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ABSTRACT

Methods for the solution of thermal-hydraulic problems in liquid metal
fast breeder reactors (LMFBRs) arising primarily from transient accident
analysis are reviewed. Principal emphasis is given to the important phenomen-
ological issues of sodium boiling and fuel motion. Descriptions of represent-
ative phenomenological and mathematical models, computational algorithms,
advantages and limitations of the approaches, and current research needs and
directions are provided.
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- source terms in mass
conservation equations

- temperature
- time
- cell volume
- ejection velocity
- asymptotic ejection velocity
- velocities
- mass flow rate
- a lial coordinate
- void fraction
- mass source term
- heat of vaporization
- density
- volume fraction

INTRODUCTION MBfffl
A reactor concept that has been under development for several years is

the liquid metal cooled fast breeder reactor (LMFBR). This reactor system has
traditionally been promoted as a long term, practically inexhaustible, energy
source because of its ability to breed more fuel than it consumes. Recently,
it has received additional attention because of its inherent safety character-
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istics, which stem from operation of a low pressure, high heat capacity,
coolant system.

In the design and analysis of the LMFBR, many interesting thermal-
hydraulic problems have been identified, related to both st?ady-state and
transient response of the system. Tools for subassambly design, primary and
secondary heat transport system design and analysis, and transient response to
anticipated and unanticipated accidents have evolved, with the response of the
liquid metal coolant playing a central role.1 In particular, the overheating
and possible boiling of the coolant has been the focus of considerable pheno-
menological and computational effort. Although coolant boiling, and possibly
fuel disruption, are generally recognized as low probability events, their
occurance could lead to significant consequences in assessment of public
health and safety, since larger reactors have positive sodium void coeffi-
cients and the initiation of boiling could lead to ever-increasing power
levels in an autocatalytic fashion. An equally important consideration is
possible melting and relocation of fuel and cladding material. Since an LMFBR
is generally not in its most reactive configuration, relatively small motion
of iaoltan fuel and steel can have significant reactivity implications and in-
crease the potential for energetic excursions.

The focus of this paper, consequently, is on sodium boiling and disrupted
pin fuel motion. These phenomenological areas are principal issues in what
has been termed the initiating phase of a core disruptive accident. Sodium
boiling is considered first, where modeling activities have included both
single and multi-dimensional models, varying degrees of implicit and explicit
numerical solutions and applications to both experimental facilities and whole
core accident analysis. The fuel motion section which follows considers the
two generic accident sequences which are believed to bound accident ener-
getics, the transient overpower (TOP) and unprotected loss-of-flow (LOF)
accident. This section provides both a description of models and methods and
an indication of areas of current uncertainty, both phenomenologically and
computationally.

Additional investigations have extended core response analysis into the
so-called transition and disassembly phases, but these specific aspects will
not be treated. Reference 2 and 3 contain brief summaries of phenoraenological
and computational problems in these areas, including brief descriptions of the
prominent VENUS"* and SIMMER5 series of codes.

I. SODIUM VOIDING MODELING

Under normal operating conditions in an LMFBR, the sodium is a liquid and
remains well below temperatures at which boiling would occur. However, in
accident analysis, sodium voiding is one of the most important phenomena to
consider, and it is necessary to have available reliable models of the voiding
process. A model sufficiently general to be applicable to all reactor situa-
tions in which sodium voiding might occur would be so expensive to run as to
be impractical. Consequently, several different types of models have been
developed over the years, with each type being designed to handle only a
limited range of accident conditions. Such restrictions allow simplifying
assumptions to be made when developing the models, thus creating codes which
run efficiently and can be used at a reasonable cost.
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There have probably been hundreds of codes developed all over the world
to model sodium boiling. However, most of the ones currently of interest fall
into three main categories: one-dimensional slug flow models, porous medium
models, and subchannel models. Since it is not possible within the limits of
thi3 paper tc mention every code which simulates sodium voiding, representa-
tive codes from each of these three groups will be discussed in detail in the
remainder of this section. In this way, the main features of each method can
be displayed within the context of an actual implementation of the method.

The one-dimensional slug flow model is of interest primarily because it
lends itself well to use within the context of a large safety analysis code in
which a number of phenomenological models must interact efficiently with one
another. In such a code, a tradeoff is necessary between modtl complexity and
computational efficiency. One of the best-known examples of such a model is
the sodium voiding model used in the SAS family of codes.5 The main elements
of this model will be discussed in the next subsection. On the other hand,
one-dimensional modeling is inadequate for some voiding situations. If a
whole-core multi-dimensional model is required, but simulation of detailed
bundle structure is not important, then a porous medium approach is probably
most appropriate. Three examples of this type of code are THORAX, which is a
special purpose code, and THERMIT8'9 and BIFLO,10 both more general whole-core
codes. Details of THERMIT will be given later in the paper. Finally, if a
detailed picture of voiding within a single bundle is the situation of inter-
est, a subchannel code will do the best job. Examples of such codes are
CAPRICORN,11 the SABRE12»13 family, and VIPRE;14 of these, CAPRICORN and SABRE
will be discussed here.

A. One-Dimensional Slug Flow — The SAS Voiding Model

During the early stages of a LMFBR reactor accident, the core geome-
try remains intact, and there is experimental evidence15 to indicate that
voiding would progress predominantly along the axial direction and that slug
flow would dominate. The voiding model used in the SAS family of codes is
designed to simulate this type of voiding situation. This model tracks the
creation and propagation of vapor slugs in flowing sodium in a channel of
unspecified shape containing a single fuel pin. Because this model is always
used as part of a large safety analysis code, it must operate efficiently
without sacrificing too much accuracy. This is accomplished by limiting the
model to one-dimensional (axial) slug flow with saturated vapor and intact
geometry.

A portrayal of the voiding model geometry is shown in Fig. 1. The model
explicitly tracks the interfaces between liquid and vapor slugs. Currently
the code can accommodate up to nine vapor bubbles within any one channel. A
liquid slug is coupled to its two neighboring vapor slugs through the pres-
sures at the liquid-vapor interfaces. Within each slug, single-phase conser-
vation equations are solved for mass flow rates, pressures, and temperatures.

The mass flow rate within each liquid slug is found by defining a control
volume in which the boundaries are the boundaries of the slug itself. The
integral one-dimensional liquid momentum equation is applied to this control
volume, giving

3w r dz o p A(l/p) . _, . „ , .
/ _ + W 2 I — ^ _ + £p + p(w) = o. (1)

3t slug A A"
slug 3



Fig. 1. SAS Voiding Model Geometry

This equation is finite differenced in time, and the advanced time terms are
linearized, so that the resulting expression gives the change in slug mass
flow rate as a function of the pressure d-op across the slug. Incompressible
flow is assumed within the liquid slug, so the mass flow rate is independent
of spatial position. The pressures at either end of the slug are available
from solution of the conservation equations in the vapo* bubbles, as shown
below. The integral momentum equation can be solved in fully explicit, fully
implicit, or semi-implicit form at the user's discretion. The liquid tempera-
tures are then found from the energy equation

3T 8
PcA — - + — (wcT) = Q(T) A.

3t 9z
(2)

The energy equation is discretized over either an Eulerian or a Lagrangian
axial mesh and solved for the liquid temperatures at mesh segment interfaces.
The pressures within the slug are computed by applying the momentum equation
to an Eulerian mesh and solving for the pressure at each mesh cell interface,
beginning at the top of the slug and marching down to the bottom of the slug.

The solution of the conservation equations within a vapor slug proceeds
somewhat differently from the approach used in the liquid. In the case of the
vapor, the changes in mass flow rate and pressure aver a timestep at each mesh
cell interface in the slug are solved for simulcaneously. Since the flow
within a vapor slug is compressible, the mass flow rate is not constant, as in
the liquid slugs, but varies along the length of the bubble.
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The method begins by discretizing the coupled vapor mass and momentum
equations within the vapor slug,

3t X

and

op 1 3 /W \ 1 <w _ / v , *
~ » (—) + F(w), (4)
3z A 3z PA A 3t

along the axial mesh using space-centered differencing on the time derivatives
and central finite differencing on the space derivatives. The equations are
expressed in fully implicit form, then the advanced time terms are linearized.
Saturation conditions are imposed to limit the independent variables to the
changes in vapor mass flow rate and pressure. The resulting matrix equation
is solved by Gaussian elimination for the changes in mass flow rate and pres-
sure, and all other quantities, including the temperature, can than be derived
through the equations of state.

Several features of the SAS voiding model are especially attractive.
First, it can handle all stages of a transient up until disruption of the pin
geometry, including calculation of a steady state, flow coastdown, void forma-
tion, flow reversal, pin and structure dryout, and expulsion of the upper or
lower liquid slugs. The voiding model algorithm is also quite efficient in
terms of running time due to the simplifying assumptions made in the formula-
tion of the model. Finally, the algorithm is stable for a wide range of
timesteps (from a few milliseconds down to microseconds) and represents a
well-posed problem (since the slug flow assumption allows the liquid and vapor
phases to be treated separately, thereby limiting the model to single-phase
flow equations, which are known to be well-posed).

B. Porous Medium Models — The THERMIT Code

The porous medium approximation consists of defining a set of con-
trol volumes and homogenizing the material within each control volume. Flow
areas and volumes are adjusted to account for the fact that the control volume
is not an open flow region but is partially filled with solid material. Thus,
fuel pins and structural material are not discretely modeled, but their influ-
ence is smeared over the entire control volume, with the net effect being as
though the flow were passing through a porous medium. This approximation
allows multi-dimensional whole-core calculations to be carried out with re-
asonable accuracy and without incurring afstronomical computer running times.

THERMIT is a full three-dimensional code intended for analysis of ther-
mal-hydraulic transients in a full-size reactor core. As originally written,
it is applicable to light water reactors only; however, a version has been
developed for sodium reactor transients. The code treats two-phase flow, but
it is not intended to handle severe depressurization accidents.
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THERMIT does not assume either homogeneity or thermal equilibrium between
the phases and consequently must solve the conservation equations for each
phase rather than using the mixture equations. llie equations are formulated
in terms of Cartesian coordinates. The code discretizes the reactor into mesh
cells which are axial segments of rectangular flow channels. The fuel
pin/coolant structure within each cell is homogenized according to the porous
medium approximation.

The set of differenced conservation equations consists of two mass equa-
tions, two energy equations, and six momentum equations. Using the vapor
equations as an example, the mass equation has the form

(ap) - (ap) 1 v , n. i.n+1._ +_ I {[A(ap) (v ) j
i=x,y,z

(5)

and the energy equation is

. .n+1 , .n ,
(ape) - (ape) 1 r. ,r n n , r

1 + 7 ^ '[P + (pe)-+l/J U a w ; j j
i=x,y,z

, n+1 n i.
. n n , , n I n+1, , a - a n+V?

- tp + (Pe)i_1/] [Aa (v ) ] . _ y } + P ^ - Q • (6)

Similar equations apply to the liquid phase.

Since the six momentum equations all have the same form, only the x-
component of the differenced vapor momentum equation will be shown for illus-
tration. This equation is written

1 / X\n+i. / X\n-r
(v ) - (v ) ]. + \.

1 2 2 q=x,y,z

/_ _ \n+l

(7)i+V2'

with similar expressions holding for the y- and z-components and for the
liquid phase. The difference approximation shown for the velocity spatial
derivative is evaluated by donor cell differencing. Notice that the convec-
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tive terms are fully explicit, while other terms in the momentum equation are
implicit or semi-implicit. This approximation is used because it simplifies
the scheme by which the conservation equations are solved; the justification
for this formulation is that fluid convection takes place on a relatively long
time scale compared to that for interphase exchange processes or pressure
disturbances.

The advanced time values of all quantities are found by reducing the set
of conservation equations in all mesh cells to a set of equations in the
pressures only, solving for the pressures, then using the new pressures to
calculate all remaining variables. This is done by casting the four mass and
energy equations j.n each mesh cell in the form of residual equations. These
nonlinear equations are then solved iteratively using a Newton-Raphson tech-
nique of the form

G(x n + 1) = G(xn) + J(xn) (x n + 1 - xn> = 0, (8)

where G represents the set of residual equations, J is the Jacobian coeffi-
cient matrix, and x is the vector of unknowns. This expression is solved for
x n . Each iteration on this equation is called a Newton iteration.

In each mesh cell, the four mass and energy equations can be reduced to
expressions involving only the pressure, void fraction, and liquid and vapor
temperatures. These equations can be reduced further to give a single equa-
tion in each cell which expresses the pressure in that cell as a function only
of the pressures in the six neighboring cells. The set of all such pressure
equations across the entire core can therefore be solved independently. This
set is usually quite large and is therefore solved iteratively by sweeping
across the core channel by channel and using forward elimination-back substi-
tution axially along each channel.

Once the pressures have been found, the void fraction and temperatures
can be calculated from the reduced mass and energy equations, and the densi-
ties and energies can be computed from the equations of state. The continuity
and energy residual errors are then determined, and, if they do not satisfy a
convergence criterion, the procedure i3 repeated using the updated variables.
This constitutes one Newton iteration. Once the residual equn>"ions have
converged, the momentum equations (which have been linearized) are updated
with the new flow variables and tested for convergence of the velocities; if
the velocities are not converged, the updated velocities are used in a new
series of Newton iterations. Note that, within a series of Newton iterations,
the same velocities are used in each Newton iteration.

C. Subchannel Codes

The subchannel approximation explicitly models the geometry of a pin
bundle, with the mesh cells, or subchannels, being defined by the geometry of
the flow area between fuel pins. Since such cells may have highly irregular
boundaries in the radial direction, the approximation is made that the fluid
loses its sense of direction upon passing from one cell to the next; this
allows the flow contributions from all lateral faces of the cell to be summed
linearly, thus removing the need for a cell geometry which can be treated
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using orthogonal coordinates. So long as flow is predominantly in the axial
direction, the subchannel approximation can give quite accurate results.

1. The CAPRICORN code. The CAPRICORN code was created as a tool
for simulating blockage formation in fast breeder reactor fuel pin bundles and
analyzing the coolability of bundles with blockages during core disruptive
accidents. At the present time, the code is still under development and does
not yet have a blockage formation model working. However, the basic thermal-
hydraulics modeling is in place, and the code can be used to analyze boiling
transients in intact fuel bundles; in particular, it can handle the full
liquid-to-vapor density change when sodium boiling occurs.

CAPRICORN applies the mass, momentum, and energy conservation equations
to the region of interest by using a three-dimensional subchannel formula-
tion. In this model, the pin bundle is discretized into cells, or sub-
channels, shaped as shown in Fig. 2. The subchannel approximation is then
applied, so that momentum conservation is reduced to two directions: axial and
lateral. The lateral momentum equation is solved at each lateral subchannel
face along the direction perpendicular to the face.

Because CAPRICORN makes the assumption of homogeneous two-phase flow with
thermal equilibrium between the phases, the mixture conservation equations can
be used. These include the continuity, energy, axial momentum, and lateral
momentum equations for the liquid-vapor mixture. These equations are used in
integral form to derive finite difference equations from control-volume bal-
ances. The space derivatives in the difference equations are evaluated on a
staggered grid, with the mass and energy cells coinciding with the control
volume shown in Fig. 2, the axial momentum cells identical to the mass and
energy cells but offset from them axially by one-half node, and the lateral
momentum cells as shown in Fig. 3. Convected quantities are calculated by
full donor cell differencing, and time derivatives ire modeled by first-order
backward differences.

FUEL R00

CHANNEL CENTS 010

Fig. 2. CAPRICORN Subchannel Volume Fig. 3. CAPRICORN Control Volume
for Lateral Momentum
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The differenced conservation equations are as follows:

Continuity:

n+1 n
[P. ~ P. J

V. — — A — — — = (p*uA)n , - (p*uA)n+
1/ + I (s, ) • (p*vA),n+ (9)

1 At l- V2 i~ 72 k k

Energy:

AAt
(p*h*uA). ,, - (p*h*uA). "",. + I (s,

i- H% i+ 72

n+1 n

(10)

Axial Momentum:

[(Pu)n+1 - (Pu)"]
n+1

j- V2

n+1

J+1/2
(s. )

y . x*i+l . /• n+1 n+1 -, i, , „ I i ...n+1 „ n+1
. (p*u*vA) + A. (p. i. - p . i, j - 72 (Kpu u A) + V p g

n J J-V2 J+V2 J J J (i1)

Lateral Momentum:

vn+l

At

, n+1 ,
(p*v*uA) ,. - (p*v*uA) ,.

z- 72 z + 72

Asterisks denote donor-cell differencing.

The conservation equations are solved using a method which is quite
similar to that used in the THERMIT code. The primary difference betweer the
CAPRICORN and THERMIT solution techniques is that, due to the more implicit
nature of the CAPRICORN conservation equations, a set of equations involving
only the pressure as an independent variable cannot be developed from the
Jacobian. Instead, the two mixture mass and energy equations (rather than the
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four equations used in THERMIT) in each mesh cell are reduced to a set of
coupled equations in terms of the pressures and enthalpies. The solution
procedure consists of the same three nested iteration loops as in THERMIT.

2. The SABRE family of codes. This family of codes has been under
development for about ten years, during which time twelve versions of the code
have been produced, the latest being the code SABRE3C. The purpose of this
effort has been to create the capability to analyze flow in rod clusters,
particularly flow around blockages. As is the case with THERMIT, the SABRE
codes are written as water reactor codes; however, a sodium version has been
developed from the SABRE2 code. 1 3

Probably the single most distinguishing feature of the SABRE codes is the
extensive modeling of flow obstructions. Beginning with SABRE2, the more
recent versions are able to handle general combinations of grids, blockages,
and bowed pins. Blockages may be either solid or porous. The single-phase
flow modeling in SABRE has been extensively tested with flow obstructions; the
use of the two-phase flow calculation with obstructions is at a much earlier
stage of development.

SABRE uses two different solution schemes for two-phase flow, one for
steady state and one for transient flow. Under steady state conditions, the
fully implicit three-dimensional conservation equations are solved using a
type of Newton iteration technique. For transient flows, an ICE technique is
used, and the equations are limited to one-dimensional axial form with semi-
implicit differencing. In either case, the conservation equations are applied
in integral form over control volumes defined by the subchannels. The stand-
ard shape of the subchannels is similar to that used in CAPRICORN; however,
the code will also accept nonstandard subchannel shapes specified by the user.

II. FUEL MOTION MODELING

Although the boiling of the sodium coolant has significant reactivity
implications, the potential for highly energetic excursions is tied more
closely to the motion of molten fuel and steel. In this section we will
briefly review the modeling concepts and numerical methods used in these
assessments. Particular attention is given to two accident sequences in the
initiating phase which are commonly assumed to bound the energetics analysis,
the transient overpower (TOP) accident and the unprotected loss-of-flow (LOF)
accident.

A. Transient Overpower (TOP) Analysis

The TOP HCDA sequence is initiated by a continuous reactivity
addition, with assumed failure of the reactor shutdown system, leading to
rising reactor power with full coolant flow. The reactivity addition is
assumed to be mitigated only by axial fuel expansion and Doppler feedback.
Rising reactor power will eventually lead to cladding failure due to internal
loading, followed by ejection of pressurized molten fuel through the cladding
rupture.

In recent years, several codes have been developed, generally to refine
the hydrodynamic analyses and include additional thermal effects that can be
inferred rrom several TREAT experiments. A schematic diagram used for the
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PLUT02 module of SAS4A, but representative of several models, is given in Fig.
4. The analytical tasks focus on four main considerations: (1) the motion of
the fuel-gas rixture within the fuel pin; (2) the ejection of material from
the pin into the coolant channel; (3) the thermal and hydraulic response of
the interacting fuel, fission gas and sodium coolant in the coolant channel
(in the so-called fuel-coolant-interaction (FCI) zone), and (4), the hydro-
dynamic response of the liquid sodium slugs above and below the interaction
zone. Early codes, such as SAS/FCI15 in the SAS3A/SAS3D6 whole core analysis
code and MELT-III1' use simplified control volume solutions to the in-pin and
ex-pin flow equations, while the codes developed later, such as PLUTO218 and
EPIC1^ rely on recent advancements in two-fluid hydrodynamics modeling. An
appreciation of the models and methods can be obtained by briefly reviewing
the fuel motion models in the MELT series of codes and the SAS/FCI and PLUTO2
models in the SAS codes. Although several versions of these codes have been
developed, the necessary model integration and hydrodynamic sophistication has
been realized in the later versions including MELT-HI, MELT-IIIB,20 SAS3A/
SAS3D and SAS4A. Consequently, we will focus our attention on these codes.

The MELT-III and SAS codes utilize multi-channel analysis techniques in
which a single pin represents the response of all the pins in a subassembly or
groups of subassemblies with one-dimensional hydrodynamics models. The MELT-
III code uses a homogeneous two-phase flow model, solved by the method of
characteristics, for fuel motion within the pin. External pin fuel motion, in

SOLID F"EL-

MOLTEN FUEL /
FISSION-GAS
FROTH

,LIOUID
SODIUM

-FUEL
PARTICLES

.SOOIUM
DROPLETS

FROZEN FUEL

MOLTEN
FUEL FLOW

•FISSION GAS
ANO

SOOIUM VAPOR

LIQUID
'SOOIUM

Fig. 4. PLUTO2 Schematic for Transient
Overpower Conditions
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the channel, is not dynamically calculated. Relative motion between the gas
and the molten fuel is treated as a perturbation to homogeneous flow.

Several improvements are included in the MELT-IIIB version, including a
mechanistic calculation of the channel fuel motion, assumed to be in the form
of particles, based on the forces associated with gravity, buoyancy and drag
from the two-phase mixtures of sodium and fission gas. The interaction zone
is a two-phase interaction region in which the temperature, pressure and
density of the sodium-fission gas mixture are assumed to be uniform within the
region. The velocity distribution within this region is obtained by assuming
a linear variation between the motion of the upper and lower liquid slugs.

The latest version of MELT-IIIB in use at HEDL incorporates a more so-
phisticated internal fuel motion model, FUMO-E.22 Developed principally for
annular fuel, the concept involves the ejection of molten fuel through the
central hole away from the active fuel region, thus providing prompt negative
feedback from the fuel motion. The model is a one-dimensional, multifield,
multiphase, thermal hydrodynamics code built on mechanistic principles.
Multidimensional effects are treated by a nonuniform flow channel model that
allows for variable cross-section flow area over space and time. A purely
implicit numerical scheme was employed for regions having high wave front
velocities. This treatment, coupled with quasi-linear techniques, allowed
radically increased time step sizes and accelerated convergence.

At about the time MELT-III was being developed, the SAS3A TOP fuel motion
model, SAS/FGI, and PLUTO, the predecessor of the PLUTO2 model in SAS4A, were
being developed. SAS/FCI and the PLUTO2 models have played prominent roles in
safety analysis both domestically and internationally and since they are
representative of current models and methods used in whole core analyses, they
will be briefly described.

In the SAS/FCI model, the four phenomenological phases are tightly cou-
pled by considering the in-pin volume and ex-pin interaction zone as control
volumes which may be characterized by individual pressures and temperatures.
In particular, given the single in-pin cavity pressure, and the ex-pin inter-
action zone pressure, a time-dependent Bernoulli equation is solved, resulting
in an expression of the form:

dV . .

Va, is the asymptotic ejection velocity, which depends on the pressure ratio
between in-pin and ex-pin. The numerical approximation to this equation is
performed by linearizing the equation and solving for incremental velocities
and pressures.

Within the fuel pin, several components, including fuel and fission gas
are present, and the combination of their ejection, the continued addition of
fuel and gas by melting and the heating of the cavity material cause pressure
changes. When these concepts are combined, an expression for the pressure
change due to ejection and heat transfer may be derived and linearized.
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Within the interaction zone, a similar process is performed, although the
thermal interaction between hot (molten) fuel and liquid sodium must be
treated carefully since the vaporization of sodium is providing the interac-
tion zoae pressure. In addition to this thermally driven pressurization,
however, the liquid sodium responds inertially to the pres3urization forces
and is expelled from the subasseinbly. These two effects compete and are
coupled directly to the linearized equations mentioned above which described
cavity depressurization and material ejection.

The solution to the component energy equations is also performed, using
implicit forms for the heat transfer between components. This formulation
includes fuel-particle heat transfer from the fuel to the sodium, which pre-
scribes the essential physical process in fuel coolant: interactions. When
this energy equation solution is combined with the sodium equation of state,
the resulting equations may be solved for the change in the interaction zone
pressure.

The implementation of this process centers on the reduction of the system
of equations for in-pin motion, ejection, ex—pin motion, interface motion and
heat transfer to an equation for a single unknown, the change in the interac-
tion zone pressure, from which all other unknowns are calculated by back
substitution. Despite the appearance of potential computational advantages in
SAS/FCI, model development began to shift away from the single interaction
zone model when in-reactor and out-of-reactor experimental information became
available which appeared to contradict the instantaneous in-pin motion assump-
tion and demonstrated substantially slower ex-pin motion.

The most complex module currently available is the PLUTO2 module in
SAS4A, in which both the motion of the molten material and fission gas within
the fuel pin and the fuel, fission gas, liquid sodium coolant and sodium vapor
outside the fuel pin (within the normal coolant channel) are treated as quasi
one-dimensional, multi-component compressible flows. The general form of the
equation being solved for mass conservation is:

— (pA . ) = - - — (puA . ) + S . - S . . (14)
3t pin 3z pin melting/ Ejection

solidification

The area factor, Apin» can be increasing within the pin due to melt-front
propagation, while decreasing within the coolant channel due to resolidifica-
tion of once molten material. Momentum conservation is treated with a homoge-
neous flow model within the pin, while two-fluid dynamic slip models are used
within the channel. For example, in the channel, we have:

3D f pu2

3 , . 3 , A , . . ch w a l l e , . , ,
—- (PA u) + — (PA u z ) = - 6 —-— - pg + — - f (u-v) u-v
3t ch 3z ch 3z 2D drag '

(15)
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In solving for a component velocity, u, both wall and drag effects are in-
cluded.

Energy conservation is written for the liquid component or a two-phase
mixture of the same component. Qualitatively, the energy balance, written in
Eulerian form, accounts both for heat generation through neutronic heating as
well as heat transfer to other components.

Since the pressure field in the momentum equations is determined by both
density and temperature and the areas of flow are determined by 'che thermally
driven melting and solidification processes, the conservation equations have
significant coupling. In addition, inter-component drag within the coolant
channel plays a very important role in balancing pressure gradient forces.
Finally, ejection source terms at the point of fuel failure provide the pheno-
menological mechanism for simultaneous in-pin blowdown and ex-pin (coolant
channel) pressurization. Simultaneous solution to all governing equations has
not been attempted in PLUTO2 because of the extended spatial solution domain
used in contrast to the single zone model in SAS/FCI.

In general, the solution techniques use explicit time differencing of the
governing equations and decouple the basic conservation equations. Convective
effects are represented with up-wind differencing techniques, ostensibly
because of initially strong density gradients as material is ejected into the
coolant channel. Since fuel motion reactivity effects are ultimately needed,
the implied numerical smearing by this technique may suggest the use of higher
order methods, particularly for mass conservation. Using equation-of-state
information and the mass conservation equations, explicit solutions for tem-
peratures are determined, from which area changes are evaluated. Explicit
mass conservation equations may then be solved, from which pressures may be
evaluated. The two remaining phenomenological questions are the calculation
of ejection and the calculation of local component velocities. At this point,
the only semi-implicit techniques used in this approach are employed. Ejec-
tion of mass at a given axial node is assumed to be decoupled from other nodes
and mass and energy (through component heat transfer) are exchanged to balance
pressures in-pin and ex-pin at the ejection sight. The axial flow field
velocities are then determined through a simultaneous solution for the two-
fluid velocities (u and v in Eq. 15), by linearizing the drag terms and solv-
ing these equations locally.

The motion of the liquid sodium slug interfaces is generally treated as
in SAS/FCI with an incompressible model, except that an acoustic approach is
used in the lower and liquid slug until the initial pressure waves reach the
subassembly inlet and outlet, respectively.

The PLUTO2 numerical techniques, which basically use explicit time-
differencing methods, are easily adaptable to modifications in underlying
physical models. However, numerical stability is a controlling factor. In
regions where two phase flow dominates, the thermal solution techniques con-
trol the time step and because of slowly varying temperature fields in the
two-phase transition, the source terms are also slowly varying and do not
inhibit numerical procedures. Since pressure, and, subsequently, velocity
fields are largely determined by temperature, numerical stability is not
controlled by mass and momentum effects. However, in cases in which vapor
volume fractions become low, density effects on pressure become large and the
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use of these explicit techniques implies very small time steps, through the
Courant condition for single phase flow.

B. Loss-of-Flow (LOF) Analysis

The hypothetical accident that has commanded the greatest interest
in recent safety reviews is the unprotected loss-of-flow (LOF). Large reac-
tors have positive sodium void coefficients, and sodium boiling leads to
reactivity addition and power increases in an autocatalytic fashion. Although
it is not likely that significant prompt critical excursions can be expected
due to sodium voiding alone, the reactor may approach these conditions, and
the assessment of fuel disruption and fuel motion at above nominal power
conditions becomes a critical issue. The two fuel motion models which have
received considerable attention in the US LMFBR safety community are the
SLUMPY23 module in the SAS3D code and the LEVITATE24 module in the SAS4A
code.

Although SLUMPY was originally developed over 10 years ago, the model, as
implemented in the SAS3D multi-channel whole core code, has continued to play
a prominent role in both US and international safety analyses. The geometry
of the fuel motion model consists of separating a fuel channel into three
regions, a falling upper fuel segment, a middle slumped or compressible
region, and a lower stationary segment. Within the compressible region, it is
assumed that three components exist: fuel, steel, and fission gas. The fuel
and steel respond dynamically as a homogeneous mixture, while slip between
fuel/steel and fission gas assumes that the mixture exists either as solid
particles or liquid droplets of one characteristic dimension.

One of the interesting aspects of hydrodynamic analyses of this type is
that the energy generation thru fission and subsequent fuel vaporization
provides an internal driving pressure for the momentum equations. Thus, in
addition to solving the mass and momentum equations for this two-component
system, the rate of energy generation and its transfer between steel, restruc-
tured fuel, and unrestructured fuel must be explicitly accounted for, with a
feedback to the pressure field in the momentum equation through the equation
of state.

Several assumptions concerning viscous and friction effects, drag forces
in a suspension, and heat transfer to the structure are employed to provide a
sufficient number of equations and unknowns for numerical solution, A note-
worthy simplification in the fission gas momentum equation was made by noting
that the time scale for fission gas acceleration is generally far shorter than
the fuel acceleration, due to their relative inertia. Therefore the fission
gas momentum equation is treated in a quasi-steady-state fashion.

In the early application of the SLUMPY module to high power excursions,
it was noted that the computed fuel relocation was faster than that observed
experimentally and the final configurations demonstrated molten material
solidification not modeled in SLUMPY. Consequently, a modeling effort known
as LEVITATE was initiated and ultimately included in the SAS4A whole core
analysis tool. The LEVITATE configuration is depicted in Fig. 5, where the
increase in modeling complexity over SLUMPY is easily seen. The initial model
was based on the PLUTO2 concepts discussed earlier.
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LEVITATE models the fuel subassembly in a one-dimensional geometry,
assuming that all pins in the subassembly behave coherently. Three basic
thermal-hydraulic models are used fjr each subassembly: (1) the hydrodynamic
model describing the cavities inside the fuel pins, which initially contain
liquid fuel and fission gas; (2) the hydrodynamic model describing the coolant
channel, bounded by the outside cladding surface and the hexcan wall; (3) the
heat-transfer and me It ing/freezing model, describing the solid fuel-pin stubs,
which separate the outer channel from the inner cavity.

The in-pin motion model is not significantly different from the PLUTO2
model, but the dynamic calculation of material motion toward the site of
complete disruption makes this model markedly different from SLUMPY. Although
SLUMPY fuel motion tends to be monotonically dispersive, LEVITATE modeling can
lead to compensating in-pin compactive motion and ex-pin dispersive motion.
At or near prompt critical conditions, the imbalance between the two can be
significant. The in-pin fuel motion is treated as one-dimensional, compres-
sible flow with a variable flow cross section. The fuel and fission gas are
assumed to form a homogeneous mixture in thermal equilibrium.

The pressure in the disrupted zone serves as a boundary condition. A
full donor cell formulation was used to improve the stability of the solu-
tion. Within the coolant channel, the mass, energy and momentum partial
differential conservation equations are solved using an Eulerian finite dif-
ference semi-explicit formulation, as explained below. The mesh grid used for
the finite difference formulation is presented in Fig. 6. As indicated in
this figure, the densities and enthalpies are defined at the center of each
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cell, while the velocities are defined at the boundaries. Because of the
highly irregular geometry treated by LEVITATE, special attention was necessary
for the treatment of abrupt area changes-25 Fuel velocities are defined at
each cell boundary, with u£ being the velocity just before boundary i, and u"
the velocity just after that boundary. The velocities u.* • and uj* . are
correlated by the mass continuity equation across boundary i-1/2: '

uk,ipk,i-iVi-i= "k.i V i • pk,i (16)

Within the channel, explicit solutions for the fuel and steel mass and
energy equations are performed, where convective terms are treated explicitly
with upwind differencing. Although heat transfer between several components
is accounted for, it is handled explicitly for these liquid components. In
contrast, for the gas components, sodium vapor and fission gas, the thormal
transfer is treated implicitly. The explicit treatment of convective effects,
though, permits the decoupling of node temperature calculations. With temper-
ature and densities thus determined, the equations of state provide the local
pressures. Three momentum equations are written for the gas mixture (two-
phase or superheated sodium fission gas, and fuel vapor and steel vapor), the
liquid fuel and/or liquid steel, and the solid fuel and/or steel chunks.
Similar in form to Eq. 15, these equations contain momentum sources and sinks
for the mixture and depend on the velocities for the other two fields. A
significant improvement over SLUMPY is the flow dependent functional forms for
these terms, which include a dynamic accounting of flow regimes. After line-
arization of the interaction terms, a node-wise matrix equation for the compo-
nents is written for velocity increments, Au, from which the individual veloc-
ity fields are then determined.

Although the modeling concepts are somewhat similar between PLUT02 and
LEVITATE, the solution strategy differs somewhat because of phenoraenological
differences. In the LOF accident, fuel failure is generally thought to occur
after substantial sodium boiling. The channel environment into which molten
fuel/fission gas is ejected is highly compressible (perhaps only sodium vapor)
and less likely to produce significant fuel-coolant thermal interactions
simply because of the reduced liquid sodium inventory at the failure site. As
a result, calculating ejection rates on the basis of pressure equilibration as
in the TOP is likely to overestimate the amount of mass leaving the fuel
pin. The LEVITATE formalism recognizes this and performs an inertially lim-
ited ejection velocity calculation based upon local pressure gradients. The
solution sequence may then be summarized as, first, performing explicit solu-
tions to the mass and energy equations, with any ejection terms evaluated with
current time step axial or radial velocities; second, evaluating all pres-
sures, both in-pin and ex-pin, from appropriate equations of state; and,
third, performing semi-implicit momentum equation solutions.

CONCLUSIONS

It is clear from the brief code descriptions given above that sodium
boiling models differ not only in their basic assumptions (porous medium
versus subchannel, for instance) but aiso in the implementation of the
methods. This is brought out by the variations on the basic Newton iteration
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scheme used by the multi-dimensional codes. It would be most informative to
compare analyses by each of the codes of one or more benchmark problems. In
this way, the different methods and implementations could be examined for both
efficiency (running time comparisons) and accuracy; in particular, the trade-
off of accuracy versus efficiency between the one-dimensional and multi-
dimensional codes would be of interest. Unfortunately, no such comparisons
are presently available.

The evolution of mathematical models and computational techniques for
fuel motion modeling has been tightly coupled to experimental information,
principally that generated in fuel disruption experiments in the TREAT
reactor. The mathematical models are generally variations on two-fluid models
used frequently in water reactor safety analyses. In these LMFBR applica-
tions, special attention is given to the source terms in the governing conser-
vation equations since transfer process, particularly energy .ransfer, is of
critical importance. In contrast to traditional compressible flow analyses,
considerable phenomenological and computational attention is directed toward
solution of the component energy equations and their implication on vapor
generation and local pressurization. At this stage in the model and methods
development, considerably more attention has been given to formulation of
physically reasonable and experimentally consistent models for these exchange
functions. The problems are further complicated by the need to treat multi-
component, multi-phase systems, rather than single component systems. As
important as these phenomenological considerations are, the need for assurance
of accuracy, to assess properly reactivity effects, and stability, to allow
extended cine scale analyses for higher probability, though less energetic,
accidents is apparent. Evaluation procedures for both of these aspects for
the complicated thermal-hydraulic systems encountered in this phase of LMFBR
safety analysis are clearly desirable but only minimally available.
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