aspect which will be shown to be significant is related to the
heat transfer between the solid chunks and the surrounding components. As the
radius of the chunks increases, their volume increases proportional to R^,
while the surface area will only increase as R2. Thus, larger chunks will
exhibit a lower heat transfer per unit mass and, during fast temperature
transients, will exchange little energy with the surrounding components.

3. DISCUSSION AND RESULTS

The presence of the solid fuel chunks can influence significantly the
behavior of the dynamics of the multi-phase multi-component flow and thus the
early fuel relocation. Jamming at the abrupt contractions occurs
preferentially because of the larger chunks. The large chunks lose more
momentum at the contractions and their coupling with the fluid components is
weaker than that of smaller chunks. Thus the presence of larger chunks will
tend to prevent the fuel from leaving the central disrupted region and thus
will reduce the dispersive character of the early fuel motion.

This effect is illustrated in Fig. 5, which compares the fuel dispersal
calculated by LEVITATE with data obtained in the L6-TREAT experiment
analysis. In this experiment three thermally irradiated pins were subjected
to a flow coastdown and a power pulse with a 10 times nominal power peak,
simulating a loss of flow situation. The fuel dispersal is measured, in fig.



2, by the relative fuel worth. This integral indicator of fuel motion is
obtained by calculating the total fuel wortn at any given time and dividing it
by the total fuel worth at time step zero, i.e. before the onset of fuel
motion. A decrease in the relative fuel worth indicates a dispersive motion,
i.e. away from the central regions of high fuel worth, while an increase in
the relative fuel worth is indicative of a compactive trend.

Three LEVITATE runs were performed, varying the chunk radii in order to
observe the jamming effect. It can be observed that the results obtained with
constant chunk radius R=10-3m indicate significantly less dispersal than these
obtained with R=10"4m. The third run was made with the more realistic
assumptions that the size of the chunks generated via the pin disruption is
large (R=2.5 10-3m) while all other chunks are fairly small (R=lQ-4m). The
results of this run are in fairly close agreement with the experimental data.

Another consequence of the chunk formation is that the separation of the
moving fuel into solid fuel chunks and molten fuel allows the molten fuel
temperature to respond faster to high power ramps. This leads to an earlier
onset of high vapor pressures which enhances the dispersive character of the
fuel motion. This effect becomes dominant at high power levels, as
illustrated in fig. 6. For these runs, a steep power ramp was superimposed
over the L6 power curve, so that the peak power was about 1000 times nominal
as compared to the 10 times nominal in the experiment. The runs in which the
larger chunk radii were used show a faster fuel dispersal, confirming, the fact
that at high power levels the energy exchange aspects have a larger influence
on the overall fuel behavior than the momentum loss aspects, which were shown
before to dominate at lower power levels.

4. CONCLUSION

A model describing the hydrodynamics of solid fuel/steel chunks in a
multi-phase, multi-component environment has been implemented in the LEVITATE
code. This model describes the two-way coupling between the solid chunks and
the surrounding components, either moving or stationary.

It was shown that at low and intermediate power levels the larger chunks
tend to lead to slower fuel dispersal, due to increased momentum losses at the
abrupt contractions. At high power levels this trend is reversed. Cases
involving larger chunks show a faster overall dispersal, due to the earlier
onset of significant fuel vapor pressures.

The new chunk models allow a more accurate description of many Loss-of-
Flow situations which are of interest in the LMFBR safety analysis.
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F1g. 1. Disrupted LOF Configuration Modeled by LEVITATE
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Fig. 2. Comparison Between the L6-TKEAT Data and the LEVITATE Calculations
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