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THE VENUS-III TWO-DIMENSIONAL MULTI-COMPONENT
THERMAL HYDRAULIC TECHNIQUES

INTRODUCTION

In Che deterministic analysis of hypothetical core disruptive accidents
in liquid metal cooled fast reactors, large scale computer codes have been
developed to solve the governing equations which describe the thermal-
hydraulic, mechanical and neutronic behavior of these multi-component systems
under accident conditions. Codes such as SAS* focus attention on the early
stages of the accident where hypothetical initiators lead to off-normal
behavior of the reactor. Under some circumstances, material motion introduces
substantial reactivity into the system and the energy deposition rate and the
subsequent presaurization takes place rapidly. When the pressures and reac-
tivity ramp rates are high enough, analysis has relied on treating the system
as a fluid.2 This hydrodynamic-neutronic type of analysis has persisted with
refinements taking place in the details of the hydrodynaraic motion of multi-
component systems, the higher order neutronic effects that material motion
and heating have, and the role of equilibrium and non-equilibrium thermody-
namics in the scenario.

The material configuration considered in fast reactor safety applica-
tions is defined by the initial core loading, which, for neutron economy
reasor.s, has a distinctive power and temperature profile for fuel material.
When the initiating phase terminates at high power and high rate of power
increase, the internally generated core material pressures follow the core
neutron flux distribution, thus reflecting significant radial and axial
pressure distributions, with probable discontinuities at core enrichment
boundaries. For this reason, assuming the validity of hydrodynamic analysis
of such a system, a multi-dimensional approach is required, with axisymmetry
usually being assumed.

In high ramp rate situations, disassembly analysis has traditionally
made the following assumptions: (1) the core materials behave as a homoge-
neous mixture, without slip between components; (2) the excursion occurs in
a time scale on the order of milliseconds, minimizing heat transfer effects
between fuel and non-fuel materials; (3) the driving pressures generally
result from fuel vapor pressure; (A) a space-independent, point kinetics
formulation describes the neuf.ronics; and (5) equilibrium thermodynamics
is valid. These assumptions are used in codes such as VENUS^ and VENUS-II,4
which solve the resulting equations using a Lagrangian hydrodynamics formula-
tion. The solution algorithm follows the fundamental procedure of calculating
energy deposition from a spatially constant but temporally varying neutronics
calculation, determining pressures and temperatures from an equation of state,
moving material in accordance with this pressure distribution, and calculating
neutronic feedback effects from both the material hsating and motion.



In recent analyses of the initiating phase,5 it has been concluded that
the energy deposition rate may not be nearly so high as originally thought
and the development of material motion and interaction may take place on a
time scale considerably larger than the classic disassembly time scale of
milliseconds. This introduces a considerably different twist to the problem
and it becomes apparent that processes heretofore ignored, such as differen-
tial motion and heat exchange, may become important. In addition, time scales
uay become long enough that substantial core material motion may take place
and since rearrangement in more critical configurations cannot be absolutely
precluded, capability for extended motion analysis, not easily performed with
Lagrangian techniques in multi-dimensions, become desirable. Such considera-
tions provided the motivation at Argonne National Laboratory for developing a
hydrodynamic algorithm to resolve these questions, and an Eulerian rather than
Lagrangiian frame of reference was chosen, primarily to handle extended motion
and interpenetration.

Initially, the main assumptions indicated above were retained, but an
implicit EuXerian solution, based upon a modification to the ICE technique^
was employed. Since homogeneous flow was assumed, the coupling between the
mass and momentum equations could be performed through the momentum terms, pu.
The density used, however, is the mixture density, made up of component
volume fractions and thermodynamic densities and the coupled equations have
a non-linearity imbedded, not present in the original ICE technique. An
additional variation on the technique was developed because energy deposi-
tion through neutronic hear.ing is generally the dominant physical source
term for most of the calculation and when equilibrium thermodynamics (in
the two-phase state) is employed, the pressure is determined solely by tem-
perature, and a strong coupling between the momentum and energy equations
is generated. To account for this, the technique was extended to include
density dependence on both pressure and specific internal energy.

The non-fuel quasi-incompressibility assumption was adequate for studies
when sodium was not present in the system, but with it present, room for ex-
pansion of the two-phase material was minimized and, often times, large
single phase liquid pressures were generated and the non-fuel response to
these compressional forces became an important consideration, making the
difference between as numerically stable or unstable algorithm, as noted in
VENUS-II.4 In the Lagrangian analysis, component volume fractions were
adjusted locally to equilibrate pressures, though no dynamic cell-to-cell
interaction was accounted for. In the VENUS-III approach, this concept of
local pressure equilibration between components was again used, thus relating
the thermodynamic densities to this pressure and the temperature or specific
internal energy of the particular component. Thus, each thermodynamic density
in the mixture density has a pressure dependence that is implicitly accounted
for. The volume fraction non-linearity is still present and is accounted for
by an implicit solution to mass conservation equations, assuming known thermo-
dynamic density and velocities fields. This influence comes in a modification
to coefficients in the pressure ''Poisson" equation, and thus provides a non-
linear aspect to the solution algorithm, where both thermodynamic effects such
as phase transition and mass fraction effects are accounted for non-linearly.

The component density dependence on temperature was included not only
for thermodynamic reasons, but also to eliminate an important restriction of



the early VENUS approach, the preclusion of heat transfer between components.
It was found that a pointwise solution to the component energy equations and
a subsequent implicit coupling to the mass-momentum combination, did not
significantly alter the "Poisson" equation algorithm, while providing this
important physical coupling. An implicit solution to these coupled energy
equations was necessary, hot/ever, due both to the strong neutronic heating
source and the inter-component heat transfer, which made the equations
"stiff".7

The last capability required for doing truly extended motion and time
scales analysis is the ability to track relative motion between components.
In the disrupted state of the core during hypothetical accidents, a precise
description of the material configuration including determinations of material
surface areas for momentum and thermal interaction is difficult, if not impos-
sible. However, the qualitative inferences that can be made for particular
models of such interaction are important, particularly in such a system where
significant neutroiucally driven feedback is a possible response to differen-
tial motion, such as in sodium voiding in large reactors. These considera-
tions motivated the development of a two-fluid model, where the primary
pressure source was again taken as the fuel vapor and single phase equilibrium
pressures. The algorithm, however, needed significant modification from the
homogeneous flow case, as the presence of different component velocity fields
and momentum interaction based on these velocity differences prevented the
use of the simplified ICE type coupling. An implicit Eulerian algorithm was
again employed, but a system of non-linear coupled equations resulted, quite
different from the single, quasi-linear pressure "Poisson" equation. The
solution procedure focused on this set, recognizing the non-linear coupling
between variables at any mesh cell location as well as the cell to cell
coupling. A two-level procedure was developed where a Gauas-Seidel type
marching algorithm accounted for cell-to-cell coupling while a Mewton-Raphson
solution to non-linear algebraic equations within a cell was performed.
Thus, the complete solution to the mass and momentum equations was performed
simultaneously. Experience with the algorithm resulted in a choice to retain
the pointwise component energy equations in the relative motion algorithm in
a loop outside the mass momentum set, providing advanced time component
temperatures and specific internal energies.

This summarizes the two different algorithms developed at ANL for multi-
component, mult.i-dimensional thermal-hydraulic-neutronic analysis. The physi-
cal problem of interest, with the sensitivity between the energy and mass
motion equations through neutronic feedback effects, has dictated inclusion
of certain parts of the algorithms, but the approach is general enough to
handle non-energy driven systems. In the next section of this paper, we give
a summary of the equations and their finite difference representations for
the homogeneous flow algorithm. Special attention is drawn to the implicit
inclusion of energy effects in the mass-momentum system and the non-linear
iteration capability Co handle rapidly changing material distributions. Two
examples are given where the first illustrates the local pressure equilibra-
tion concept in a two component gas system. The second example illustrates
both the mass source and heat transfer aspects of the algorithm in the study
or hot liquid particle injection into a flowing gas system. In the third
section, the significant aspects of the relative motion algorithm are given.
The finite difference forms used in the combined Gauss-Seidel/Newton-Raphson



iteration are indicated and the procedure for solution is summarized. A
disassembly example is given in which the effect of coolant motion relative
to fuel and structure is described. Comments related to the numerical
stability and accuracy of the algorithms are also given.

VENUS-1II MULTI-COMPONENT HOMOGENEOUS FLOW ALGORITHM

The VEMUS-III homogeneous flow algorithm is an extension of the Eulerian
hydrodynamics method of Harlow and Amsden" which treats multi-component systems
with mass sources and thermal interaction, using a non-linear variation of the
pressure "Poisson" equation algorithm. In this section, we consider the basic
governing equations and their finite difference representation.^*^ At a
computational meah cell, an amount of mass of each component is proportional
to the material "smear" density, pc. The smear density is defined as the
product of the thermodynamic density, which is a function of the pressure and
the component internal energy, or temperature, PCTH»

 and t n e volume frac-
tion, 9C,

Pc
 5 "c 6c ( 1 )
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A mass conservation law for each component can be written in 2 dimensions
for such a control volume fixed in the Eulerian space, which, in the limit,
becomes the following differential equation:

It h + 71? (*cur) + -n (PV) = Mc
 (2)

The components of the velocity vector in the r(or x) and z(or y) direction
are given by u an v and Mc is defined as a local mass source for component
c, which may account for phase transition or chemical reaction, with general
dependence on pressure or component temperatures. In one-dimensional applica-
tions for studying effects of fission gas injection into flowing single or
two phase sodium, equation (2) was integrated across the flow direction and
mass sources from transverse injection were also included, again with depen-
dence on local pressure. These equations are written in finite difference
form, with convective terms evaluated at the advanced time (superscript n+1),
while the mass source terms are treated quasi-implicitly by performing a
functional Taylor series expansion in the pressure dependence in Mc,

where p is the pressure, and Tjj represents the various component tempera-
tures, which are implicitly evaluate-•> as indicated below. A total smear
density, which gives the total mass of all components in the cell, may be
defined as:

k
All Components



Since all components travel at the same velocity in this homogeneous flow
model, a momentum balance may be written, in terms of this density, as in
standard single component analyses, when the viscosity component is written
in terms of a friction factor. The finite difference forms of the momentum
equations are:

u-Cotnponent Momentum Equation:

,j r.+1/2fir |Ui+l/2,j ,j " 'i+l,jri*lui+3/2,jJJ

(6)

v-Component Momentum Equation:

s~ vn+1
(pv)i,JH-l/2

(8)

where B is the momentum implicit coupling factor, equal to 1 for fully implic-
it systems, and p is the advanced time pressure. In these equations, the pres-
sure gradient is treated implicitly and the drag term, taken as proportional
to the velocity field through the indicated friction factor, is treated quasi-
implicit ly. Treating this term quasi-linearly allows us to retain the mass-
momentum equation coupling of the ICE technique, while implicitly including
a dynamic balance between pressure and frictional forces. Severe pressure
transients generated in fuel failure analyses^ have demonstrated the need
for such an approach to retain numerical stability.

The momentum equations determine the convsctive flux terms to be used
in equation (2), providing a single difference equation with pressures and
smear densities as the only advanced time unknowns. It is at this point
where equation of state information is used to close the system.



Problems of interest in reactor safety rarely fall into the category of
isothermal or isentropic, particularly due to the neutronic heating sources,
and significant variations in density due to temperature aa well as pressure
can occur. In the boiling transition problem, Che density-pressure variation
may actually be of secondary importance to the density-energy relation,**
and an implicit coupling between the mass and energy equations is a primary
consideration. To account for this possibility the Taylor aeries expansion
of the density6 is extended to include both pressure and internal energy
variations. An additions' complexity arises in the multi-component analysis,
though, since we have related smear densities to pressure gradients in the
coupled mass-momentum equation, and the advanced time volume fractions are
not yet known. Previous work has relied on an explicit estimate of the
advanced time volume fractions, which can lead to numerical instabilities
when regions of quasi-incompressibility are reached. Implicit accounting for
both of these factors is an important part of this VENICE technique. Such a
procedure, however, implies a non-linear aspect not present in the original
technique. The resolution of this fundamental non-linearity through iterated
linear equation solutions is an essential ingredient in extending the original
algorithm to handle more complicated multi-component systems.

To illustrate the procedure, consider a two component system where the
Taylor series expansion of the component equation of state forms gives for
the advanced time total smear density,

where ec is the component internal energy. Two important aspects of the
non-linear iteration are illustrated in equation (9). First, the component
volume fractions that appear are at the advanced time and problems where
penetration of a material into a region where it was not previously present
require a consistent, generally implicit, evaluation of this term. This
provides an implicit account of the compressibility of previously referenced
quasi-incompressible materials, without disrupting the solution algorithm or
severely modifying computing time steps. Second, the thennodynaraic deriva-
tives are evaluated at some intermediate time level. For single phase prob-
lems, they may be relatively constant, but during calculation of phase
transition, they may be rapidly varying for equilibrium equation of state
modeling. Iteration on these factors is an option for the user.



In this density expansion, Che advanced time energies are also required
and they are determined using the following component energy equation:

3e
- 8 p V u

c
Sp
c c

(T - T, 1
V V

(10)

where u is the v. locity vector, V is the gradient operator, Sc is an energy
)source term per unit mass and time, and ITO^-T^) represents a thermal

interaction term between component c and all other components k. The component
equations of state are again employed to eliminate energy time derivatives in
favor of temperature and density derivatives,

•r1 - •" • ft) (ID

The density dependence in this equation suggests a more implicit coupling
between the mass, momentum, and energy equations than is actually used, or
believed necessary. For polytropic gases the energy-density derivative is
zero, providing the motivation for treating the density contribution as an
explicit source. The convective terms, the compressional work term and the
volumetric source term are treated explicitly and, performing a functional
Taylor series expansion on the thermal interaction term, we produce a point-
wise component temperature equation in the form:

r - K • (12)

where Q symbolically represents the explicitly evaluated terms and H^ is the
aforementioned functional derivative. These implicit equations are solved by
a simple Gauss-Jordan elimination procedure and component internal energies
are evaluated from equation (11) for subsequent utilization in equation (9).

The governing equation for the pressure field may now be determined by
combining equations (2) through (9) with the result being:

A. Pi ; = b^J T~
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where the advanced time energy contributions are considered known from the
implici*- pointwise solution of equation (12). Because of the advanced time
volume fractions and intermediate time thermodynamic derivatives, this equa-
tion is not quite ready for solution. Derivatives are evaluated as linear
averages between old and new tiise step function values, with initial evalua-
tion based on ntn step information. The volume fractions are evaluated by
treating the mass conservation equations, written implicitly for consistency
with the mass-momentum coupling between momentum flux terms, as linear, con-
vective partial differential equations with known spatially varying coef-
ficients, defined by the previous (n+l)8t step iterate to the solution for
the velocity and thermodynamic density. This two-dimensional linear equation
is solved iteratively, with donor call differencing of the convective terms.

In summary, the four steps used for the solution to the multi-component,
homogeneous, two-dimensional, thermally interacting flow are: (1) Implicit
solutions to the linearized component energy equations are performed to pro-
vide advanced time component temperatures and specific internal energies.
(2) "Linear" convection equations for component volume fractions with
iterated velocity and density fields are solved implicitly. (3) Pressure
"Poisson" equation with volume fraction weighted thermodynamic derivatives
and calculated advanced time component temperature effects is solved implic-
itly, then providing updated velocity fielJa through the momentum equation
and thermodynamic densities through the equation of state. (4) Time step
averaged thermodynamic derivatives are combined with iterated volume fraction
calculation from step 2 to determine modified coefficients in pressure equa-
tion, which is resolved as in step 3 if non-linear effects are outside of
user specified tolerance.

To illustrate some of the capabilities of this algorithm, we consider
two problems where the two-dimensional code was run in its one-dimensional
mode. In the first example, we consider flow in a channel where a specified
pressure drop is given and the inlet boundary concitiona were chosen such
that the second components volume fraction was 0.25. As stated above, the
local cell pressure is taken as the equilibrium pressure between the com-
ponents which would result if a fictitious membrane separated them. Such a
procedure appears different from evaluating pressure as the sum of component
partial pressures, but it is more easily extended to gas-liquid systems,
while giving identical results. We have indicated the pressure profile
development in Figure 1 for compressible flow with friction. Comparison
with the steady state is seen to be quite good. The steady state results
were analytically determined using a single equivalent gas model with mass
weighted specific heats, which is based on pressure as the sum of the
partial pressures.

In the second example, we again consider channel flow of a gas, where
velocities have equilibrated to steady state. At the channel centerline,
a second component, with an equation of state similar to a liquid, is then
injected at a higher temperature. Th •» mass source is driven by the differ-
ence between the local pressure and a fixed cavity pressure. A significant
flow deduction takes place in the system, but, for the parameters chosen,
flow reversal does not occur. The donor cell differencing of the volume
fraction equations prevents the injected component from diffusing upstream.
Flow reversal could occur, and be calculated, however, since pressure, rather
than velocity, boundary conditions are employed.



MULTI-FIELD RELATIVE MOTION TECHNIQUE

As was indicated in the introduction, concern for material redistribu-
tion resulting in secondary recriticalitj.es and the realization of longer
tine scales in lower ramp rate scenarios in the initiating phase required
consideration of material interactive phenomena such as slip motion between
the components as well as inter-component heat transfer. This latter effect
has been treated in the manner illustrated in the homogeneous flow analysis,
but relative motion required development of an alternative hydrodynamics
algorithm which incorporates two-fluid model dynamics. A two fluid model was
selected rather than a drift flux model since the problems under consideration
were fundamentally transient and it was not obvious that sufficient time
existed during the transient to warrant the use of drift flux correlations,
which are generally based on steady state analysis and experiment. The
difficulty with the two fluid approach, however, is the proper evaluation
of interfacial transport terms. In the work described below, specific track-
ing of such interfaces is not performed and the true dynamics of such inter-
actions are lumped into user supplied proportionality factors, thus providing
an accuracy for the calculation which is clearly dependent on the accuracy of
these supplied parameters.

In the development below, we consider mass and momentum conservation
relationo for the various components, which are solved by the indicated non-
linear algorithm. At this stage in the development of this approach, the
local pressure equilibrium concept has not yet been employed and the VENUS-II
assumption of pressures essentially defined by a single component, (the fuel,
in most of our applications), was retained. The ability to differentially
accelerate material has, to a great degree, removed the problem of significant
single phase pressure generation by the over-compression of one component by
another. This approach, of course, still has the capability of handling such
problems as particle flow in a gas or two-phase mixture, but the compressibil-
ity of the particle field is assumed to be a secondary, though computed, effect.

The algorithm is basically a simultaneous solution of the non-linear
coupled difference equations for component mass and momentum conservation. It
has been found that such an algorithm is computationally more expensive than
the homogeneous flow algorithm described above, with the level of complexity
increasing with the number of additional partial differential equations
employed. For this reason, the component energy equations were partially
decoupled and the quasi-implicit temperature algorithm used in the homoge-
neous flow analysis was employed as the initial step in the algorithm.

In many problems of interest in the context of reactor safety, seveial
different materials may be present and each component is required to satisfy
a mess conservation equation of the form given in equation (2), and an energy
equation of the form given in equation (10). In these relations, component
velocities are required, which are determined by their respective momentum
equations. Although it is not unreasonable theoretically to consider includ-
ing separate velocity fields for each component, the level of approximation
required to describe momentum interaction effects suggests complications
beyond obvious benefit. We have thus restricted ourselves to a two component
momentum field description. The number of materials considered, however, is
variable and an assignment of each component to one of the two velocity
fields is made initially and not changed during the calculation.



The conservation equations given below are similar to those used in the
homogeneous flow analysis, with the addition of field momentum equations. The
use of individual mass conservation equations for several generic fuel types,
even if moving under the same velocity field, is required to properly account
for reactivity effects induced by the transport of fuel between enrichment
zones. We identify the two momentum fields by the subscripts m and c, where
the component, such as the fuel in reactor accident calculations or the gas
in the gas-particle system, is identified with field m. Individual mass
conservation equations may be summed over all components belonging to the
same momentum field to give,

|_ 5 + 1 1 _ k u r) + |_ h v) - o (18)
3t Mra r 3r I'm m / 3z I'm I

where p is the mixture smear density, given by

H
where p_H is the thermodynamic density of the component. A particular mem-
ber of enis set, p , is identified as the aforementioned pressure driver.
In the implicit finite difference form of this equation, the mixture density
will be one of the unknowns, but all contributions other than that due to
p_ will be taken as known by virtue of temporally explicit solutions to
tneir respective mass conservation equations.

The momentum equations for the mixture, the primary field, are given by

3 M 1 3 /. 2\ J / \
-— | p u ) + — —- |p u r + T-- f p u v I
3t rm my r 3r I m m J 3z I m m ml
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The momentum equations for the secondary field are similar, with subscript
changes of (m) to (c), except in the last term of pc. R is a characteristic
radius of the secondary field droplet and pm = pp + pS8» and p s s is the sum
of the smear densities of all other components in this field. In addition,
an equation of state relating pressure to component F density and internal
energy must be specified. The K R/ combination is a user supplied constant,
and this term reflects the dynamics of the momentum interaction between
the fields.. As indicated above, the multi-component energy equations are
first solved using the homogeneous flow technique, which implicitly takes
into account thermal interaction on a pointwiee basis, providing advanced



time, (n+l)8t cycle, values for the individual component specific internal
energies and temperatures. The remainder of the solution technique for
the mass'nnomentuin system proceeds by solving the mass conservation equation
for secondary field and non-F material explicitly. Using previous cycle
pressures and advanced cycle energies, we determine thermodynamic densities,
thus implying the updated volume fractions for all components. In the momen-
tum equations, the convection terms are treated explicitly, ths pressure is
treated implicitly and the drag term is treated quasi-implicitly, as in equa-
tion (5).

The introduction of the relative velocities has complicated the solu-
tion technique slightly. In the single component analysis, the non-linear
term represented by the mass flux, pu, was eliminated between the mass
conservation equation and the momentum conservation equation. We were still
left with a non-linear system, relating density to pressure, which was closed
through the equation of state. This closure was performed by linearizing the
equation of state relationship over the time step. This procedure is not
possible in the present context and a non-linear iteration scheme ie used.
In the equations given above, most of the right hand aide of the governing
equations is evaluated at the advanced time, and this implicit scheme should
have reaoonable stability properties. In analogy with implicit heat transfer
schemes, however, we presume this will imply a low order truncation error.
This is modified by the inclusion of a semi-implicit weighting scheme as done
in ICE and the homogeneous flow algorithm. Thus, we consider the following
set of difference equations:

Mixture Mass Conservation



Mixture Momentum Equations

(p u V + 1 - k « V f ( »+l n+l)
1 i n i n / • > « A * i I D i n • • * * « « • •• I i P i « • ™ p « • i

V A+1/2.J \ ZiilZJLi = - e^+1 JB AiilLJ—liuZ

(n n
_ . . 1 + 1 » J 1 >ll

Vi ^' 6r

2i •• • I
+ K R u - u
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where Ri+1/2 j is a zip differenced^ form of the convective momentum flux
term, evaluated explicitly. Similar forms may be written for the v component
momentum field.

It has been obaerved in calculations of the relative motion of secondary
to primary fields that negative secondary densities were generated when such
conservative forms were used for the secondary field. This point: was examined
separately and it was concluded that the true convective nature of the solution,
whereby densities and momenta went to zero simultaneously, required incorpora-
tion of the mass conservation equation with the momentum equation, allowing
cancellation of the secondary velocity field dependence on smear density.

The finite difference representation for the non-conservative form of
the secondary field u momentum equation becomes:

( n+l n+l J
Pi+1.3 ~ Pi,.i/

+ K R2|u - u | " /un+1 - u n + 1 \
ra C ' \mi+l/2,j Ci+l/2,j/

K" , (24)
i/

where Rc-+i/o • ̂ s t h e explicitly evaluated form for the momentum flux
divided by density. Similar forms can again be written for the v-component.



Combined with these five implicit equations, we have equations of
state for the F component which express pressure and specific internal
energy as functions of density and temperature, for consistency with pre-
vious disassembly analysis- These somewhat more general forms fit those
presently being used in the Roberts** and ANlA equations of state as well
as the polytropic gas equations which was used for computational testing.
User supplied subroutines expressing these functional relationships are
required and may be changed at the user's discretion to simulate alternate
systems. Specific reference to a UO2 equation of state is not made in
tb_- main body of the algorithm.

To solve these coupled equations, we note that within a computational
cell, the local variables such as pressure, density and velocity are coupled
through a non-linear set of algebraic equations. In addition, the local cell
variables are coupled to neighboring cell variables and this breakdown serves
to define the two-level solution algorithm employed. Basically, we intend to
svreep across the mesh in a Gauss-Seidel fashion, using updated variables as
they are generated in the solution. These local variables, however, are
coupled as stated above. Thus, within each cell, assuming a knowledge of
surrounding cell variables through their present Gauss-Seidel iterate, we
solve the loca1 non-linear algebraic set using a multi-varlate Newton-Raphson
technique.1-* In the governing set of equations, that is, we focus on compu-
tational cell i,j, and time step n+1 and treat all ntn step time variables
as fixed sources or constants as well as all (n+l)8t variables at adjacent
nodes. The solution algorithm then marches through the nodes, stopping at
each node to calculate the algebraic equation solution, and then marching
to the next cell, while updating (n+l)8t cycle iterates at the neighboring
cells. Since the Newton-Raphson solution is also iterative, two levels of
iteration and convergence criteria are employed. For example, we consider
the mixture mass equation in such a form:

• i- (PVV + 1

( 2 5 )

where Pmjj. (pu)mi+l/2,j* Uci+l/2,j' Vci,j+l/2 a n d Pi»J a r e t h e u n k n o w n s

coupled through this algebraic set. Such a rearrangement of terms is also
made for the mixture component momentum equations, the secondary field momen-
tum equations, and the state relations for the F-component.



We now look for the solution to this algebraic system for variables
defined at cell i,j using a anilti-variate Newton-Raphson iteration technique.
Each of these relations may be written in the form f^(v)sO, where v is the
vector variable whose components are the desired densities, pressures, and
velocities. If a Taylor series expansion is employed about the solution, the
equation set will read:

1x7 + A X2 3 ^ " • * + A X8 3 ^ " " fl

3 f8 3f8

f + + A ' ~ h ' (26)AX1 Txf + + AX8 1T8 ' ~ h

where the f̂  are the conservation relations and equations of staLe mentioned
above. This set of equations may be solved for the increment in the cell
variables, 6x£, being determined at this point in the iterate. This linear
equation set can be solved exactly and non-iteratively. Thus, at cell i ;,
we are in the ktn iterate of the Gauss-Seidel procedure and we employ the
Newton-Raphson iteration m times to converge to the ktn Gauss-Seidel iterate
for cell i j> In the functions, f£, above, their dependence on other
advanced time, neighboring cell variables will not change, but their dependence
on within cell variables will change. If the f's are originally linear, the
Newton-Raphson iteration will converge in one iterate indpendent of the
initial guess.

The solution procedure may be summarized in terms of the following
steps. First, the boundary conditions are set to reflect conditions such as
prescribed velocity or pressure fields or inflow conditions on temperatures
or volume fractions. Next, the pointwise component temperature equations
are solved implicitly, and updated specific internal energies are determined
for use in the component equations of state. Third, an explicit solution to
the component mass equations for all elements in the secondary field and the
non-F components in the primary field is performed to provide updated component
volume fractions, where temperature effects in the thermodynamic densities use
advanced time temperatures. At this point, the source terms for the governing
mass-momentum set, consisting of ntn time step information and terms involv-
ing advanced volume fractions and temperatures are specified and held constant
during the subsequent iterations. The Gauss-Seidel cell-to-cell iteration now
proceeds, with neighboring cell advanced time variables considered as local
sources for the non-linear algebraic equation solution for local cell vari-
ables, performed using an iterative Newton-Raphson procedure. The locally
converged solution to this set is then used to update that cell's Gauss-Seidel
iterate and passage is made through the cells, until convergence on this outer
cell-to-cell sweep.

As an example of these calculations, we consider a typical disassembly
analysis in a sodium cooled fast reactor. The primary field components in
this case are the fuel and structure, while the secondary field is chosen as
the sodium coolant. At the end of the initiating phase analysis, a pressure



distribution based on the fuel vapor pressure is illustrated in figure 3,
where only the active core regions are given. Significant radial pressure
gradients exist at both the radial centerline, as well as the inner/outer core
boundary, which occurs at a radius of 38 cm. Axial pressure gradients, again
reflecting the fuel temperature and neutron flux distributions, also provide
a substantial driving force. In figure 4, the radial smear density profiles
for the coolant are given for several axial locations, where z"0 is the core
midplane and z»40 is at the top of the active core region. It can be seen
that when the momentum interaction, as given through the drag coefficient K,
is large, the coolant motion is quite restricted, while substantial motion
occurs when K is small and the coolant is accelerated only by the local pres-
sure gradient. Neutronic effects were included in this calculation, but
motion feedback was only considered for the fuel material motion, an effect
which is generally negative. When the velocity fields are not tightly
coupled, this extended motion of the coolant could have substantial feedback
effects, especially in large reactors where sodium voiding has a positive
feedback.

CONCLUSIONS

The homogeneous flow algorithm has been a successful adaptation of the
ICE technique to both mul(;i-component systems as well as systems where energy
sources can be the dominant physical process being described. In applica-
tions to equilibrium two-phase systems, the vapor pressure dependence on
temperature results in a significant coupling between the momentum and
energy equations, while phase transition closely couples the mass and energy
equations, and the implicit energy inclusion is particularly advantageous.
The algorithm is not unconditionally stable, however, and the reason may be
tied to the explicit treatment of the convective terms in the momentum equa-
tions. In one-dimensional gas systems, numerical experiments have indicated
a definite Courant number limitation' in both the single and multi-component
forms. Compressible flow anlaysis of liqviid systems, on the other hand, have
been accurately performed with time steps orders of magnitude greater than
Courant number limitations would suggest, where the momentum convective effects
are minimal. Implicit inclusion of secondary field compressibility and the
non-linear iteration strategy based upon iteration between the pressure
"Poisson" equation and the "linear" component volume fraction equation has
also relieved computational problems, particularly in disassembly calculations,
where implicit account of non-fuel component compressibility has meant the
difference between numerically stable and instable calculations. When inter-
penetration effects are significant, as they are when coolant may be expelled
in reactor system, the relative motion algorithm must be employed. This tech-
nique is clearly more complicated than the homogeneous flow approach and is
computationally more expensive. It aleo is not unconditionally stable, but
preliminary work on an extension of this approach,* where all terms are
created implicitly, has been developed for one-dimensional gas systems which
apparently is unconditionally stable, although requiring considerably more
computational effort at each time step. For multi-component systems where
relative notion is not significant, the homogeneous flow algorithm is still
more computationally efficient. Slip flow calculations are often required,
however, and development work on the optimization of the relative motion
model is continuing at ANL.
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Fig. 1. Pressure Development for
Two Component Polytropic Gas System

Fig. 2. Pressure Development for
Hot Particle Injection to Poly-
tropic Gas
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Fig. 3. Pressure Profile at
Initiation of Disassembly Analysis
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Fig. 4. Drag Effect on Coolant
Density Profiles in Disassembly
(t=6.5 msec)
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