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Abstract

PLUGM model= the flow and freezing of molten material in a
nonmelting channel. PLUGM is being developed for applications in
Sandia's Ex-Vessel Core Retention Materials Assessment Program
and in Sandia’'s LMFBR Transition-Phase Program,

PLUGM models time-dependent flow from a reservoir, through a
channel and possibly into a catch tank. Three user-specified
geometry options enable realistic model ng of melt flow and
freezing in tubes, thin slits, and particle beds. Axial
variation of relevant channel parameters is possible.

Melt flow is driven or hindered by gravity, applied pres-
sure, and capillary pressure. Hydrodynamic losses due to
friction, area changes, and flow directicn changes are modeled.
Also modeled are the competing effects of mass addition to the
reservoir, mass drainage into the channel, and slug depletion by
film and crust deposition on the channel wall,

Cooldown of a superheated melt occurs by material transport
down the channel and by convective heat transfer to the channel
walls or crust., Axial conduction and volumetric heating within
the buik melt are not modeled.

Crust deposition on the channel wall is controlled by the
competing effects of ronvective heat transfer from the bulk melt
to the crust surface and the conduction limited removal of heat
from tihe crust into the wall. An external coolant may further
enhance this heat removal by limiting the temperature increase in
the wall.

Sample problems, pertaining to ex-vessel core retention and
LMFBR transition phase, illustrate features and capabilities of
the code.
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1. Introduction

The phenomenon of freezing liquid flow in cold channels is
of importance in two reactor safety programs at Sandia National
Laboratories: The Core Retention Materials Assessment Program and
the LMFBR Transition Phase Program. PLUGM, a coupled
thermal-hydraulic computer model of this phenomenon, has been
developed. Application to each of the programs is described in
the following subsections.

An overview of the code is presented in Chapter 2., Chapters
3, 4, and 5 treat melt hydrodynamics, bulk melt cooldown, and
crust-growth, respectively. Chapter 6 discusses development
plans for a code in which additional transition-phase phenomena
are coupled to the freezing phenomenon treated by PLUGM,

An input description to the code is provided in Appendix A,
Finally, a number of sample problems are used in Appendies B, C,
and D to illustrate unique features of PLUGHM,

1.1 Ex-Vessel Core Retention

The Core Retention Material Assessment Program at Sandia,
sponsored by the U, S. Nuclear Regulatory Commission, involves
both experiments and analyses designed 1) to determine the
fundamental limitations of candidate core retention materials and
concepts, and 2) to develop a data base for use by the NRC in
licensing review of proposed ex-vessel core retention devices.
The program is currently focused on magnesia brick crucibles,

thoria and a umina particle beds, and high alumina concrete
liners.

The function of ex-vessel core retention is to reduce the
risk of a severe nuclear accident by

1, reducing the probability of early above-ground
containment failure,

2. eliminating long-term sources of fission-product-laden
aerosols and combustible gases associated with
debris/concrete interactions, and

preventing basemat penetration in those reactors, such
as a floating nuclear plant, having major liquid
pathways for fission product release.

All facets of this function require that core debris is prevented
from coming into contact with concrete in the basemat and in the

sidewall of the reactor cavity, As such, both initial and
secondary pemetration of a core retention device by molten core

debris is of extreme importance, Application of PLUGM to melt



penetration of cracks and spaces in refractory brick crucibles
and of the voids in psrticle beds is discussed below.

Refractory Brick Crucibles

Off shore Power Systems proposed a magnesia brick crucible
for their floating nuclear plants [14]. A refractory brick
crucible was also proposed for the Clinch River Breeder Reactor
parallel design [21]. This concept has been investigated
experimentally at Argonne National Laboratories, at Atomics
International, and at Sandia National Laboratories., The primary
sdvantage of the refractory brick concept is that it represents
an inexpensive technique commonly practiced in the steel
industry. The concerns with the concept include premature
penetration of the cracks and spaces in the brick matrix of
molten debris, gross failure of the crucible by flotation of
bricks in the more dense debris, and the difficulty of assuring
long-term coolability of the device and the contained debris.

Earlier analyses had treated the refractory brick crucibles
as monolithic structures [2,3,4,10]., Such treatment ignores the
fundamental concern with the concept. Thermal and mechanical
stresses can lead to cracks in the crucible when me't falls from
the reactor vessel onto the crucible. Furthermore, interbrick
gaps are an engineering necessity so that thermal expansion of
the bricks can be accommodated. Melt seepage through cracks and
interbrick gaps could initiate catastrophic and rapid failure of
the crucible by eroding the interlocking network and freeing
bricks to float away, In addition to brick flotation, melt
seepage in cracks and gaps could lead to premature contact of the
melt vith the concrete basement or any active cooling system
which may be imbedded in the crucible.

PLUGM can model the freezing and plugging of me’t as it
flows through the tortuous flow paths of a brick matrix. The
code incorporates such important features as:

1. representation of cracks using a thin slit geometry
option,

2, the ability to account for hydrodynamic losses when the
flow suddenly changes direction,

" providing time dependent account of the gravity head,
which drives the flow, even though the channel consists
of vertical and horizontal sections,



Particle Beds

Particle~bed core retention devices were originally proposed
for retrofitting existing light water reactors [18,19]. A
conceptual design for a thoria particle-bed ccre retention device

- was performed by EG G, Idano [15]. They found the expense of

such a device prohibitive. Extensive investigation of the

particle-bed concept at Sandia [8,9)] has indicated that a device
composed primarily of inexpensive alumina aggregate can contain
molten core debris for several hours without any cooling, and
indefinitely once coolant is added. In fact, because alumina
melts, it provides a better thermal barrier than thoria,.

Currently, particle-bed core retention devices are being

considered for newv and advanced reactors as well as for existing

light water reactors.

Both experiments and analyses (see sample calculation in
Appendix B) have shown that a properly designed particle bed must
consist of three layers, Molten core material is distributed,
diluted, and gquenched as it penetrates a top layer of relatively
large particles (1-3 cm in diameter). Initial penetration is
stopped by a middle layer of relatively small particles (0.3-0.4
cm in diametsr). An additional layer of large particles at the
bottom of the bed provides pathways for coolant,

In modeling flow and freezing of melt in a particle bed, the
PLUGM code incorporates such important features as

1. appropriate hydrodynamic losses for a particle bed,

2. the incorporation of capillary forces for wetting or
nonwetting melts,

3. and an appropriate heat transfer coefficient from the
melt to the particles.

Experiments at Sandia with both steel and urania melts have
confirmed PLUG!M predictions of the effectiveness of a layer of
small particles in stopping initial melt penetration,

1.2 Molten Fuel Relocation During the Transition Phase of an
LMFBR Core Disruptive Accident

The analysis of hypothetical core disruptive accidents (CDAs) 1in
Liquid Metal Fast Breeder Reactors (LNFBREs) has been primarily
concerned with identifying those accident scenarios that could
generate sufficiently high energetics (high core temperature and
- pressure resulting from neutronic burst) to threaten the
integrity of the reactor vessel, Recent analysis [16] of low
sodium void worth cores (the CRBR hetrogeneous core, for example)
T have indicated that the greatest potential for accident
energetics in these reactors exists if the core were (O melt



down, with limited removal of fuel from the active core region,
"Sloshing” of such a high-fuel-inventory molten pool may be
neutronically unstable such that amplification of uny initial
disturbance could lead to eventual large fuel-motion reactivity
ramp rates and unacceptable energetics.

Crucial to the assessment of such molten-pool energetics is
a determination of how much fuel inventory reduction has occurred -
prior to the formation of a neutronically coherent pool. Fuel
inventory reduction because of fuel dispersal through several
available escape paths may occur during the transition from
intact pin geometrv to the core-wide molten pool (referred to as
the transition phase of the accident). A removal of 40% of the
initial fissile fuei inventory would ensure subcriticality for
any molten pool that does form, However, even smaller amounts of
fuel removal could limit the pool-"sloshing"” reactivity ramp
rates, such that vessel-threatening energetics would not be
expected.

The two potential fuel removal paths that become available
earliest in the accident sequence are the flow channels in the
upper axial blanket (UAB) region of the core and the intersub-
assembly gaps between adjascent internal blanket assemblies. The
UAB flow channels are avaiiable to the extent that they have not
been blocked because of prior cladding relocation, Some open UAB
flow channels are to be expected, and these are available for
fuel removal as soon as the fuel becomes mobile. The gaps
between adjacent internal blanket assemblies become available for
fuel removal only after melting of the neighboring driver
assembly can walls. Thus, there is less time available for fuel
removal through these gaps before complete disruption of the core
ocecurs,

These important questions of the timing and magnitude of
fue) removal through the UAB and intersubassembly gaps are being
addressed in the SNL LMFBR Transition-Phase program., Needed
experinental data on fuel removal and freezing is being provided
by a series of in-pile experiments using actual reactor materials
under prototypic temperature and pressuie conditions, Comple-
mentary to the experiments is the development of the PLUGH code,
which is being used to aid in the interpretation of the SNL
experiments and to extrapolate from the experiment results to
predictions of behavior in actual LMFBR accident scenarios,

The PLUGM code incorporates all known relevaut
transition-phase fuel removal phenomena into a consistent
framework, Important features of the code include,

1. the ability to model fJnx:o liquid mass effects such as
film deposition onto a-crust surface,



the ability to model external cooling of the channel in
which fuel freezing is occurring (relevant to fuel flow
in intersubassembly gaps when the adjacent subassemblies
have not yet experienced Na voiding),

allowing for all driving forces (applied pressure,
gravity) and potential pressure loss mechanisms (flow
area changes, flow direction changes, etc,).

The character of the fuel-freezing process is highly dependent on
whether melting and entrainment of the flow channel walls occur.
The version of the PLUGM code described in this report is
applicable to the analysis of fuel freezing in a non-melting
channel, where conduction-freezing of the fuel onto the channel
walls is expected., For LNFBR transition-phase analyses, a future
version of the PLUGM code is planned that will incorporate wall
melting and entrainment phenomena.




2.0 Overview of PLUGM

The PLUGM code models the time-dependent flow of a molten
material through a user-specified flow channel, taking into

account heat transfer between the molten material and the channel
wall and possible constriction of the channel due to surface
crust formation. The three major aspects of the calculation are:
1. bulk-melt hydrodynamics,
2., bulk-melt cooldown,

3. crust growth (remelt) and wall heatup,

The following time-dependent information is calculated at each
melt-containing channel node:

bulk-melt temperature,

crust thickness,

crust temperature profile,

wall temperature profile,

crust/wall or melt/wall contact temperature,

bulk-melt velocity.
From this information, the complete history of melt penetration
into the channel can be constructed. Integral information such
as final total penetration and total plugging time are also
provided to the user.

2.1 Geometry

The user-specified flow chanunel may be defined in one of
three geometries:

1, tube,
- thin-slit, or

3. particle bed.

For the tube-geometry option, useful for the analysis of most
transition-phase plugging and freezing experiments, the channel
diameter and channel wall thickness define the geometry. For the
thin-slit geometry option, useful for the analysis of brick
crucibles and the transition-phase intersubassembliy-gap fuel
removal analysis, the slit spacing, slit width and channel wall




thickness define the geometry. Particle-bed geometry is more

difficult to treat. Bulk-melt hydrodynamics and bulk-melt
cooldown are handled in an appropriate manner for particle-bed
geometry., Crust growth (remelt) and wall heat are handled by
modeling a typical flow path through a particle bed as a tube
with equivalent hydraulic diameter. The equivalent wall
thickness is chosen in a manner consistent with the hydraulic
diameter and the particle-bed porosity,

External cooling of the channel walls may also he modeled
for the tube and thin-slit geometry options., The coding assumes
the existence of an external coolant, the temperature of which
remains fixed in time ac¢ the initial wall temperature. Heat
transfer to this external coolant can be specified via a
user-supplied (axially varying) heat transfer coefficient. For
the particle bed geometry option, the externai coolant is
nonphysical, Thus, the external coolant heat transfer
coefficient is automatically set tu zero (overriding the user
input) to preset an adiabatic boundary at the center of the
particle.

Overall problem geometry is divided into a number of regions
in order to specify the axial variation of input parameters:

BN flow direction (with gravity, against gravity, or
horizontal),

3. initial channel diameter (or slit-spacing, slit-width)
and wall thickness,

3, initial wall temperature,
4. initial melt temperature,
5. external-coolant heat-transfer coefficient,
In its most elementary form, PLUGM models three regions:
1, reservoir,
2, channel, and
3. catch tank.

Figure 2.1 depicts the arrangement,



RESERVOIR
REGION

CHANNEL
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Figure 2.1 Regions Modeled by PLUGH



Reservoir

The reservoir is the first defined region, In general, all
the melt is contained in the reservoir at the start of the
problem., PLUGM offers three reservoir options: rigid-boundary
reservoir, pool-type reservoir, and constant-mass reservoir,

For a rigid-boundary reservoir, heat transfer and friction
losses are calculated for all reservoir nodes (except the node
adjacent to the free surface). The time-dependent depth of the
ressrvoir is determined from the user-specified mass-addition
rate and the code-calculated drainage rate into the channel,

An example illustrates a pool-type reservoir, If melt is
poured onto a particle bed, them a pool-type reservoir represents
the unit cell of melt situated over a flow channel into the
particle bed. A pool-type reservoir has no rigid boundaries, and
heat transfer to the boundary and friction losses are not
calculated, The time dependent depth of the reservoir is also
calculated for this option,

A constant-mass reservoir is treated as a pool-type
reservoir; i.e,, no heat transfer or friction losses,. However,
the melt level in the reservoir remains constant in time
regardless of how much melt is added to the reservoir or drained
into the channel, This reservoir option, which models a
nonphysical situation, is us¢ful when trying to reproduce results
obtained from existing analytic solutions for f(reezing and

plugging.
Channel

Melt drains from the reservoir into the channel. The
channel itself can be broken into an arbitrary number of regions,
thus providing more resolution in any parameters that vary
axially.

Cateh Tank

Melt leaving the channel enters the catch tank, which is the
last defined regicn, PLUGH offers three catch Lank options:

1, treat catch tank like channel, calculate heat transfer

and hydrodynamic losses, melt expands from channel to
fill entire flow area of catch tank,

2. heat transfer and hydredynamic losses are not
calculated, melt expands from channel to fill entire
flow area of catch tank, and

heat transfer and hydrodynamic losses are not
calculated, fluid jets from last channel region into



catch tank, the jet diameter does not change regardliess
of catch tank diameter,

Bach of the ugser~specified regions may be further subdivided
into an arbitrary number of axial nodes for the actual PLUGM
calculations, These nodes define the axial resolution on the
code-calculated crust growih, temperature, and velocity
distributions.

2.2 Coupled Solution Procedure

There are three major parts of the PLUGM calculational procedure:
1, bulk-melt hydrodynamics,
2. bulk-melt cooldown,
3. crust growth (remelt) and wall heatup.

In the PLUGM formalism, the coupling between these three
calculations is dome explicitly.

Bulk-melt Hydrodynamics

PLUGM's hydrodynamics calculations are based on a
finite-difference axial (in direction of flow) formulation,
Inertial effects are included by solving an approximation to the
one~dimensional momentum equation., An alternate quasi-steady
flow option is available in which a modified Bernoulli equation
is used to calculate consistent velocities at the end of each

time step.
Melt flow is driven by one or more of the following:
1. applied pressure,
3. gravity, or
3. capillary pressure,.

Note that any of these can also be a retarding force depending on
the problem, PLUGN's hydrodynamics also accorat for

1, friction losses (laminar or turlulent flow),

2. recoverable Bernoulli losses due to flow area changes,
and

I nonrecoverable losses due to expansions, contractions,
or changes in flow direction (i.e., elbow losses).

10



PLUGM allows for arbitrsry mass addition to the reservoir or
trailing edge node. PLUGM also accounts for the film deposition
at the trailing edge of the flow in the event that mass addition
is insufficient to prevent draining of the inlet reservoir,

Thus, mass depletion of the liquid material by crust and
liquid-film deposition is calculated.

The quantities calculated by the hydrodynamics module are
the time-dependent bulk-melt velocity distribution and
leading~edge and trailing-edge positions of the bulk-melt slug.
The principle parameter needed from the other solution modules is
the crust-thickness distribution, which is required to determine
the time-dependent hydraulic diameters and hence friction
factors, Because constant material properties are used in the
analysis, there is no direct feedback on the hydrodynamics
calculation from the time-varying bulk-melt temperature. A
detailed description of the hydrodynamics solution procedure is
found in Section 3 of this document,

Bulk-Melt Cooldown

The axial temperature distribution in the bulk melt changes
in time as a result of

1, material transport of bulk melt down the channel, and

r P convective heat transfer to the channel walls or crust,

Axial (in direction of flow) conduction and volumetric heating
within the bulk melt are not modeled. An axial finite-difference
formulation of the heat transport within the bulk-melt is used.
The needed boundary conditions of bulk-melt velocity and crust
{or wall, if no crust) surface temperature distributions are
obtained explicitly from the hydrodynamics and crust
growth/wall-heatup modules.

The initial bulk-melt temperature can be either saturated or
superheated: an important feature for most reactor-safety
applications, Convective heat transfer to the crust or wall
surface can be either laminar or turbulent depending on the
code-calculated local Reynolds number. The calculation of local
bulk-melt to crust (or wall) heat transfer coefficient also
accounts for the Prandtl number of the fluid (liquid metal versus

normal fluid).

11



Crust Growth (Remelt) and Wall Heatup

Crust deposition on the channel wall is coutrolled by the
competing effects of convective heat t. isfer from the bulk melt
to the crust surface and the conduction limited removal of heat
from the crust into the wall, An external coolant may further
enhance this heat removal by limiting the temperature increase in
the wall,

The solution for the coupled crust-growth (or remelt) and
wall heatup is obtained from s numerical solution of the integral
energy equations in the crust and wall., The solution procedure
assumes that both the crust and wall temperature profiles can be
described by second order polynomials (in spatial coordinate)
with time~dependent coefficients. User-input, constant material
properties are used in the analysis, The use of these assumed
profiles in the integral energy ecquations results in a system of
coupled first-order differential equations for the time-dependent
coefficients that must be solved for at each axial node,. The
equations account for the time-dependent heat flux from the
bulk-melt into the growing (or remelting) crust as well as the
possible heat transfer between the outer wall surface and the
external coolant,

The time-dependent crust/wall contact temperature at each
axial node is uniquely defined by the coupled equations, These
temperatures indicate the axial extent over which channel wall
melting is to be expected. The PLUCM code as described herein
does not account for the effect of wall melting (t.e., heat of
fusion) on the crust-growth/wall-heatup solutions, This is not
required for the core retention applications, However, a future
version of the code will account for this effect for transition~
phase applications,

The quantities calculated by the crust-growth/wall~heatup
module are the time-dependent axial crust-thickness distribution
and the crust and wall temperature distributions, The principle
parameters needed from the other solution modules are the bulk~
melt temperature and the bulk-melt velocity {for determining heat
transfer coefficients). A detailed description of the
crust-growth/wall-heatup solution scheme is found in Chapter 5 of
this document,

2.3 Node Indexing

The reservoir region and each channel region consists of wune
or more nodesy the catch-tank region consists of only one node,
Nodes are indexed consecutively from the reservoir to the cateh
tank as depicted in Figure 2.2, The index of the partially
filled trailing edge node is called NTRAIL, and the index of the
partially filled leading edge node is called NLEAD, The follow~
ing parameters are node centered,

12
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D, channel diameter or slit spacing

L crust thickness

LI wall thermal-layer thicknesr

" wall thickness

D, channel hydiaulic diameter®

Ag, channel cross-sectionas flov area®

Ty, Temperature of bulk melt

v, velocity of bulk melt

h, heat transfer coefficient from (he bdulk-meit to

the crust or the wall if no crust exists,

f, friction feactor at the bulk melt/crust interface
or the bulk-melt/wall interface if no crust eoxists

7.. temperature of crust/wall interface

TS, initial temperature of the wall and external
coolant

T... temperature of outer wall surface

he, heat transfer coefficient from the wall to the

external coolant

The following parameters are defined at axial node interfaces:

., total distance from he initial reservoir/channel
interface
8, total verticeal elevation relative to initial

reservoir/channel interface

K, hydrodynamic loss coefficient associnted with
expansions, contractions, of flow direction
changes

As shown in Figure 2.3, a typical node is composed of bulk melt,
erust, heated wall, unhented wall, and externsl coolant, In some
problems, the crust may disappear, and the heated wall may extend
to the external coolant,

- - -

*These qnoniii]&o are defined in Section 2.4,
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2.4 Definition of Hydraulic Diameter and Channel Flow Area

The sxially-dependent channel hydraulic diameter and flow
area are ured extensively in the calculations and in the detailed
descriptions of the three PLUGM code moduies that follow in the
subsequent chapters., They are defined here for each of the three
geometry options available in the code.

Tube Geometry

At any point in time, the effective channel diameter, D',
can be expressed in terms of the initial channel diameter, D, and
the bulk-melt crust thickness, &, as

D* =D - 2% . 2.4.1

The hydraulic diameter and channel flow area are then simply
described by

Dy = D’ 2.4.2

and

Av sa¢ point in time, the effective slit spacing, D', can be
expressed in terms of the initial slit-spacing, D, 2nd the
bulk-melt crust thickness, &, as

g el - 3K 2.4.1

Because a thin slit has been assumed in the analysis, the length
of the slit, W, is assumed to be unaffected by crust growth.
Thus, the hydraulic diameter and channel flow area are given by

16



(W + D')

and

Ae = WD’ 2.4.3

Particle Bed

A particle bed geometry is described in PLUGM by an
equivalent tube-geometry picture., Thus, Equaticns 2.4,1-3 are
applicable.

The user must input an appropriate tube diameter, D, such
that this represents the initial hydraulic diameter in the
particle bed. Thus, the user-supplied value for D can be
expressed in terms of the bed porosity, e, and particle diameter,
D as

pl

-
™|

supplied by the user such that the ratio of initial channel flow
area to cross-sectional wall area is consistent with the given
bed porosity. This implies that

For a particle bed, an effective wall thickness, D_, must also be

so that the user suppli¢d value for the effective wall thickness
should be given by

17



This definition of D ensures that thermal mass ratio
between the bulk melt and the wall is the same for the actual
particle bed and the tube geometry model of the particle bed.
When a pool of liquid imitially sits on top of a particle bed,
the reservoir (i.,e,, first melt-filled region) represents the
liquid associated with one flow channel into the particle bed.
Thus, the flow area in the reservoir should equal the total
cross-sectional area associated with the channel (flow area plus
associated particles) at the entrance to the particle bed., Thus,
the reservoir diameter in this case is simply given by

D(res) = D + 2D 2.4.9

and the wall thickness in the reservoir 1is zero,.

Dy(res) = © 2.4.8
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3. Bulk-Melt Hydrodynamics

PLUGM's hydrodynamics calculations are based on a
finite~-difference, axial formulation assuming incompressible
flow. Three options are available to the user to specify the
type of hydrodynamics calculation to be performed:

1., transient velocity calculation including inertial
effects with an initial velocity of zero,.

- 4% transient velocity calculation including inertial
effects with a quasi-steady initial velocity,

3, quasi-steady velocity calculated by simply balancing
driving forces with loss terms,

Inc’uded in the hydrodynamics calculation is the treatment of

possibtle mass addition to the melt flow and mass depletion (by
srust growth and film deposition) at the trailing edge of the

flow,

Melt flow is driven by one or more of the following:
) g applied pressure,

2. gravity,

3. capillary forces.

Note that any of these forces may also retard the flow depending
on the problem, PLUGM's hydrodynamics also account for

S friction losses (laminar or turbulent flow),
- recoverable Bernoulli lcsses due to flow area changes,

. nonrecoverable losses due to expansions, contractions,
or changes in flow direction (elbow losses).

3.1 Mass Addition and Depletion

As mentioned above, both mass addition and mass depletion
are accounted for in the PLUGM hydrodynamics treatment. An
example of where mass addition would have to be modeled is a
simple reservoir/channel/catch-tank configuration where material
is poured into the reservoir at some mass flow rate m. In that
case, the total melt mass is increasing with time, thereby
affecting the hydrostatic head that produces melt flow into the
channel, Tn the PLUG! code, such muss addition is always assumed
to occur at the trailing edge of the melt fiow, Thus, it is not
possible to model the possible situation of multiple slugs eof
liquid moving through the channel.
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For the case of no mess addition "o the reservoir, or for
the case of limited mass addition, the trailing edge of the
flowing melt moves through the defined problem geometry, leaving
behind any frozenm crust that had formed. Such a draining of
liquid would also leave a residual liquid filwm on the crust
surface, which subsequently solidifies. This is illustrated in
Figure 3.1, Thus, in such a finite liquid-mass situation, the
mass of the liquid "slug” moving down the channe! is continually .
being depleted by crust formation and film Jeposition at the
trailing edge of the flow.

In general, the thickness of liquid film deposited at the
trailing edge of a constant-velocity (or near-constant) liquid
slug is a function of the bulk-melt velocity, the material
properties (viscosity and surface tension in particular), and the
channel geometry. However, a detailed prediction of film
thickness based on these parameters is not done in PLUGHM,
Rather, the code uses a simple correlation based on the results
of single-bubble slug-ejection experiments [7,11], In these
experiments, a gas bubble was forced through various simulant
fluids (water and Freon) in cylindrical and annular flow channels
with hydraulic diameters of 5-8 mm, For high bubble velocities
such that the liquid flow was clearly turbulent, the residual
ligquid film on the channel walls was characterized hy a liquid
fraction (fraction of available flow area occupied by the liquid
film) of 0.13-0.15. This result tended to be independent of the
material used, channel diameter, or bubble velocity (so long as
the flow was turbulent)., The resulting liquid fraction was
corsistent with the explanation that only the central portion of
the liquid flow for which the local velocity is greater than the
radial mean velocity remains with the liquid slug. The flowing
liquid near the channel walls remains as the trailing film. For
lower bubble velocities, where the liquid flow regime was
laminar, the residual liquid film was characterized by a liquid
fraction of as high as 25% of the flow area. For the laminar
flow regime cases, however, the liquid film thickness was not as
independent of material properties and flow channel geometry as
was the case for turbulent flow.

The PLUGH code utilizes these results and assumes the
residual film thickness at the trailing edge of a
near-constant-velocity liquid slug occupies 15% and 25% of the
available flow area depending upon whether the flow is turbulent
or laminar.

If the liquid slug is accelerated through the flow channel
by a lower density fluid, then Taylor instabilities at the
trailing crdge of the liquid slug will cause the lighter-density
fluid to penetrate into the heavier density liquid slug. This
might be expected in LMFBR transition-phase analyses where fuel a
or steel vapor is the driving force for the flow of molten corium
through the various flow channels. Such Taylor instabilicies
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Figure 3.1, Mass Deplztion Modeling in PLUGH
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would result in the deposition of a thicker liquid film than
predicted ty the steady-state deposition described previously.

An estimate of the liquid film thickness left by such Taylor
instabilities can be obtained by considering the relative
velocity between the trailing edge of the flow (the '"bubble”
velocity) and the bulk liquid velocity near the trailing edge
[20]. An upper bound for this relative velocity is obtained from
the growth rate of the fastest growing instability wavelength in
the channel., Given this relative velocity, it is a simple matter
to calculate the resulting film thickness. The procedure used to
calculate this film thickness (as well as the steady-state result
previously described) is described by the following equations,

fiven a trailing edge velocity of v, ., and a bulk material

velocity of v, .. near the trailing edge of the flow, the
residual liquid ¥iln is characterized by a liquid fraction, F, of

v
F =1 - _trail 3.1.1

Ybulk

For steady-state film deposition, the trailing edge velocity is
thus given by

: 1 1
“trai1(ss) = | 172F,, ) vbulk 3.1.2

where F__ 0.25 for Re ¢ 3500. 3.1.3

0}

Fgg = 0.15 for Re > 3500, 3.1.4

If the liquid slug is being accelerated through the channel,

the trailing edge velocity must be increased by the relative
velocity between the lighter density fluid (bubble) and the

liquid slug, VTaylor+ Thus,

Verail © Verail(ss) * Vrayilor
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An upper-bourd estimate for the relative velocity anylor can be

expressed in terms of the bulk slug acceleration, 8pulks, and the
longest Taylor wavelength, A, as

YTaylor = CTaylor - (‘bnlk°l’1/2 3.1.6

The constant, Cyp ylop» and the longest wavelength, i, are
dependent upon tﬂo ciqnnel geometry. For slit geometry, these
parameters are expressed in terms of the slit spacing, D, and the
slit width, W, as

CTaylor = 0.23 + 0-13§ 5.0

For cylindrical geometry these parameters are expressed in terms
of the channel diameter, D, as

A =D 3,2.9

Craylor = 0.345 3.1.10

It should be pointed out that these criteria for film
thickness are applied not only in tube and slit geometry, where
the experimental data is relevant, but also for the case of
particle bed geometry. The 0.15 2nd 0,25 liquid fraction
criterion have no experimental or theoretical basis for particle
bed geometry, and thus caution is urged in interpreting the film
deposition results in particle bed geometry.

3.2 Transient Hydrodynamics Solution

For certain applications of the PLUG! code, the total
bulk-melt mass (by mass depletion) varies significantly in time
such that accounting for inertial effects is important in order
to accurately calculate the bulk-melt velocity. This section
describes the finite-difference formalism used in PLUG!H to
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calculate bulk-melt velocity as a function of position along the
assumed one-dimensional (in direction of flow) channel.

At any location, s, along the flow channel, the
one~-dimensional momentum equation may be written as

where g is tklt component of gravity in the direction of the
flow. *hc dp®/ds term represents applied external pressures,

capillary forces, and losses due to friction, area changes, and
flow direction changes.

For each of the defined finite-difference nodes (see Section
3.2 for a description of node notation), one can integrate

Equation 3.2.1 over the length of node 1 to obtai: an expression
t

for the time derivative of the velocity in the i node.
dvi pb
——— — - 2
Ppdsi 4¢ = - 7 (Visl vi®)
* (p; - pi+1) + ppelzjse1 - 2j) 3.%:3
1
+ 40, (g---—- - =)
b
Dp,i+1  Da, i
As,i_ 1
S ... 4 2
(Kje1 + 1} Ag ) 3PbVi
where,
As; = sj41 ~ 8;
Z,,1 - zj = elevation change between s;,; and s;

Kisq1 = loss coefficient between nodes i and i+l due to
expansions, contractions, and elbows

f, = friction factor in node 1.
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Note that the pressure ta2rm dp'/ds was expanded into its
component terms,.

In order to obtain a simplified solution to the transient
g velocity distribution, the approximation is made that the mass
flow rate is constant everywhere in the channel during a time
step. Thus,

Mg, i Vi = Ag, a1 Viel » 3.2.3

Using this approximation, Equation 3.2.2 can bhe rewritten in
terms of the velocity at the trailing edge of the flow for any
arbitrary point in the flow.

2 y |
PrAS ff.'_.f SZE i _EB l ..é.gl.t_.. - .A_.i..‘__E j v 2
LY PR T 2 L Ag i1 A, i '
» (pl - Pi+1) * ppe(z2i41 = 24) 3:2.%
+ 4ob (-—-L-_ - =)
D F .
h, i+l h, i
2
Ag, i Af,t 1
(K.+1 + £, ——==) et 3.3 = pbvtz
. P Ag i Mg,y 2

Note that it has been assumed in the above equation that the
approximation

d  Af, ¢
— () = 0 3243
dt Ag

- is valid.

Given Equation 3.2.4, it is then possible to sum over all
hydrodynamics nodes from trailing edge (node t) to leading edge
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(node 1) to obtain an expression from the time derivative of the
trailing edge velocity.

(py - P1)
+ -_——p—-———-—) + s(zl > Bgy .+ .4.‘_,.2 (....1—.— - -—--l-—-—) 3.2:96
b p By e
N T As,i  Af,t
3Vt Z (Kje1 + Af i) Af i J

In PLUGM, an explicit (in time) finite-difference representation
of Equation 3.2.6 is used to calculate vV, at time t“*l in terms
of v, at time t®. Mass addition and/or depletion are
automatically accounted by recalculating z; - z,, As;, and Asg.

The assumption of uniform mass flow rate is then used to
calculate the bulk-melt velocity for the other nodes.

Af, ¢
v —— g 3:2.7

Y Vi

The initial (start of problem) velocity may either be specified
as zero or a quasi-steady-state value (see Section 3.3).

3.3 Quasi-Steady Eydrodynamics Solution

The previous section presented the method used in PLUG!M to
calculate the bulk-melt velocity distribution when inertial
effects are important, For many applications, the velocity can
be approximated by simply ba'ancing driving pressure (applied
pressure, capillary forces, and gravity head) with the loss terms
(friction, area changes, and elbows). This is done by setting
the time derivative in Equation 3.2.6 to zero and solving for the

velocity Vg directly.
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Py Pp Dy, 1 Dp, ¢
'tz e e S P 3.3.1
Af, ¢ s,i Af,t 27
g - (K + £ T===) (=)
Ag 1 2[ el B i T

Again, Equation 3,2.7 is used to calculate the velocity in the
other nodes.

The quasi-steady solution (Eqn., 3.2.8) may also be used to

initialize the velocity at the start of the problem even though
the transient velocity solutionm (Egqn., 3.2.6) is used thereafter.

3.4 Friction Factors
PLUGM calculates friction losses for both laminar and

turbulent flow, These friction losses give rise to a pressure
drop given by

Here, f is the Fanning friction factor,. In zeneral, the friction
factor is a function of the Reynolds number (Reh),

PpvPh
Rep = === 3.4.2

)

The wetted-surface-area-to-flow-area ratio (A’/Af) is given by
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This expression is formulated in terms of the hydraulic diameter
(D) and thus is valid for all geometries.

Thin Slit Geometry

Fanning friction factors,

slit geometry,

Laminar Flow

Transition flow

.01

Turbulent flow

Fanning friction
presented in Rohsenow

Laminar flow

are presented

in

2400

5220

factors,

[14].

28

which are appnropriate for

Rohsenow [17].

2400

A

Rey

5220

appropriate for

Rey ¢ 1600

thin

tube geometry, are



Transition flcw

£f = .01 1600 < Re, ¢ 3895 3.4.8

Turbulent flow

3895

-~
-l
L]
- 4
w
-
=

R D e R e T ——m -

Friction factors for particle beds are given by the Ergun
equation [6), which is rewritten here in a form consistent with
Equation 3.4.1.

— % ,873) 3.4.10

3.5 Nonrecoverable Pressure Losses Due To Contractions, Expansions,
and Sudden Changes in Flow Direction

PLUG!'s hydrodynamics calculations include the affects of
nonrecoverable pressure losses. Contractions and expansions are
assumed to occur gradually from node to node. This is the case
where there is a continuous variation in crust thickness alone
the channel, PLUGM’'s methodology, which assumes gradual
contractions or expansions, can approximate the actual losses
associated with large, sudden contractions or expansions,
however, the success of the approximate result is somewhat
node-size dependent,

All nonrecoverable losses can be expressed in the following
form.

= -1 2
Ap kipbv . TR0 O ¢
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All nonrecoverable losses are based on the upstream velocity. A
further assumption is that the loss coefficient (K) is
independent of geometry.

Gradual Expansions

Loss coefficients for gradual expansions are given in
Baumeister [5]. Consider the expansion loss incurred in going
from node i to node i+ly Figure 3.2 depicts the geometry. ’

The loss coefficient for a gradual expansion is piven by

The coefficient K’ is a function of the expansion rate from

node i to node i+1, The expansion rate is characterized by the
parameter §.

Note that & becomes infinite for a sudden contraction.

The functional relationship between K' and & is given
approximately by

- - - . - —

Loss coefficients for gradual contractions are given 1in

Babcocks amd Wilcox [1]. Consider the contraction loss incurred
in going froiw node i1 to node i+l, The loss coefficient for a
gradual contraction is given by
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Here, K' is the loss coefficient for a gradual contraction
when based on the downstream velocity., The area ratio in
Equation 3.5.5 is required because PLUGM bases all nonrecoverable
losses on the upstream velocity.

The coefficient K’ is u function of the contraction rate

from node i to node i+1, The contraction rate is characterized
by the parameter (.

This is just the negative of the expansion rate parameter
(Equation 3.5.3).

The functional relationship between K' and & is given
approximately by the following.

For & £ .267949

' = 08 (-zz3-.
357945’ 3.5.7
A 2
For .267949 < & and 0 ¢ -:3t1 o 49
Ag ; 3
o 1
A :
K' = .5(1 - .80556 -{:}?1, 198
£, 14



A
For .267949 ¢ & and .72 < -{Liil

L A
£,1

- S NS S XD SNBSS

The loss coefficient for a 90 degree elbow is given in John
and Haberman [10].

E= .75 3.5.10
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4, Bulk-Melt Energy Transfer

The initial bulk-melt temperature can be either saturated or
superheated, an important feature for most reactor-safety

applications. Convective heat transfer to the crust or wall
surface can be either laminar or turiulent depending on the
code-calculated local Reynolds number. The calculation of local
bnlk-melt to crust (or wall) heat transfer coefficient also
accounts for the Prandlt number of the fluid (liquid metal versus
normal fluid).

4.1 Finite-Difference lleat Transfer Formulation

The axial temperature distribution in the bulk melt changes in time
as a result of

1., material transport of bulk melt down the channel, and
4 convective heat transfer to the channel walls or crust,

Axial (in direction of flow) conduction and volumetric heating
within the bulk melt are not modeled. An axial finite-difference
formulation of the heat transport (within the bulk-melt) is used.
The needed boundary conditions of bulk-melt velocity and crust (or
wvall, if no crust) surface temperature dJdistributions are obtained
explicitly from the hydrodynamics and crust growth/wall-heatup
modules.

Energy conservat.ion for the ith melt filled node is
expressed below,

s o 2 1 .
Ppepp (T8, 3 = TB,1)VT = Ppcpp TH,3-1 vi-1 AR, i-1 As
1
Pbepb T8, 71 ¥Y AR, At

- BTEYY - TR ) A%, At 4.1.1

EKere, py, is the density of the bulk melty Cpp is the
specific heat of the bulk melt, Ty is the temperature of the bulk
melty V is the melt volumes Ag is the cross-section flow area; At
is the time increment, h is the heat transfer coefficient between

the bulk mel* and the crust or wall if no crust exists, T’ is the
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bulk-melt/crust or bulk-melt/wall interface temperature, and Ag
is the wetted surface area.

If crust is present, then the bulk-melt/crust interface
temperature is given by the fusion temperature of the melt.

T8, i = Toa 4.1.2

But if c¢rust does 10t exist, then the bulk-melt/wall interface

temperature is given by a time dependent interface temperature
that is determined from wall heatup solutuions, which are
discussed in Section 5.

8.1~ Te,i - 4.1.3

During any given time step, the mass flow rate is assumed
constant at all axial locations in the channel.

V? A?pi 2 V?_l A?; l—l 4-1 04

The updated temperature of the bulk melt is obtained from
Equations 4.1.1-3.

Fer 1 = NTRAIL+1 to NLEAD-1

T. n+l1 - _b:?-fpflle;z}-:-é}:}?E:}‘l 1.5
i 1+ A5 % Ay, it
where,
hY A%,
Ay 4 = = =222 e 4.1.6
pbcpb yn
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AR,
A . 1,1
1,i = v} vr At 4.1.7

The flow-area-to-flow-volume ratio has a common form for PLUG!M's
three geometries.

A?.i 1
—i= . 2t 4.1.8
va 5

Likewise, the wetted-surface-area-to-flow-volume ratio can also
be expressed in a common form for PLUG!MN's three geometries.

fg'_i _ 4 4.1.9
3 DR, i

Partially Filled Trailing-Edge Node (i:NTRAIL)

There is no material motion into the trailing-edge node,
Material motionm out of the trailing-edge node decreases its total
energy, but not its temperature. Energy conservation for the
trailing-edge node is given below.

. & "
Ppepp(TP.i - T8, 4'V2

- BYCTRY ~ TR JIAR, sin 4.1.10

The updated bulk temperature is obtained directly from
Eqnation 4.1.10,
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#1 - -9,4i - "i7s, i
? 1 A §:3.11

Here, T3 , and A; are still given by Equation 4.1.2-3 and
Equation 4.1.6 respectively., Although the trailing-edge node is
only partially filled, the wetted-surface-area-to-flow-volume
ratio is still given by Eguation 4.1.9,.

-——— . ——— - ——— . D e s e

There is no material motion out of the leading-edge node.
Energy conservation for the leading-edge node is given below,

Ppepy (TRTY = TP, 01 = Ppepp TP 1.1 vi-1 AR, At

- o (TRTY - T, ) AL, A 4.1.12

Assume again a constant mass flow rate during a time step
(Eq. 4.1.4). The updated bulk-melt temperature is obtained from
Equation 4.1.12.

e e s e 4,1.13

Here, T3 ;, A;, and B; are still given by Equations 4.1.2-3,
Equation ‘.1.8. and Equation 4,1.7 respectively. Althoueh the

leading-edge node is only partially filled, the
wetted-surface-area-to-flow-volume ratio is still given by
Equation 4.1.9. The flow-area-to-flow-volume ratio is modified
for the partially-filled leading-edge node.

- oo do 4.1.14

ffli
Vi PFILL-As
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Here PFILL is the fractioa of the leading-edge node that rcemains
filled (0 < PFILL < 1).

4.2 Heat Transfer Coefficients

PLUGM models time-dependent, convective heat transfer from
the melt to the crust or directly to the channel wall if no crust
exists., The flow can be laminar or turbulent., The heat transfer
coefficient is incorporated into the dimensionless Nusselt number
(Nu) which in turn is a function of the Reynolds number (Reh) and
the Prandtl number (Pr).

hDy
.8 s 4.2.1
b
ppvDp
Rep = ———— 4.2.2
t
b
€pbly
Pr -—pk”— 4.2.3
b

The fluid can be a normal fluvid or a liquid metal, A normal
fluid has a Prandtl number (Pr) greater than .5, and a liquid
metal has a Prandtl number less than .03, Some fluids, such as
molten steel, have Prandtl numbers which lie between .5 and .03.
For these fluids, PLUG! performs a linear interpolation between
the normal-fluid heat-transfer coefficient and the liquid-metal

heat—-transfer coefficient.

Heat transfer coefficients appropriate for thin slit
geometry are summarized by Rohsenow [14],.

38



Normal Fluid .5 ¢ Pr

Nu ¢ = 7.5407 + ,021 Rey3Pr 4.2.5

Liquid Metal Pr ¢ .03

For Rchpr < 40

Nu, . = 7.5407 4.2.6
For 40 ¢ thpr

6.5767 + .015(ReyPr)?-8 4.2.7

x

(-]
—
8

I

Tube Geometry

Heat transfer coefficieuts appropriate for tube geometry are
also summarized by Rokhsenow [14].

Normal Fluid .5  Pr
Nu ¢ = 3.656 + .021Re,” 3Ps0.6 4.2.8
Liquid !Metal Pr ¢ .03

For Rehpr < 40

Nuln

3.656 4.2.9
For 40 ( Rehpg

N

Uim = 4.8 + .025 (RepPr)?-8 4.2.10

Particle Bed
Heat transfer coefficients appropriate for particle-bed
geometry are summarizecd by Whitaker [20]., The laminar-limit heat

transfer coefficient for an isothermal tube is added to
Whitaker’'s turbulent flow correlaton. Furthermore, Vhitaker's
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correlation is rewritten slightly to be consistent with notation
used in this report,

Normal Fluid .5 + Pr

Nuge = 3.656 + |.408Re, /2 + .115 Rey2/3] pel/3 4.2.11

No liquid metal heat transier coefficient for a particie bed
can be foundy consequently, Equation 4.2.11 is currently used
regardless of Prendtl number. Thus, code users are cautioned
against quantified interpretation of results for problems in
which a superheated liquid metal (low Prandtl number fluid) flows
through a particle bed.
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§., Crust Growth (Remelt) and Wall Heatup

Crust deposition on the channel wall is controlled by the
competing effects of convective hat transfer from the bulk melt
to the crust surface and the conduction limited removal of heat
from the crust into the wall,. An external coolant may further
enhance this heat removal by limiting the temperature increase in
the wall,

The solution for the coupled crust-growth (or remelt) and
wall heatup is obtained from a numerical soluticn of the integral
energy equations in the crust and wall, The solution procedure
assumes that both the crust and wall temperature profiles can be
described by second order polynomials (in spatial coordinate)
with time-dependent coefficients, User-input constant material
properties are used in the analysis, The use of these assumed
profiles in the integral energy equations results ip a system of
coupled first-order differential equations, for the
time-dependent coefficients, which must be solved for at each
axiial node, The equations account for the time-dependent heat
flux from the bulk-melet into the growing (or remelting) crust as
well as the possible heat transfer between the outer wall surface
and the external coolant.

The time-dependent c¢rust/wall contact temperature «« ei+ch
axial node is uniquely defined by the coupled equations, These
temperatures indicate the axial extent over which channel wall
melting is to be expected., The PLUG!M code as described herein
does not account for the effect of wall melting (i.e., heat of
fusion) on the crust-growth/wall-heatup solutions, This is not
required for the core retention applications. liowever, a future
version of the code will account for this effect for
transition-phase applications,

The quantities calculated by the crust-growth/wall-heatup
module are the time dependent axial crust-thickness distribution
and the crust and wall temperature distributions, The princapie
parameters needed from the other solution modules are the
bulk-melt temperature and the bulk-melt velocity (for determining
heat transfer coefficients),

Modeling crust growth (remelt) and wall heatup in a particle
bed is a particularly difficult task, Here, the asusmption is
made that a typical flow path through a particle bed can be
represented by a tube with an equivalent hydraulic d ameter,
consequently, the tube solutions are used. Section ..4 describes
how to specify the hydraulic diameter and wall thickness for this
tube-geometry representatcin of a particle bed.

For completeness, Table 5.1 lists all possible states of

wall and crust. Those solutions contained in PLUG! are marked
with an X, One distinguishing feature of PLUG!l is that the state
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Table 5.1. Crust Growth (Remelt) and Wall Heatup Solutions

Thin Slit
Solutions
infinite finite
wall wall
NOo crust with a solid wall X X
Crust on a solid wall X X

No crust with a partially
molten wall

Crust on a partially molten wall

No crust with a completely molten
wall

Crust on a completely molten wall

Tube or
Particle Bed

infinite finite

wall wall
X X
X X




of wall and crust can change with time and with location in the
channel, The integral methods used here define a finite thermal
layer thickness in the wall., The terms infinite wall and finite
wall distinguish whether the wall thermal layer has passed
completely through the wall or not,.

$5.1 Crust Growth Solutions

The following sections summarize each of the existing
solutions shown in Table S.1. Sufficient detail is provided so
that the reader canm reproduce any of the working equations. The
general procedure is quite repetitious for each case considered,

1. Assume polynomial (2nd order) temperature profiles for
the crust and wall that satisfy the relevant temperature
boundary conditions,

- Substitute the assumed temperature profiles into the

internal form of the energy equation for both the crust
and the wall,

¥ Substitute the assumed temperature profiles into the
flux matching boundary conditions,

The end result is a system of coupled, 1st order, ordinary

differential equations which are solved using simply Euler
integration,
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5.1.1 Thin Slit Geometry - No Crust with a Nonmelting,
Infinitely-Thick Wall,

The geometry, representative temperature profiles, and
nomenclature for this problem are shown in Figure 5.1. Th=
unknown, time-dependent parameters that must be solved for are

s e

The solution scheme described below summarizes the FORTRAN cuding
in the PLUGM subrov:ine SLITXXI,

EXTERNAL | UNAF- IHEATED BULK |
COOLANT | FECTED | WALL MELT
WALL :
: - |
| Tb(t)
i
: Telt) I
| ¢ Tom
d l
Tw | Tw
|
| |
B “Ouw x=0

Figure 5.1, Tzsmpersture Distribution in Thin 31it Geometry for
Case of No Crust / No Wall Melt / Infinite Wall



Assumed Temperature Profile

1) Wall
Totnat) -~ Yo 2
5} o ke BTt ll = 3_1_7] 1
To(t) - T9 wts

The following boundary conditions are satisfied,

Te(-8,.t) = T9 2
BT' .
ax - ‘
6'

-5 -5
w T, w

j' ¥ Ty dx = j a., .0.;2— dx 5

2) Flux Matching at the Bulk-Melt/Wall Interface

aT,
kw 53 [e = BT - To) 6
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Derivation of Controlling Differential Eguations

The differential equations that must be solved in order to
determine the unknown parameters are obtained by substituting the
temperature profiles into each of the governing equations above.
A brief summary of the steps involved in these derivations and
the resulting differential equations are provided below.

1) Starting with the wall energy equation (Eq. 5), move the
time derivative outside the left-hand integral, and evaluate
the integral of the second-order spctial derivative,
Substitute the wall temperature profile (Eq. 1) into the

result,
2 dby?

B T =By 7
where,

2ky

A = 1 * o ————————— 8
1

1 2k' + hd,

2
" 2k, 26 y eTy
= 128y = ST mTm—ses meeeecee - 9

1 ¥ 2k, + hé, Tp - T, dt

2) Substitute the wall temperature profile (Eq. 1) into the
flux matching condition at the bulk-melt/wall interface
(Ea. 6). Differentiate the <¢sult with respect to time and
use the undifferentiated result to simplify the resulting
expression,

A dsy? ot
20w YoM S " B 10
where, -
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Tb o Tc
W = " p
T, - T “*w w
—25'2
Azz = ""-——'_; 12
T, - T
hd I8y 4Ty
2 2k, + hd, T o 4t i
c w

It is possible to use some of the governing equaticng to
derive simple algebraic expressions for some of the unknown
parameters as a function of the other parameters (no time
derivatives)., A brief summary of the steps involved in these
derivations and the resulting consistency relationships are
provided below,

1) Contact Temperature - Substitute the wall temperature

profile (Egq. 1) into the flux matching condition (Eq., 6)
at the bulk-melt/wall interface.

hé, Ty + 2k, Ty
T, = Fi T A R 14
w * 2ky



$.1.2 Thin S1it Geometry - No Crust With a Nonmelting,
Finite-Thickness Wall

The geometry, representative temperature profiles, and
nomenclature for this problem are shown in Figure 5.2. The
unknown, time-dependent parameters that must be solved for are

T'b' Ter Buwe

The solution scheme described below summarizes the FORTRAN coding
in the PLUGM subroutine SLITXXF,

EXTERNAL HEATED BULK
COOLANT WALL MELT

P
4

[ Tylt)

Telt)

) T

»
"
o

|
|
|
|
|

Figure 5.2 Temperature Distribution in Thin Slit Geometry for
Case of No Crust / No Wall Melt / Finite Wall
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Assumed Temperature Profile

1) Wall

The following boundary conditions are satisfied.

T (=Dy,t) = Typ(t) 2

T (0,t) = To(t) 3

Governing Eguations
1) Wall Energy Equation

-D ~-D
w aT,, w

OI F17's dx = OI @y 0-1.2_ dx 4

2) Flux Matching at the Bulk-lMelt/Vall Intarface

aT, |

v o]y = BTe - To) 5

3) Flux Matching at the External-Coolant/Vall Interface




aT,

ky s = hy(Typ - Ty 6
-D'
Derivation of Controlling Differential Eguations
The differential equations that must be solved in order to =

determine the unknown purameters are obtained by substituting the
temperature profiles into each of the governing equations above.
A brief summary of the steps involved in these derivations and
the resulting differential equations are provided below.

1) Starting with the wall energy equation (Eq. 4), move the
time derivative outside the left-hand integral, and evaluate
the integral of the second-order spatial derivative,
Substitute the wall temperature profile (Eq. 1) into the

result,
A dTyyp dT¢ dfw
i TMLrR MY " 7
where,
Ay = D24 - B 3
Aiy = DJ2(2 + ) 9
12 w w
Ayg = Dy(Tg = Ty) 10
By = 12a4,(1 = L) (T = Typ) 11

2) Substitute the wall temperature profile (Eq. 1) into the
flax metcking condition at the bulk-melt/wall interface (Eq.
6). Differentiate the result with respect to time and use
the undifferentiated result to simplify the resulting
expression,

A dTyy dT ¢ dfw
31 "3 * M2 vt Mscir - h
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where,

AZl = B' - 2 12
; hDy
Azz = 2 - ﬁ' + ’k.— 13
4 w
Ayz = Typ - T¢ 14
hD
B i - e
2 i §-
k,

3) Substitute the wall temperature profile (Eq. 1) into the
flux matching condition (Eq., 6) at the external-coolant/wall
interface. Differentiate the result with respect to time,

dTwp dT¢ df g
Ass “q5- * M3 5v * M o * B 16
where,
A hwDw
33 = Py = 5 17
w
bgn = fiy 18
A3z = Tg - Typ 19

Auxiliary Egquations

It is possible to uvse some of the governing equations to
derive simple algebraic expressions for some of the unknown
parameters as a function of the other parameters (no time
. derivatives). A brief summary of the steps invulved in these




derivations and the resulting consistency relationships are
providec below,

1) Contact Temperature - Substitute the wall temperature

profile (Eq. 1) into the flux matching condition (Eq. 5) at
the bulk-melt/wall interface.

ky(2-By) Typ + hDy Ty
k,(2-8,) + hDy

2) WVWall Temperature Shape Parameter - Substitute the wall
temperature profile (Egq. 1) into the flux matching condition
at the external-coolant/wall interface (Eq. 6).

o . MDy Twp - T ,
.l k' Tc - Twhp
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§.1.3 Thin Slit Geometry - Crust on a Nonmelting,
Infinitely -Thick Wall

The geometry, representative temperature profiles, aad
nomenclature for this problem are shown in Figure 5.3. The
unknown, time-dependent parameters that must be solved for are

6., & Tos B

The solution scheme described below summarizes the FORTRAN coding
in the PLUGM subroutine SLITCXI.

EXTERNAL | UNAF- |HEATED| CRUST| BULK |
COOLANT | FECTED | wWALL MELT

WALL |

|

Tp(t) l

Tbm |

Te(t)

©
i
'
o
 ;

x=0 )

]

Figure 5.3, Temperature Distribution in Thin Slit Geometry for
Case of Crust / No Wall Melt / Infinite Wall
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Assumed Temperature Profiles

1) Crust

T(l.t) - T
T‘(‘) = T-

-'ﬁ(t) ll-sT‘;‘)']

-

+ [r-s0] [1-585 ]

The following boundary conditions are satisfied.

T‘s.‘) = T- 2

T(O,t) = T (¢t} 3
2) VWall

T (‘nt) - To 2

I Aied S - . l 1 E-s__] +

To(e) - TS abl

The following boundary conditions are satisfied.

Te(0,8) = T (¢t) 5
T'(-a'at) = Te 6

2w

a7 | s vy 7
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Governing Eguations

Crust Energy Equation

f Bane o gfg ax

2) Wall Energy Equation

-8 -8
w a.r' w

f Tas |

0 0

3) Flux Matching at the

= k 3 - h(Ty
ax 5

where,

L]
bep = Bgp *+ cpp(Tp - Ty)

4) Flux Matching at the

55

alt,
——— 0
ax?

Bulk-Melt/Wall Interface

Crust/Wall Interface

10

11

12



Derivation of Conmtrolling Differential Eguations

The differential equations that must be solved in order to
determine the unknown parameters are obtained by substituting the
temperature profiles into each of the governing equations above.
A brief summary of the steps involved in these derivations and
the resulting differential equations are provided below.

1) Starting with the crust energy equation (Eq. 8), move the
time derivation outside the lef* -hand integral, and evaluate
the integral of the second-order spatial derivative. Substi-
tute the crust temperature profile (Eq. 1) into the result.

2 aT
- ¢
'h.t.’
A11 =Ty = Tg 15
2
T -;zf"ﬁ (Tg = Tg) 17
B, = 24a %-{-g (T, =~ To) 18

2) Starting with the wall energy equation (Eq. 9), move the time
derivative outside the left-hand integral, and evaluate the
integral of the second-order spatial derivative. Substitute
the wall temperature profile (Eq. 4) into the result,

2

dby ite
Mg "3 * M3 I " Wy i
where,
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3)

4)

Ay = = 21

2 = 12a, 22

Substitute the crust temperature profile (Eq. 1) into the
flux matching condition (Eq. 10) at the bulk-melt/crust
interface.

A3y %ﬁ; = B3 :

where,

Ays = 1 24

By = 28 ~i&- (T = Te) = 2B (1, - Ty 25
£b Phep

Substitute the crust temperature profile (Eg. 1) and the wall
temperature profile (Eq. 4) into the flux matching condition
at the crust/wall interface (Eq. 12). Differentiate the
result with respect to time, and use the undifferentiated
result to simplify the resulting expression,

.3
2 déy dT ¢ d
Agp 885 o 42 UL ¢ M3 G ¢ Mea Gy = Da 26
'h.t.o
Ag1 = ky(Tg - T3’ 217
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2
Ma = - [F @2 -prrg - T0)] -

Agz = 5(2kyd + k&,(2 - §))
Agg = kBB, (T, - Tg)
B‘ = 0

Auxiliary Relationships

It is possible to use some of the governing equations to
derive simple algebraic expressions for some of the unknown
parameters as a function of the other parameters (no time
derivatives). A brief summary of the steps involved in these
derivations and the resulting consistency relationships are
provided below,

1) Contact Temperature - Substitute the crust temperature
profile (Eq. 1) and the wall temperature profile (Eq. 4)

29

30

31

into the flux matching conditiorn at the crust/wall interface

(8a. 12).

. 2k, + kD (2 - )

2) Crust Temperature Shape Parameter - Form the differential

the temperature boundary condition (Lg. 2) at the
bulk-melt/crust interface,

32

of

33

Solve for dé/dt. Eliminate dT/dt by using the differential

form of the crust energy equation,
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;; . - —EEF[—— 34
dx 5

Substitute this result into the flux matching condition (Eq.
10) at the bulk-melt/crust interface.

P . Was
p 2] (2 - MAp (s A1/ 2 -1) 3s
where,
K
hey
Tb - Tn
o BRI :
m ¢
8A1
Ay » —mmmeeSee e 38
(2 - AzAl)z
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$.1.4 Thin Slit Geometry - Crust on a Nonmelting,
Finite-Thickness Wall

The geometry, representative temperature profiles, and
nomenclature for this problem are shown in Figure 5.4, The
unknown, time-~dependent parameters that must be solved for are

6, Typ, Ter By By -

The solution scheme described below summarizes the FORTRAN coding
in the PLUGM subroutine SLITCXF,

EXTERNAL HEATED CRUST | BULK '
COOLANT WALL MELT
Tyt)
Tbm
|
T(t)
|
Toslt)
_..?.,;
|
-D' x=0 )

Figute 5.4, Temporature Distribution in Thin Slit Ceometry for
Case of Crust / No Wall Melt / Finite Wall
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Asspmwed Temperature Profiles

1) Crust
T(‘ot) - T- e -
----------- - —.x—-
T (¢) - T pee) |1 - 5% |

The following boundary conditions are satisfied.

T(s,t) = T,

T(o.t) =Tc(t)

2) Wall

To(x,t) = Typlt)

The following boundary conditions are satisfied.

Te(=Dy,t) = Ty,(t)

T, (0,t) = T(t)

61



R e e

Governing Eguations

1) Crust Energy Equation
ax? .

f Bas § 2, 1

2) VWall Energy Equation

2
j EZ! dx = I a i..z._ dx 8
at v ax2

3) Flux Matching at the Bulk-lelt/VWall Interface

he, 45 _ . 9T &
Phey 4t k ix 4 h(Ty ) 9
where,
hep = hgy + cpp(Ty = Ty) 10

4) Flux Matching at the Crust/Wall Interface

11

-
@l
]
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5) Flux Matching at the External-Coolant/Wall Interface

" aTy -
v 3x = hy(Typ - Ty 13

-D'

Esxizssiég-gi-seas1911153-91!!55!esisl_Enxasigaz

The differential equations that must be solved in order to
determine the unknown parameters are obtained by substituting the
temperature profiles into each of the governing equations above.
A brief summary of the steps involved in these derivations and
the resulting differential equations are provided below,

1) Starting with the crust energy equation (Eq. 8), move the
time derivative outside the left-hand integral, and evaluate
the integral of the second-order spatial derivative.
Substitute the crust temperature profile (Eq. 1) into the

result,
2 dT o
da8” —— d
My %o * M3 Tt Me Gt B 13
where,
All = 1 14
2
e s
ok Tm - T¢
2
. meli
e * 5. 5 16
1 g
B = D o
1 24 3 n 17



2)

3)

Starting with the wall energy equation (Eq. 9), move the

time derivative outside the left-hand integral, and evaluate
the integral of the second-order spatial derivative.
Substitute the wall temperature profile (Eq. 4) into the

result.

dTyp dT¢ dfw
Myt g ar *hyy " h

where,

=
L
I

12a,(Tg = Typ) (1 = fy)

Substitute the crust temperature profile (Eq. 1) into the

flux matching condition (Eg, 9) at the bulk-melt/crust
interface.

A31 %ﬁ? = B

where,

A3y =

By = 2p ~K- (T, - Tg) - 2% (1) - Ty
Phey phgy

64

18

19

20

21

22

23

24



4)

5)

Substitute the crust temperature profile (Eq. 1) and the
wall temperature profile (Eq. 4) into the flux matching
condition (Eq. 11) at the crust/wall interface,
Differentiate the result with respect to time,

A !ﬁ_z_ dTyy dT¢ dp dbw
‘l dt

*Aa2 TG Ot M3 T Y Aea gt Mes o = Be
where,
Mgy = kyl2 = BI(Tg = Typ)

Ayy = -2k,62(2 = p)

543 = 26(ky,8(2 b)) *+ kDG (2 = §))
A“ - 2k60'(T‘ i Tc)
Ags = 2k 82(T, - T,)

B4 = 0

Substitute the wall temperature profile (Eq. 4) into the
flux matching condition at the external-coolant/wall

26

217

28

29

30

L |

32

interface (Eq. 12). Differentiate the result with respect

to time.

$2 “3s T Asy o tMss o " Bs

where,

byDy
Mgy = =3 * Dy
w
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Ag3 = -py 3s
§5s = Typ = T¢ 36

Bs = 0 37

Auxiliary Relationships

It is possible to use some of the governing equations to
derive simple algebraic expressions for some of the unknown
parameters as a function of the other parameters (no time
derivatives). A brief summary of the steps involved in these
derivations and the resulting consistency relationships are
provided below.

1) Contact Temperature - Substitute the crust temperature

profile (Eq. 1) and the wall temperature profile (Eq. 4)
into the flux matching condition (Eq. 11) at the crust/wall
interface,.

k'6(2 = ﬂ') T' * kD'(z -~ B) Tn
E,8(2 ~ Py) + kDy(2 - j)

2) Crust Temperature Shape Parameter - Form the differential of
the temperature boundary condition (Eq. 2) at the
bulk-melt/crust interface.

= 39

Solve for d8/dt, Eliminate dT/0t by using the differential
form of the crust energy equation,

€6



3)

Substitute this result into the flux matching
(Eq. 5) at the buik-melt/crust interface.

b= 53— (2 - AgAy) [(1 + A3)1/2 - 1)
1

where,

C (Tm - Tc)

hiin ~Ronlc. o8

1 B
Bip
A, - ho Tb = Tm .
. X
m - T¢
8A
A3 = ——s———}-' - -
2
Wall Temperature Shape Parameter - Substitute

condition

the wall

40

41

42

43

44

temperature profile (Ea. 4) into the flux matching condition
(Eq. 12) at the externzl-coolant/wall interface.

hyDy Typ - 73

- - g S G o -

" kw Tc = Twp

67
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$.1.5 Cylindrical Geometry - Mo Crust With a Nonmelting,
Infinitely-Thick Wall

The geometry, representative temperature profiles, and
nomenclature for this proolem are shown in Figure 5.5. The
unknown, time-dependent parameters that must be solved for are

b Te -

The solution scheme described below summarizes the FORTRAN coding
in tkes PLUGM scbroutine TUBEXXI,

EXTERNAL | UNAF- |HEATED BULK
COOLANT | FECTED | WALL MELT
WALL

Pt
7

Telt)

£

D T om

!
!
!
!

Rw R&w Ro r’i.o

Figure 5.5. Temperature Distribution in Cylindrical Geometry for
Case of No Crust / No Wall Melt / Infinite Wall
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Assumed Temperature Profile

1) Wall
Tylr,t) - T§ L An(elRg) ]’ .
To(t) - TS In(Rgy/Ry)

The following boundary conditions are satisfied.

Te(Rg, ot} = Tolt) 2

"(RS'. t) = Te 3
ot ;
dr va

Governing Eguations

1) VWall Energy Equsa‘ion

Row Row
T, 3 ATy

I " r dr = j @y b;(r'a'“‘) dr 5

Bo R,

2) Flux Matching at the Dulk-Melt/Vall Interface

0Tw

h(rh - Tc) - —k' --a-'-‘ . ‘

o
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Derivation of Controlling Differential Eguations

The differential equations c(hat must be solved in order to
determine the unknown parameters are obtained by substituting the
temperature profiles into each of the governing equations above,
A brief summary of the steps involved in these derivations and
the resulting differential equations are provided below,

It is convenient to express the results for the differential
equations in cylindrical geometry in terms of the dimensionless
variable

x = tho, p

Tlli. in ’l.'. of the wall thermal-front radius, Rb" we use the
dimensionless variable

"' L Ra'lnoo B

1) Starting with the wall energy equation (Eq. 5), move the
time derivative outside the left~hand integral, and evaluate
the integral of the second-order spatial derivative,
Substitute che wall temperature profile (Eg. 1) into the

result,

Ayy f;g! 5 s {;; . B ’

where,

At = (1 lnxgy) + xgy(lnxg, = 1) 10
lb'(lnla.)s * !6'(In15')2 ’ %léw(l - 16,2)3"15'

¥ |

Tc = T3
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da
B, = ;‘! xgwllnxgy)? 12

2) Substitute the wall temnerature profile (Eq, 1) into the
flux matching c¢ondition at the bulk-melt/wall interface
(Eq. 6). Differentiate the result with respect to time and
use the undifferentiated result to simplify the resulting
expression,

d"' ‘T¢
Azl -a;— + Azz -d"t. = ﬂz 13
where,

Ayy = TN T T 14

Ay =1 15

hR

hlol.." + zk' ot

Auxilisry Relationship

It is possible to use some of the governing equations to
derive simple algebraic expressions foi. some of the unknown
parameters as a function of the other parameters (no time
derivatives), A brief summary of the steps involved in these
derivations and the resulting consistency relationships are
provided below,

1) Contact Temperature ~ Substitute the wall temperature

profile (Eq. 1) into the flux mateching condition at the
wall/bulk melt interface (Eq. 2).
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5.1,6 Cylindrical Geometry - No Crust with a Nonmelting,
Finite-Thickness Wall

The geometry, representative temperature profiles, and
nomenclature for this problem are shown in Figure 5.6. The
unknown parameters that must be solved for are

T

c’ T'bl B' .

The solution scheme described below summarizes the FORTRAN coding
in the PLUGM subroutine TUBEXXF.

EXTERNAL HEATED BULK
COOLANT WALL MELT
P
Tplt)
Telt)
|
¢ Tpm
¢ TS
I
“" F‘o ’T:O
- Figure 5.6. Temperature Distribution in Cylindrical Geometry for

Case of No Crust / No Wall Melt / Finite Wall
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Assumed Temperature Profiles

1) Wall
pleat) - Tepls) tor | i - Sty
To(t) = Typlt) Pu L In(R,/Ry)
< " In(r/Ry)
ll - Puwlt) ] L. 3> i;?k:7§;;

The following boundary conditions are satisfied,

T'(Roo‘) - Tc(t)

T'(R'p‘) - T'b(t)

Governing Equations

1) Wall Energy Equation

Ry Ry
— & R b
I ot r dr = I ey ar(r ar) dr

Ro R,

2) Flux Matchirng at the Wall/Buik-lielt Interface

T,
h(Tb - Tc) = —k' —a«;-
RO
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3) Flux Matching at the Wall/External Coolant Interface

0Ty
dr P

ho(Typ - Tg) = <k

The differential egquations that must be solved in order to
determine the unknown parameters are obtained by substituting the
temperature profiles into each of the poverning equations above.
A brief summary of the steps involved in these derivatiors and
the resulting differential equations are provided below.

It is convenient to express the results for the differential
equations in cylindrical geometry in terms of the dimensionless
variable

= s/R_, E

Thus, in place of the outer wall radius, B ywe¢ use the
dimensionless variable

By & Rl s, 8

1) Starting with the wall energy equation (Eq. 4), move the
time derivative outside the left-hand integral, and evaluate
the integral of the second-order spatial derivative,.
Substitute the wall temperature profile (Egq. 1) into the

result,
ML TMI e Ty sT ’

where,



2)

-~2lnxy + (ﬂ'x'z

{1 = fallae® = 1}

hyy = 2"21"" ¥ (Bw‘vz * by =2 ) - A RE . . 11
W

(Te = Tup) (1 = xys)

Ayg = (Tg = Typ)ixy? + 1) + e v i 12

By = 8a,Ro2(1 = BU)(Tg = Typ) 13

Substitute the wall temperature profile (Eq. 1) into the
flux matching condition at the bulk-melt/wall interface
(Eq. 5). Differentiate the result with respect to time and
use the undifferentiated result to simplify the resulting
expression,

A 0T, aTwyp fw

21 3¢ * M2 57 t M - B2 14
where,

A1 = kyRo(2 - By) + hRo2 Inx, 15
Ay = kyRy(By -2) 16
A23 = kyPo(Tyyp Te) 17

dTy
Bz = hRoz Inxg - 18
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3) Substitute the wall temperature profile (Eq. 1) into the
flux matching condition at the wall/external-coolant
interface (Eq. 6). Differentiate the result with respect to
time and use the undifferentiated result to simply the
resulting expression,

aTc 3T'b a‘;w
A1 5. t A5 "My T " Bs 19
where,
A3y = -Pw 20

h'Rowanx'

R 3
3 = + p 21
2 k' w

A33 = Typ = T¢ 22
P3 = 0 23

Auxiliary Relationships

It 1s possible to use some of the governing equations to
derive simple algebraic expressions for some of the unknown
parameters as a function of the other parameters (no time
derivatives), A brief summary of the steps involved in these
derivations and the resulting consistency relationships are
provided below.

1) Contact Temperature - Substitute the wall temperature

profile (Eq. 1) into the flux matching condition at the
bulk-melt/wall/interface (Eq. 5).

hRolnxy Tp + ky(2 = py) Typ
RS e e T T 24
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Wall Temperature Shape Parameter - Substitute the wall

temperature profile (Eq. 1) into the flux matching condition
at the wall/external-coolant interface (Eq. 6).

hyRoxylnxy
R v dobut

k'




5.1.7 Cylindrical Geometry - Crust on a Nomnmelting,
Infinitely-Thick Wall

The geometry, representative temperature profiles, and

nomenclature for this probiem are shown in Figure 5.7. The
unknown parameteret that must be solved for are

8, 8,, T.. B.

The solution scheme described below summarizes the FORTRAN coding
in the PLUGM subroutine TUBECXI,

EXTERNAL | UNAF- |HEATED| CRUST | BULK |

COOLANT | FECTED : WALL MELT
WALL |
' P
| Tp(t)
|
| "
| “bm |
|
I
|
!
|
% |
Tw | Tw
|- by > | 06— '
Rw 85" Ro R& r=o

Figure 5.7. Temperature Distribution in Cylindrical Geometry for
Case of Crust / No Wall Melt / Infinite Wall
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Assumed Tempersture Profiles

1)

2)

Crust
T(r,t) - T [ In(r/Ry)
 ATTRCE P AL S R T T YIS YT I
In(z/Ry)
* faepinr] |2 - gommm—ta ]

The icllowing boundary conditions are satisfied.

T(Rg,t) = T,

T(R,,t) = To(t)

Wall

T (e,t) - TO [ : __1a(r/Ro) ] 2
iles - 18 In(Rg (%) /Ry)

The following boundary conditions are satisfied,
To(Rg,t) = T (t)
T A8y t) = 19

T,

_——— .o

e Rgelt)
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Governing Eguations

1) Crust Energy Equation

Ro Ro
aT ) aT
: I at r dr I G 51‘('5;) dr 8
s Ry
2) Wall Energy Equation
R R
dw OT' bw 4 aT,
I FY dr = I a. 5;(r"a—;) dr 9
Ry Ro

3) Flux Matching at the Bulk-Melt/Crust Interface

. ar
ar lb
’ 'h.f.o

4) Flux Matching at the Crust/Wall Interface

*
@l
" i
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Derivation of Controlling Differential Eguations

The differential equations that must be solved in order to

determine the unknown parameters are obtained by substituting the
temperature profiles into each of the governing equations above.
A brief summary of the steps involved in these derivations and

the resulting differential equations are provided below,

It is convenient to express the results for the differential
equations in cylindrical geometry in terms of the dimensionless
variable

x = r/lo, 13

Thus, in place of the outer crust radius, Ry, we use the
dimensionless variable

‘5 - lb“o 14

and in place of the wall thermal front radius, wa' we use the
dimensionless variable

pw = Rgw/Rg. 15

1) Stsrting with the crust energy equation (Eq. 8), move the
time derivative outside the left-hand integral, and evaluate
the integral of the second-order spetial derivative.
Substitute the crust temperature profile (Fg. 1) into the

result,
dx6 OTc F)
All at G A13 e t Ag 3% - Ny 16
where, ;
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A 152 1 = 152
Ajy = l—;—l--—- - --—-—"--;] 17
sin%s xs(1nxg)
1+ 3x52 1 - z5?
. + B [86 - '2 ““““““ T e S e
Spinag Xg(1nxg)?
A B s el 1
13 = lz l 1 + x3 lnxs J\ 18
|
2 |
1 - x3 1
[ 1+ 1nxg + Iiis, Jere - 10
1 =, S
Aty = 3 [ 1 + xsz . Inx, ] 19
B, = 2% (3 - 20
2
Ro

2) Starting with the wall energy equation (Eq. 9), move the
time derivative outside the left-hand integral, and evaluate
the integral of the second-order spatial derivative.
Substitute the wall temperature profile (Eq. 4) into the

result.
315' aTc
bis 55 * My 5o 21 ‘
'h.t..
» Ayy = (1 + lnxgy) + xgy2(loxg, - 1) 22
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3)

4)

Ayy = ——de [x;.(lnxg.)’ +

Tc - T§
x ~
gy (lnxgy)? + -%! (1 - x5y )1nxg,| 23
4a
Bz - ’-f xb'(llxb')z 24
°

Substitute the crust temperature profile (Eq. 1) into the
flux matching condition (Eq. 10) at the bulk-melt/crust

interface.

dxg
S AL 25
wahere,
B i i tleein ol k__ - Ty) ¢ ==hee - Tg) 21
3 R 2 b. (T- < R . (Tb m
o Xplnxg PP iy oPhgy

Sub titute the crust temperature profile (Eq. 1) and the
wall temperature profile (Eq. 4) into the flux matching
condition (Eq. 12) at the crust/wall interface.
Differentiate the result with respect to time, and use the
undifferentiated result to simplify the resulting
expression,

d'a dxsw ch d
A‘l Y 73 + A4z o -l + Ay43 3 + Ags 3% = By 28
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where,

W

A B sl

" Xglnxg 29
T %
- Iswlnigy

T -~ Ta
Agg = (2 - p) —==———= e 31
(T, - TP (T, - Ty)

By =0 33

Auxillary Relationships

It is possible to use some of the governing equations to
derive simple algebraic expressions for some of the unknown
parameters as a function of the other parameters (no time
derivatives), A brief summary of the steps involved in these
derivations and the resulting consistency relationships are
providea below.

1) Contact Temperature - Substitute the crust temperature
profile (Eq. 1) and the wall temperature profile (Eq. 4)
into the flux matching condition (Eq. 12) at the crust/wall
interface.

2k 125 TS + (B - 2)klnxg, r.

T = comermmmere e 34
. 2k 1nxg + (B - 2)klnzxgy

2) Crust Temperature Shape Parameter - Form the differential of
the temperature boundary condition (Eq. 2) at the
bulk-melt/crust interface.
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dr
£I| _.2,11| 23
R atig

dt
[

35

Solve for dK;/dt., Eliminate 3T/3t by using the differential .

form of the crust energy equation,

36

Substitute this result into the f lux matching condition at

the bulk-melt/crust interface (Eq. 10).

B = 3%-(2 - lnxg - AjA)[(1 + ApY/2 - 1)
1

2
wvhere,

c (T. - Tc)
A, = -B

————— — e = = —

L ]
hew

A hlo Tb - T. 1
e T . A nx
k Tc ™ .
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5.1.8 Cylindrical Geometry - Crust on a2 Nonmelting,
Finite-Thickness Wall

The geometry, representative temperature profiles, and
nomenclature for this problem are shown in Figure 5.8, The
unknown parameters that must be solved for are

&' Tco T'bo Bn a'o

The solution scheme described below summarizes the FORTRAN coding
in the PLUGM subroutine TUBECXF,

EXTERNAL HEATED crust| BULK
COOLANT WALL MELT |
P— |

To(t)
Tom |
|
Te(t) |
|
$TS, l
-— § el o — |

o

Ry Ro Rg r=o0

Figure 5.8, Temperature Distribution in Cylindrical Geometry for
Case of Crust / No Wall Melt / Finite Wall



Assumed Temperature Profiles

1)

2)

Crust
i it AT R s
Tc(t) - Ta B In(Rg(t)/Ry) .
ln(‘,lo) 2
. - Rted]l 1| 1 o eccccmeee——
{1 -s)] [ 1 ““5“”‘o’] 1
The foliowing boundary comditions are satisfied.
T('ont) - To(t) 3
Wall
T - g0 [ 1 - SRR ]
c(t) - T'b(t) n ',lo,
In(r/Ry) 42
'y = (t B o guimm— L 4
[ Pw )] [ ln(l'/go)]
The following boundary conditions are satisfied,
T (R, t) = To(t) 5
T'(.'at) - ‘r'b(t) 6
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Governing Eguations

1)

2)

3)

4)

Crust Energy Equation

¥all Energy Equation

Ro Ro
T, P ATy

I I * dr = j a n(r"a-‘-) dr

Flux Matching at the Bulk-Melt/Crust Interface

dRg
s SRR
PRy 5 k37 Ry + h(Ty - Ty)

where,

2
Sgp = hgp + cpp(Tp - Ty)

Flux Matching at the Crust/Wall Interface

89

10

11



5) Flux Matching at the Wall/External Coolant Interface

Ty

“Ey 3% i hy(Typ - T§) 12
v

Derivation of Controllinmg Differential Eguations

The differential equations that must be solved in order to
determine the unknown parameters are obtained by substituting the
temperature profiles into each of the governing equations above.
A brief summary of the steps involved ir these derivations and
the resulting differential equations are provided below,

It is convenient to express the results for the differential
equations in cylindrical geometry in terms of the dimensionless
variable

s = slR, | 13
Thus, in place of the outer crust radius, Rb- we use the
dimensionless variable

Xg = Rg/R, 14
and in place of the wall radius, R, we use the dimensionless
variable

Xy = Ry/R,. 15

1) Starting with the crust energy equation (Eq. 8), move the
time derivative outside the left-hand integral, and evaluate
the integral of the second-order spatial derivative,
Substitute the crust temperature profile fEq. 1) into the
resulting equation and evaluate the result.




i ———— a3
ML g *MIge* Mty 16
where,
3 ¢ 151 3= 152
s
) & Xg(1lnxg)
x-9 3:52 352
P [x5 T 2z 1 BN DL ] 17
§403% ‘5(lnxa)2
1 = xaz
= 2 ¢ -2 ]
A2 ( g [1 g * Inxg ] "
2
1 -~ =z
[1 + lnxg + —EI;;;-]](Tc - Tg)
3 = B
1 X i S
A14 ~.3 [1 > g * Inxg ] 19
B, = 44 (; . p) 20
2
Ro

2) Starting with the wall energy equation (Eq. 9), move the
time derivative outside the left-hend integral, and evaluate
the integral of the second-order spatial derivative.
Substitute the wall temperature profile (Eq. 4) into the
result,
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3)

dT¢ aTwd dfw
M2 qov * M3 3T t Ms g B2 21

where,
2
(1 = By) (1 = xy*)
Ajg = “2inzy + (Bune? + By - 3) - ——F—"2— 1
w
Ayz = 2x,%1nxy - (Byxy® * By -2 ) - === e — 23
w
2 | (1 - x'z)(Tc Lae T'b)
Ayg = (1 + x iy = Tyg) ¢ == : —n—;' —————— - 24
By = 8agRy2 (2 = B (T - Typ) 25

Substitute the crust temperature profile (Eq. 1) into the
fluxr matching condition (Eq. 10) at the Sulk-melt/crust
interface.

dxg

T T 36
where,
A,1 = 1 27
B, = ;-Exﬂx :; (Tg = To) * ;-JL;— (Ty - Tp) 28
o Xplnxg Phgy oPhfp
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Substitute the crust temperature profile (Eq. 1) and the

well temperature profile profile (Eq. 4) into the flux
matching condition (Eq. 22) at the crust/wall interface.

Differentiate the result with respect to time.

- d!& ch dT'b dB'

My 4o * a2 o * M3 Tt A %% + A4s 5 = B4 29
where,

A1 = ky(2 = By) (T = Tyyp) 30
Ayz = x5[ke(2 - By)lnxg - k(2 - B)inxy] 31
Ay3 = ~kgxglnxg(2 - By) 32
Agg = ~kxglaxy (T, - Tg) 33
Ays = ~kyxglnxg(T, - Tyy!) 14
34 = 0 35

§) Substitute the wall temperature profile (Eq. 4) into the
flux matching condition at the wall/external-coolant
interface (Eq. 12). Differentiate the result with respect

to time.

Mgy ¢ + As3 ~3¢ * Ass ¢ = Bs 36
where,

Asz = —B' 31
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g & memeSpnee — + Bw 38

Ags = Typ - T¢ 39

Bs = 0 40

Auziliasry Relationships

It is possible to use some of the governing equations to

derive simple algebraic expressions for some of the unknown
parameters e&s a function of the other parameters (no time
derivatives). A brief summary of the steps involved in these
derivations and the resulting consistency relationships are
provided beliow,

i)

2)

Contact Temperature - Substitute the crust temperature
profile (BEq. 1) and the wall temperature profile (Eq. 4)
into the flux matching condition (Eq. 11) at the crust/wall
interface.

k(p - 2)1loxy, Ty + ky(2 = By)lnxg Tyy
. k(B = 2)Inx, + Kk (2 - By)lnxg

Crust Temperature Shape Parameter - Form the differential of
the temperature boundary condition (Eq. 2) at the
bulk-melt/crust interface.

aT dRg
‘ﬂl 5 * 5l o 0
R R

Solve for "aldt. Eliminate dT/3t by using the differential
form of the crust energy equation,
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3)

ac T T """{TT 43
ar Rg

Substitute this result intc the flux matching condition at
the bulk-melt/crust interface (Eq. 10).

P 5%;(2 - 1axg - AjA)[(1 + AnY/2 - 1) 44
L+ 34
vhere,A; = i el MR L .
h.
£b

Az - -I- f’“—--: lslﬂ!b 46

53 R A R e e 47

Wall Temperature Shape Parameter - Substitute the wall
temperature profile (Eq. 4) into the flux matching condition
at the wall/external-coolant interface (Eq. 12).

-------- 48
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5.2 Initial Conditions

Certain crust growth and wall heatup parameters must be

specified when melt enters a node that previously contained no
melt. One of two things can occur: crust does not begin to grow
instantaneously, or crust does begin to grow instantaneously.

Following initial bulk-melt/wall contact, the radius of
curvature of the chanmel cross section is large compared to the
thickness of any wall thermal-layer (8_,) or crust (8) that may
begin to grow--regardless of geometry. Therefore, initial
conditions derived for thin-slit geometry (infinitely thick wall)
are equally applicable for any other geometry.

$.2.1 No Instantaneous Crust Growth

Instantaneous growth of crust does not occur if the fusion

temperature (T, ) of the bulk melt is less than the initial
temperature of the wall (TQ).

Tom ¢ To

Water (T_ = 273 K) flowing through a warm pipe (say, T,° = 300 K)
is an example where instantaneous growth of crust does not occur,
For this case, the parameters that must be initiaslized are 1) 89,
the wall thermal-layer thickness, and 2) Tg. the bulk-melt/wall

interface temperature.

Initisl conditions for the case of no instantaneous crust
growth are given below,

88 = 0 2
TS = T 3

5.2.2 Instantaneous Crust Growth
Instantaneous growth of crust occurs when the initial

temperature of the wall (Tg) is less than the fusion temperature
(T,) of the bulk melt
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The following parameters must be initialized: 1) 59, crust

- thickness, 2) 5,° wall thermal-layer thickness, 3) T_°,
crust/wall contact temperature, and 4) B°, shape parameter for
the temperature profile in the crust,

The first two parameters are easily initialized.

Short-time estimates for & and 5, are o'tained by integrating
Equation 5.1.3.23 and Equation 5.1.3.19, respectively.

5 = A%¢l/2 4

5 = A;:1/2 ~
where,
1/2
a* = [ 2pa s; | 6
1/2

Ay = [ 12a, ] 7
g . 22 {Tom - To) :

" L

L J
Bep = Bgp + cpp (Tp = Tpa) 9
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An alternate expression short-time crust growth is obtained by
integrating Equation 5.1.3,13,

s = [ 240 438 ¢ J'7 10

Equating Equation 4 and £quation 10 yields a short time estimate
of Pp* in terms of the still undetermined contact temperature, T2,

’. = 1 + __6_ ] [l + -_.._...12— ————— ]l,2 11
e g* 6
a g (3 & &=}
s.
n

A nonlinear expression for the crust/wall contact temperature is
obtained by substituting the short-time solutions for & and &
(Eqs. 4 and 5) and the result for P° (Eq. 11) into Eaquation
3:1.9.83.

e o 2k,A° T, + kA,°(2 - B°) I.
g - W g o 12

2k.4° + kA %(2 - p°)

An interval halving method is then used to find the root (Tg) of
Equation 12, Substitute Tg into Equation 11 to obtain an
estimate of P°.

§.3 Procedure for Treatment of Crust Remelting

The use of simple polynomials to describe the temperature
profiles in the crust and in the wall works well as long as there
ars no sudden perturbations in the heat flux at the various
boundaries. If sudden perturbations in the heat flux do occur,
potential problems may arise., The casze of complete crust
remelting represents .uch a perturbation,
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Consider a wall, crust and bulk-melt environment such that
heat transfer from the bulk melt to the crust is large enough to
cause crust remelting. So long as crust is still present, it is
acting as a heat sink via the heat of fusion, and the heat
transfer into the wall from the crust is limited. When the crust
completely remelts and disappears, however, the crust heat of
fusion is no longer available as a heat sink and the heat flux
into the wall abruptly increases,

Physically what would happen at this point is that the
bulk-melt/wall interface temperature (had been the wall/crust
contact temperature) would rapidly increase with only limited
early effect on the wall temperature distribution away from the
wall surface. Because of the assumed polynomial temperature
profile in the wall, however, such a localized perturbation can
only be treated in an approximate fashion, Conservation of
energy in the wall thermal layer thickness will cause a sudden
rise in wall surface temperature to be accompanied by a decrease
in the wall thermal layer thickness (for the case of
semi-infinite wall) or a change in the wall temperature shape
parameter and wall outer surface temperature (for the case of a
finite wall).

To avoid problems with the algorithm that solves the
differential squations discussed in Sectiom 5.2, a special
procedure is used at the time of crust remelting to reset the
wall temperature profile parameters,. For the case of »a
semi~infinite wall, the conditions of

1) flux matching at the wall/bulk-melt interface, and

2, conservation of wall energy just prior to crust remelt vs,
just after crust remelt

are used to define new, self consistent values of Tc and 8,. For
the case of a finite wall, the conditions of

1) flux matching at the wall/bulk-melt interface,
2) flux matching at the wall/external-coolant interface, and

3) conservation of wall energy just prior to crust remelt vs,
just after crust remelt

are used to define new, self conmsistent values of ch Twp, and

The details of these calculations are described in the
following sections,
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$.3.1 Crust Remelt - Slit Geometry, Infinitely-Thick Wall

Just prior to crust remelt, the temperature distribution in
the wall is given by

This temperature distribution satisfies the flux matching
condition at the crust/wzll interface (see¢ Eq. $.13:9:123).

Just efter crust remeit, the temperature distribution is

given by
Telx,t) - T3 .z + 8y ]2 9
. e s &
Tolt) - T9 5,

The new values T' and 6; ate determined such that the new flux
matching condition at the bulk-melt/wall interface (Eq. 5.1.1.6)
is satisfied without chaanging the internal energy content of the

wall thermal layer.

Fiux Matching Condition st the Bulk-Melt/Wall Interface

,rc - TV = cocam—— (T - T9) 3
c v 5t e & b ‘w
¥Wall Energy Comservation at Time of Remelt
-6' -6;
[ (Tyxe) - 19 ax = [ (To(x0) - T dx 4
0 0
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Substituting
Eqs. (i) and (2) the energy conservation relation simplies to

The flux matching condition (Eq. 3) and energy conservation

condition (Eq. 4) are then solved simultaneously to yield an
expression for the new wall thermal layer thickness.

b_'ro 1/2
hé, + [525'2 + 4hkb —!————-!]
_ - 79
e RIS Gl U= T m = .
" 0
2h I!B_:-I!
T- - T

The new contact temperature is obtained directly from Eq. 3.

5.3.2 Crust Remelt - Slit Geometry, Finite-Thickness Wall

Just prior to crist remelt,
the wall is given by

E'(x’t) -~ I'b(t) () [
T, = Toplt) Pu D
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This temperature distribution satisfies the flux matching
condition at the crust/wall interface (Eq. 5.1.7.12).

Just after crust rema2lt, the temperature distribution is
given by

T (x,t) - T_. (t) ’ x + D
el o atay | 22 2
To(t) = Toplt) v

The new values T; . T;. and p; are determined such that the new
flux matching couxltions at the bulk-melt/wall interface

(Eq. 5.1.2.5) and at the wall/external-coolant interface

(Eq. 5.1.2.6) are satisfied without changing the internal energy
content of the wall thermal layer.

Flux Matching st the Bulk-Melt/Wall Interface

g o letd o B Ty £ 00y Ty

k (2 - B,) *+ hD,

Flux Matching at the Wall/External-Coolant Interface

———— —————————
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Wall Energy Conservation at Time of Remelt

_D' _D'
[ Tgz,0) =19 ax = [ (Ty(x.t) - TY) dx s
0 0

Substituting for the old and new temperature profiles as given by
Eqs. 1 and 2, the energy conservation relation simplifies to

2 + By 2 + By 2 + By
ok il S WO . k. Sl :
wvhb 2 + s'

The flux matching conditions (Eqs. 3 and 4) and simplified energy

conservation equation (Eq. 5) are then solved iteratively to
yield new values for T_, g, and T,

5§.3.3 Crust Remelt - Cylindrical Geometrv, Infinitely-Thick Wall

Just prior to crust remelt, the temperature distribution in
the wall is given by

T (z,t) - TO i la(r/Rg) ]2 .
. e T '
T. - 13 bw
where,
Xsw = Rgy/R, 2

This temperature distribution satisfies the flux matching
condition at the crust/wall interface (see Eq. 5.1.7.12).
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Juat after crust remelt, the temperature distribution is
given by

' 2
Tw(r,t) - T9 [ H in(r/Rop) ] 3
Ti(e) - T s

where,

5w = Rgy/K,

The new values T_ and x, are determined such that the new flux
matching condition at t;o bulk-melt/wall interface (Zq. 5.1.5.6)

is satisfied without changing the internal energy content of the
wall thermal layer.

Flux Matching Condition st the Wall/Bulk Melt Interface

¥all Energy Conmservation st the Time of Remelt
Rgw Réw
f  Tytz,e) - TPrde = [ (Tolr,t) - Trde 6
lo go

Substituting for the old and new temperature prcfiles as given by
Eqs. 1 and 2, the energy conservation relation simplies to
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The flunx matching condition (Eq. 5) and energy conservation
condition (Eq. 12 are tgon solved iteratively to yield the

new values for T, and x5,.

5.3.4 Crust Remelt - Cylindrical Geometry, Finite-Thickness Wall

Just prior to crust remelt, the temperature distribution in
the wall is given by

In(r/Ry) ]2

This temperature distribution satisfies the flux matching
condition at the crust/wall interface (Eq. 5.1.8.11),

Just sfter crust remelt, the temperature distribution is
given by

TR T e L TR

F In(r/R,)
. l(l ' D'(t)] l 1 - I;?ia;it; ] . 2

The new values T;. T;b. and B, sare determined such that the new

T (r.t) = T p(t) . In(r/Ry) |
filux matching conditions at :K. bulk-melt/wall interface
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5§.1.6.5) and at the wall/external-coolant interface
5$.1.6.6) are satisfied without changing the internal energy

content of the wall thermal layer,

(Eq.
(Eq.

Flux Matching at the Bplk-Melt/Wall Interface

————————————— " ————— —{—— — . ——

bR 1nx, + ky(2 - B)

Flux Matching at the Wall/External-Coolant Interface

¥all Epergy Conservation at the Time of Remeit
Ry Ry
j (T'(t.t) - T:) r dr = J. (T'(t't) K Te) r dr 5
R, R,
Substituting for the old and new temperature profiles as given by

Eqs. 1 and 2, the energy conservation relation simplifies to

' ~TeAy * ToAg + Typ(Ay - Az)
T'h < b e e e LA e S e ] 6
where,
2 - 1
7
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BeAz + (1 - B o)Ay

22 - 1 1oz, - 1

2 lnx'

6:3108' - 7:% + 7

Blnx'

The flux matching conditions (Eqs. 3 aend 4) and the simplified
energy conservation equation (Eqs. 6 }hto?gh 11) are then solved
iteratively to yield new values for T , B ., and T_ .,




6.0 Conclusions

The PLUGM code as described inm this report is unique im its
ability to model the conduction-limited freezing and plugging of
melt-flow in a nonmmelting channmel, accounting for all relevant
driving forces and pressure losses. Thus, PLUGM fully treats the
problems associated with ex-vessel core retention ssessment,
because these core-retention devices (bricks or particle beds)
are made of high melt-temperature oxides that typically do not
melt when contscted with molten corium, Further, PLUGM is
currently suited for the analysis of many LMFBR transition-phase
problems that involve low enough steel wall temperatures such
that steel melting would not occur.

PLUGM offers a sound basis on which a new code will be
developed that addresses specific needs of the LMFBR
transition-phase problem: wall melting in particular. Three
major additions are required to handle wall melting problems:

~ ¢rust growth/wall heatup solutions that account for wall
melting

~ crust and wall-melt stability/entrainment criteria

-~ hydrodynamics treatment that considers bulk-melt mixturcs
(original melt, crust, wall melt) that may vary as a
function of time and axial location.

Sample problems from the areas of core retention and LMFBR
transition phase are presented in Appendices B,C, and D, PLUGM' s
capabilities are exercisod for each of the three available
geometry options: tube, thin slit, and particle bed. The sample
problems demoustrate PLUGM's versatility in answereing reactor
safety questions involving the flow and freezing of molten
materials,
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Appendix A - PLUGM Input Description

SN NI eIt seNt ettt tstttdtststttstststvteitststseesssssssseseesssnscs
Ceese PROBLEM SETUP #0408 0i00eeststtstttstttssssstsssssnssssscscssscss
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LINE

LINE

LINE

LINE

1 (10A8) TITLE
TITLE: ALPHA NUMERIC PROBLEM DESCRIPTION

2 (6112) IGEOM,NREG, IRESOP, IDMPOP, THTOP, IVELOP
IGEOM: 1 THIN SLIT GEOMETRY
2 TUBE GEOMETRY (INTERNAL FLOW)
3 TUBE GEOMETRY (EXTERNAL FLOW)
4 PARTICLE BED
NOTE: LOGIC EXISTS FOR OPTION 3, HOWEVER, NO
WORKING EQUATIONS CURRENTLY EXIST IN
THE CODE
NREG: NUMBER OF REGIONS FOR WHICH ALL CHANNEL PARAMETERS
ARE CONSTANT. EACH REGION CONSISTS OF ONE OR MORE
NODES
IRESOP: 0 RIGID BOUNDARY RESERVOIR - TREAT AS CHANNEL
1 POOL TYPE RESERVOIR WITH NO FIXED BOUNDARIES
- NO FRICTION LOSSES
-~ NO HEAT TRANSFER TO BOUNDARY
2 POOL TYPE RESERVOIR AS IN OPTION (1) - NO MASS
ADDITION OR DEPLETION CALCULATED FOR THIS OPTION
RIGID BOUNDARY CATCH TANK - TREAT AS CHANNEL
1 POOL TYPE CATCH TANK WITH NO FIXED BOUNDARIES
- NO FRICTION LOSSES
-~ NO HEAT TRANSFER TO BOUNDARY
2 TREAT LAST DEFINED NODE AS CATCH TANK WITH
- NO FRICTION LOSSES
-~ NO HEAT TRANSFER
- NO AREA-CHANGE LOSSES (SQUIRTS OUT CEANNEL)
HYDRODYNAMIC CALCULATIONS ONL?Y
FULLY COUPLED THERMAL HYDRAULIC CALCULATIONS
TRANSIENT CALCULATION WITH INERTIAL EFFECTS
- INITIAL VELOCITY OF ZERO
1 TRANSIENT VELOCITY WITH INERTIAL EFFECTS
- INITIAL VELOCITY QUASI-STEADY-STATE
2 QUASI-STEADY VELOCITY USED THROUGHOUT

IUMPOP:

o

IHTOP:

-0

(=]

IVELOP:

3 (I6) NPSTEP
NPSTEP: OUT®UT RFSULTS EVERY NPSTEP*DLTMAX SECONDS
- 0 FOR THIS PARAMETER PRODUCES INITIAL-CONDITIONS
SUMMARY AND FINAL TIME-STEP SUMMARY FOR EACH NODE
IFILMOP: 0 NO FILM DPEPOSITION
1 FILM DEPOSITION
2 FILM DEPOSITION ENHANCED BY RAYLEIGH-TAYLOR
INSTABILITY

4 (6E12.6) DLTMIN,DLTMAX, DZMIN , PENMAX , TFIN



DLTMIN: MINIMUM TIME STEP ALLOWED FOR USE IN THE CRUST GROWTH
SOLUTION

DLTMAX: MAXIMUM TIME STEP ALLOWED FOR USE IN THE CRUST GROWTH
SOLUTION ]

DZMIN: THE CALCULATIONS END WHEN THE TOTAL LENGTH OF THE

MELT SLUG IS LESS THAN OR EQUAL TO DZMIN
PENMAX: MAXIMUM PENETRATION LENGTH STOPPING CRITERION
TFIN: TOTAL TIME STOPPING CRITERION

*ses GUOMETRY AND INITIAL CONDITIONS *¢0essessstssssssssnssssssssnrsne

FOP I=1 TO NREG

LINE 5.1 (6XI12) ZLEN,NODES, IGDEX
ZLEN: LENGTH OF REGION I
NODES: NUMBER OF NODES IN REGION I
IGDEX: FLOW DIRECTION FOR REGION I
1 DOVN (WITH GRAVITY)
0 HORIZONTAL (NORMAL TO GRAVITY)
-1 UP (AGAINST GRAVITY)

LINE 6.1 (6E12.6) DCHANL,WCHANL, TBLK, DWLL, TWALL, HCOOLN
DCHANL: CHARACTERISTIC CHANNEL DIMENSION FOR REGION I
FOR IGEOM=1, SLIT SPACING
IGEOM=2, TUBE DIAMETER
IGEOM=3, FLOW CHANNEJ. HYDRAULIC DIAMETER
IGEOM=4, PARTICLE BED HYDRAULIC DIAMETER
WCHANL: 2ND CHARACTERISTIC CHANNEL DIMENSION FOR REGION I
FOR IGEOM=1, SLIT WIDTH
IGEOM=2, (LEAVE BLANK)
IGEOM=3, (LEAVE BLANK)
IGEOM=4, (LEAVE BLANK)
TBLK: MELT BULK TEMPERATURE FOR REGION I, A ZERO VALUE
INDICATES THAT NO MELT EXISTS IN THAT REGION AT THE
START OF THE PROBLEM,
DWLL: WALL THICKNESS FOR REGION I
LEAVE BLANK IF POOL TYPE RESERVOIR (IRESOP=1,2)
TWALL: INITIAL WALL TEMPERATURE FOR REGION I
LEAVE BLANK IF POOL TYPE RESERVOIR (IRESOP=1,2)
HCOOLN: WALL-TO-EXTERNAL-COOLANT HEAT TRANSFER COEFFICIENT
LEAVE BLANK IF POOL TYPE RESERVOIR (IRESOP=1,2)

NEXT I

#9%¢ BOUNDARY CONDITIONS -~ DELTA P ®¢000000ssstssnsstssstssssscscnenee

LINE 7 (6E12.6) PTRAIL, PLEAD
PTRAIL: APPLIED PRESSURE ON TRAILING EDGE OF MELT SLUG
PLEAD: APPLIED PRESSURE ON LEADING EDGE OF MELT SLUG

®ee¢ BOUNDARY CONDITIONS - MASS ADDITION #¢eccessssssssssssssscstsssene

C
C
c
C
C
c
C
C
c
C
C
c
C
C
c
C
C
C
C
C
C
C
C
C
c
C
c
C
C
C
C
C
C
C
C
C
c
C
c
C
c
C
c
C
<
C
C
c
c
c
C
C



LINE 8 (6E12.6) XMDOT, TCUT
XMDOT: CONSTANT MASS ADDITION FLUX INTO TRAILING EDGE NODE
TCUT: MASS IS ADDPED TO TRAILING EDGE NODE FROM

TIME=0.0 TO TIME=TCUT

acononNno6n

eeee¢ MATERIAL PROPERTIES *#0 2000ttt ssststtststsessssssnssscsssssnscs

LINE 9 (6E12.6) K, RHO, CP
K: BULK MELT THERMAL CONDUCTIVITY
RHO: BULK MELT DENSITY
CP: BULK MELT SPECIFIC HEAT

LINE 10 (6E12.6) TBMELT, HFB, VISCB, SIGB
TBMELT: BULK MELT FUSION TEMPERATURE
HFB: BULK MELT HEAT OF FUSION
VISCB: BULK MELT DYNAMIC VISCOSITY (MU)
SIGB: BULK MELT SURFACE TENSION
- USE A POSITIVE VALUE FOR WETTING FLUIDS
AND A NEGATIVE VALUE FOR NONWETTING FLUIDS

LINE 11 (6E12.6) KEC, RHOC, CPC
EC: CRUST THERMAL CONDUCTIVITY
R70C: CRUST DENSITY
CPC: CRUST SPECIFIC HEAT

LINE 12 (6E12.6) KWM, RHOWM, CPWN
EWM: WALL MELT THERMAL CONDUCTIVITY
RHOWM: WALL MELT DENSITY
CP¥M: WALL MELT SPECIFIC HEAT

LINE 13 (6E12,6) TWMELT, HFW, VISCW, SIGW
TWMELT: WALL MELT FUSION TEMPERATURE
HFW: WALL MELT HEAT OF FUSION
VISCY: WALL MELT DYNAMIC VISCOSITY (MU)
SIGYW: WALL MELT SURFACE TENSION
- USE A POSITIVE VALUE FOR WETTING FLUIDS
AND A NEGATIVE VALUE FOR NONWETTING FLUIDS
NOTE: HFW, VISCW, AND SIGW ARE NOT CURRENTLY USED
IN THE CODE

LINE 14 (6E12.6) KW, RHOW, CPW
EW: WALL THERMAL CONDUCTIVITY
RHOW: WALL DENSITY
CPW: WALL SPECIFIC HEAT

AN OO0 n0nO0canacOOcnnfO0nnn
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Appendix B, Particle-Bed Core Retention

Thkree sample problems illustrate how PLUGM can be applied to

particle-bed problems, First, design features of a particle-bed
core retention device are illustrated. Second, surface tension
effects are demonstrated when molten steel is poured onto an
salumina bed. The third problem demonstrates thst plugging cannot
always be expected in a particle bed.

These sample probiems exercise the use of the following code
options and inmput parameters:

1. particle~bed geometry,

2., time-dependent gravity head associated with a pour onto
the particle bed,

3. gravity-driven, inertia-limited initial acceleration of
melt into the bed,

4, surface tension for wetting and nonwetting fluids, and

5. change in channel diameter,

B.1 Design Features of A Particle Bed Core Retention Devigce

Consider a core retention device that is composed of .02 m
dismeter alumine particles; bed porosity is 40%, Section 2.4
show how to characterize particle bed geometry for code inmput:
for the reservoir D,(res) = DCHANL = 1,.405E-2, and for the
particle bed D, = DCHANL = 8,889E-3, DWLL =~ 2,583E-3,

Moiten core debris is ejected from the resctor vessel in 45
(roactor tranmsient accident)y this debris would fill the cavity
to a depth of .33 m if melt did not flow into the particle bed
(XMDOT = p, dh/dt = 5.775E2, TCUT = 4); however, melt flows under
gravity the instant it contacts the particle bed. The unit cell
over a typical flow channel into the bed is represented as a pool
type reservoir (IRESOP =1), A transient inertia-limited
hydrodynamics calculation has been specified (IVELOPP =0)., The
particles are initially at room temperature (TWALL = 300), and
the molten debris is either saturated (TBLK = 2225) or
superheated by 200K (TBLK = 2425),

How far does the melt penetrate? Table B,1 shows the input
file for this problem, PLUGM predicts that molten core debris
will penetrate .346 m for the saturated melt and .486 m for the
superheated melt,



Table B.) - Listing of Input File for the Single Sized Particle Problem

CORIUM MELT ON ALUMINA PARTICLES

4 2 1 0 1 0
0 1
1.0E-3 1.0E-2 .0001 .99 15.
.010 1 1
1.405E-2 2425.
1.0 100 1
8.889E-3 0.0 2,.583E-3 300. 1.0E-6
0.9 0.0
5.775EL 4.0
11.0 7000. 485 .
2225. 2.08ES 4 .34E-3 o3
3.51 7070. 402.
3098,
8.9 4000, 1213,

The sctual depth of a particle bed must exceed the expected
melt penetration so that pathways necessary for bottom cooling of
the bed are assured. A particle bed composed of single size
particles represents an impractical design because the required
particle bed depth may be too great for the available room in the
reactor cavity., Smaller size particles would partially alleviate
this problem, but small particles can impede the supply of water
necessary for bottom cooling of the debris. An effective
solution to this problem is to consider a stratified particle

bed.

Consider now the design of a stratified particle bed that is
© m deep. The top .25 m of the bed and the bottom .20 m of the
bed are composed of .02 m diameter particle while the .05 m thick
middle layer is composed of small particles,. The stratified bed

is modeled as a four region problem in PLUGM (NREG =4):
reservoir, top channel region (ZLEN = .25), middle channel region
(ZLEN = .05), bottom channel region (ZLEN = ,20). The molten
debris has 200K of superhea:.

How small should the middle layer particles be in order to
control melt penetration into the bed? Table B.2 shows the input
file for this stratified bed problem, Figure B.1 shows the
expected penetration of melt into the particle bed as a function
of middle-layer particle size. As expected, large particles in



Table B,2 - Listing of Input File for Stratified Particle Bed Problem

CORIUM MELT ON STRATIFIED BED OF ALUMINA PARTICLES

4 - 1 0 1 0
0 1
1.0E-3 1.0E-2 .0001 .99 1§.
.010 1 1
1.405E~2 2425,
.25 15 1
8.889E-3 0.0 2,.583E-3 300, 1.0E-6
.05 20 1
1,111E-3 6.0 3.229E-4 300. 1.0E-6
.20 20 1
8 .889E-3 0.0 2.583E-3 300. 1,0E-6
0.0 0.0
S.775E2 4.0
11.0 7060. 485,
2225. 2.08ES 4. .34E-3 .5
2.91 7070. 402.
3098,
8.90 4000, 1213,

the middle layer enable the melt to approach the concrete
basemat; in which case, the device has failed its appointed task.

At the other extreme, small particles (D ¢ 5 mm) are very
effective at stopping the melt, This comes ugont by three
processes., First, melt flows very slowly through a packed bed
composed of small particles because of increased friction, A
slower penetration rate translates into more time for melt to
freeze while negotiating the same incremental penetration,
Lastly, small particles means small flow channels, which are more
quickly plugged. For these reasons, & thin layer of small
particles is a simple and effective way of controlling the
initial penetrstion of molten core debris into a particle-bed

core~retention device.

B.2 Suzface Tension

Several particle bed experiments at Sandia were performed
using steel melts instead of corium melts, Consider an
experiment using a saturated stesl melt (1700 K) and a particle
bed composed of single sized .01 m diameter alumina particles.
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