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SUMMARY

In the early seventies, all thermal-hydraulics codes were based on
the Homogeneous Equilibrium Model (HEM), represented by three
conservation equations; mixture mass, momentum, and energy. Various
means were utilized to solve the resulting system of equations:
finite differences in FLASH, SATAN, RELAP3 and RELAP4, method of
characteristics in BLOWDWN2, loop momentum method in RAMONA and
NORCOOL, and others. As the result of the seminal works of
Delhaye, Boure and Ishii at Grenoble, France, the world came to
regard HEM as too restrictive and the Two-Fluid model came-into
fashion, first featuring a six and later, a seven-equation model.
After a lengthy polemic at the Idaho National Engineering
Laboratory (INEL) concerning the ill-posedness of the Two-Fluid
equation set, it behove the Los Alamos Scientific Laboratory (LASL)
to first derive a successful numerical schemes to solve such
equation sets, starting with KACHINA (multi-dimensional, multi-
phase, multi-component) and ending with TRAC. Soon thereafter
RELAP5 code was developed at INEL and CATHARE at Grenoble.

The most complex code available to the USNRC is COBRA/TRAC wherein
the reactor vessel is handled multi-dimensionaly by COBRA-TF and
the rest of the system, one-dimensionaly, by TRAC-PF1. COBRA-TF
considers four fluid fields: two for liquid ("droplets" and
"pools"), one for vapor and one for the non-condensible gas. A
version of COBRA/TRAC was adopted by Westinghouse and a version of
TRAC (TRAC-GE) by General Electric.

Experience and comparisons with test data have recently forced us
to wonder whether the ability to "compute" while considering great
many complexities, ran ahead of the ability to competently define
various interactions between fluid phases and components that such
complex codes require. The long running times are also a problem
that needs to be resolved.

More recent trends in the treatment of thermal-hydraulics in Power
Plant Simulators and in Plant Analyzers will also be discussed.
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each time step. The Two-Fluid designation is now a misnomer.

Time averaging results in a set of closure equations which involve
the extent of the interface between the fluids, and transfer laws
for mass, momentum and energy across that interface. To quote
M.Ishii®, one of the pioneers in the theoretical formulation of the
two fluid model, "the development of the closure relations for the
macroscopic two-phase, two-fluid flow formulation presents one of
the most difficult problems ever encountered in fluid mechanics and
heat transfer." He attributes this difficulty to the existence and
motion of the.interface, to lack of understanding of the internal
and the external scale effects, to the large number of variables
involved, to the unavailability and incompleteness of detailed two-
phase flow instrumentation techniques, and to the lack of
experimental data over sufficient parameter ranges in terms of
system scales, properties and operating conditions.

To further quote Ishii: "Because of the macroscopic nature of the
two-phase flow formulation, the development of the closure
relations is forced to be strongly empirical. This implies that, in
many cases, little data base exists to extend the existing
correlations. Therefore, a prediction of two-phase flow in new or
hypothetical situations has often been very difficult and
unreliable. __ It is important that a researcher knows the
limitations of the model used and the ranges of data base for the
closure relations applied. Unfortunately, this aspect has been
frequently neglected by practicing engineers.1*

Originally, most of the available closure laws were postulated on
the basis of observations of steady two-phase flow in small pipes.
Since it is impossible today to directly measure all the variables
contained in these laws, their behavior is deduced from
measurements of the mixture behavior, utilizing the mixture.models
to interpret those measurements. A set of flow regimes (again
mainly observed in small pipes where multidimensional effects play
insignificant role) are then used to define the interface density
and the exchanges of mass momentum and energy, between each fluid
through the interface. When applied to the reactor coolant system
geometry one encounters many ad-hoc relations, with coefficients
that are adjusted to provide the best agreement with measurements.
In addition, that process seems to be very much dependent on the
spatial resolution adopted for the numerical solution of the
macroscopic conservation equations.

Many changes in the empirical closure relations and/or their
coefficients have been made to seek better agreement with more and
more test data covering different geometries and different
scenarios. They are reflected in the numerous versions of the same
code (e.g. RELAP5/Mod 3/Version 80), leading to a very extensive
IF-THEN interrogatories when addressing the issues of the local
flow regime, interfacial area, and interfacial exchange
coefficients.
These changes and "improvements" have not yet led to codes which
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can reliably predict all the important parameters, regardless of
the type of transient and system geometry. The reason lies in the
above quoted statements by Ishii.

The well known safety codes such as TRAC and RELAP5 were originally
developed to analyze the large break LOCA (LBLOCA). Because the
thermohydraulics during LBLOCA is driven by strong pressure
gradients which minimize the influence of approximations in the
closure laws, the exhaustive sensitivity and uncertainty studies
have shown their ability to predict the peak clad temperature
within 100 degrees C. However, the influence of the adopted
closure laws becomes much more important in situations where
thermohydraulics is mainly driven by buoyancy, flow resistance, and
heat transfer and where thermal stratification plays a very
significant role. In these situations the duration of the transient
could last hours, or even days, rather than tens of seconds,
thereby placing large demands on the power of the computing
hardware.

Numerical analysts have found that Relap5/Mod3 is stable and
convergent as long as the ratio of the mesh size to hydraulic
diameter is not less than 0.5(4). However, in order to address
thermal stratification in vertical vessels (e.g. CMT in the SPESS
facility) and to counter the deleterious effects of numerical
diffusion, the analysts, using the same code, were forced to
subdivide them into very small spatial increments (e.g. 10 cm)<5),
grossly exceeding the above mentioned limit yet being able to
produce acceptable solutions.

Thermal stratification can also occur in horizontal pipes and can
have pronounced effects (through the role it plays in steam
condensation) on the intermittent loop flow as seen in the OTIS,
MIST, and PACTEL facilities. Different intermittent flows were
observed within different primary coolant loops in multi-loop
facilities such as MIST and PACTEL. This was not even considered in
the Quantitative Code Accuracy Evaluation of the International
Standard Problem No.33<6) and yet a large scatter in the differences
between code calculation and test data was observed. This indicated
not only the effects of different coefficients in the closure laws
but also the effects of the code Users in selecting nodalization
and other options.

When it comes to larger vessels containing heat exchangers, such as
IWRST in AP600, or fuel rods (in reactor core), natural circulation
causes multi-dimensional flows. -Thermal stratification within
piping, when it affects vapor condensation, may also call for
multi-dimensional models.

The following list enumerates some of the issues that ought to be
addressed to further improve the quality of code predictions:

(a) Fundamental research needs to be conducted on reliable
closure laws, preferably at Universities and basic research
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facilities. That research may also lead to changes in the
structure of the balance equations and it may even result in
additional field equations; for example one that would
dynamically describe the evolution of the liquid/vapor
interface, to replace the current need for postulating
discontinuous flow regimes.

Due to the empirical nature of closure laws, the use of the
large scale special effects test data in formulating the
closure laws has, thus far, been the preferred approach.
This, on the other hand, leads to inconsistencies when
analyzing transients in smaller scale test facilities.
Clearly, closure laws must not be dependent on the test
facility scale, nor on the computation mesh size.

(b) Very small nodes/cells in multi-dimensional models would
contain either the contiguous liquid with or without
vapor/gas bubbles, or contiguous vapor/gas field, with or
without liquid droplets, thus alleviating the problems in
defining the "flow regime" and interfacial transports. It
is possible that temporary presence of the "flat11 interface
could be ignored. The resulting computation effort, however,
is likely to be unacceptably large for integral system
analyses.

(c) Would the addition of one droplet field solve problems in
modeling of two-phase flow? This droplet field would
address the average droplet size while, in reality,
there is a large variation in size. While the small droplets
offer the largest interfacial area, larger droplets carry
most of the momentum and may be traveling in different
direction and with different velocity.

(d) Higher order finite differencing may be necessary to remove
problems with numerical diffusion and damping^. This would
further exacerbate the computer running time.

(e) Current Best Estimate codes run very slow, on
supercomputers. Multi-dimensional models, even where such
are deemed very desirable, are currently shunned for
transients that last hours or more. The use of parallel
computer architecture, together with faster processors,
could be the answer. That, however, may take a long time to
implement and would limit the code use to those having the
requisite hardware.

(f) There are other problems that have not yet been resolved
with multi-dimensional modeling of two-phase flow. For
example, junctions between pipes and vessels, where widely
different mesh sizes (and shapes) meet. How to account for
"hydraulic losses" at such junctions ?

(g) In most computer codes, except CATHARE 2, the non-
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condensible gas is assumed to be ideally mixed with vapor.
When, however, the non-condensible gas has a molecular
weight much different from that of vapor (e.g. hydrogen and
nitrogen) it could greatly affect vapor condensation rates
at contact surfaces with liquid. It appears that this
problem is being addressed in the CATHARE 2 code*8*.

(h) Multi-phase or multi-component flow through TEEs, when
piping is modelled one-dimensionally, especially when the
liquid level is passing through, is currently based on
empirical relations derived from tests data^ obtained with
small scale test facilities and scaling laws for such
situations do not exist.

While the development of Best Estimate codes has proven to be
costly in the past, their validation/assessment may turn out to be
even costlier. In the paper on Overview of CSNI Separate Effects
Tests Validation Matrix^, 187 test facilities are listed with 67
phenomena to be examined, utilizing 2094 tests. And these are only
the separate effects tests! Building and running test facilities
is, however, even more costly and all efforts should be made to
utilize their data. One should conclude, therefore, that there
must be sufficient reasons, and sufficient resources, with the
necessary scientific breakthroughs, before embarking on the new
line of Best Estimate codes.
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3.0 MIXTURE MODEL

The mixture (or diffusion) model that could be useful for reactor
safety analyses, especially for situations requiring real time (or
faster) computation capabilities, can be expressed in terms of only
five field equations: the mixture continuity, momentum and energy,
plus the diffusion equations for vapor and for the non-condensible
gas. The diffusion equations are actually the vapor and gas
continuity equations in which the gas velocity is expressed in
terms of the mixture velocity and the drift temrlQ). As in the two-
fluid model, vapor and non-condensible gas are assumed to be at the
same temperature and to flow with the same velocity. The
assumption is made that, depending on the local void fraction,
pressure and fluid temperature, either the liquid is at saturation
temperature while the gaseous components could be superheated, or
the gaseous phase is at saturation temperature corresponding to the
partial pressure of vapor while the liquid could be subcooled. A
constitutive equation is required for the term representing the
vapor generation or removal rate in the diffusion equation.
This simplest form of the mixture model requires the smallest
number of closure equations and they are on firm footing.

With two rather than one energy equation there is no need to employ
the switching algorithm for computing phasic temperatures and none
are constrained to be at saturation. The vapor generation/removal
rates are then computed in the same way as in the two-fluid model
rather than through a separate constitutive relation. This,
however, introduces at least some of the difficulties associated
with closure equations in the two-fluid model, and convergence
difficulties as the local void fraction approaches unity.

In the mixture model's momentum equation the phasic mass flow rates
are expressed in terms of either mixture mass or mixture volumetric
flow rate and the drift term. After solving for the mixture flow
rate, the drift flux relations are employed to parse the mass flow
rates of each fluid component. Drift flux relations contain
empirical data for the parameter which accounts for lateral
distribution of void (Co) in the one-dimensional flow channel, and
for vapor drift with respect to the mixture velocity (V^) . These
data are functions of the flow regime and can even account for
counter-current flow limitation. Our knowledge of these empirical
data is well established because of the ease with which the two-
phase flow measurements, which are of integral rather than local
(microscopic) nature, are interpreted using the mixture model.

The strong points of the drift flux based mixture model are that
(a) it is supported by a wealth of test data, (b) it does not
require unknown or untested closure relations concerning mass,
energy, and momentum exchanges between phases, and (c) it is much
simpler to apply. The drift-flux based mixture model theoretically
applies only to situations in which the phases are strongly
coupled. However, even when the phases are locally weakly coupled
(as in horizontal, separated flow) the relatively large axial
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dimensions of the System usually provide sufficient interaction
time to extend the usefulness of the mixture model to most of the
engineering applications.

Two types of the mixture-based codes will be briefly mentioned:
In one type, exemplified by RETACT, APROS and HIPA, the system is

subdivided into regions or zones (e.g. the primary coolant
system, the secondary sides of each steam generator, steam
lines, etc.) and their global pressures are found either by
direct solution of the global mass and energy or through an
iterative process. This important simplification can be
justified by the small spatial variations of pressure as
compared to the magnitude of the region's global pressure. The
local fluid properties are assumed to be functions of the
local enthalpy and the global pressure. The regions are
subdivided into loops and appendices and finally into "cells".

The mass balances are combined to derive an integral
expression for the local volumetric flow rate within each
closed loop. This is being referred to as the "loop momentum"
model.

In the second type, exemplified by HYDR0NET-5eqDF, the system is
subdivided into
(a) Networks: the first network is the primary coolant

systems; the second the steam system including the
secondary sides of each steam generator, steam lines,
turbine, condenser, and feedwater systems; etc.
Each network is comprised of a number of "nodes" inter-
connected with either "links" or "leaks".
Networks communicate either through heat transfer or
through fluid sources or sinks.

(b) Nodes: pressurizer, each plenum, each TEE, etc.
Local pressure, void fraction, enthalpy, etc. are
computed for each node. Liquid levels are tracked.

(c) Links: each pipe and other flow passage (e.g.
reactor vessel downcomer, core channels).
The pressure in each link equals the arithmetic mean
of the pressures in the bounding nodes, or specified
boundaries. If the flow passage is very short it is
modeled as a "leak".

(d) Segments::axial subdivisions within each link.
Fluid properties (thermal and caloric equations of state)
within each segment are computed based on the local
segment enthalpy and the link pressure. Constitutive
relation is used for the local vapor mass generation rate
in nodes and in segments. This allows for consideration of
the local thermal non-equilibrium. Liquid levels are
tracked.

Each node and each link segment can contain one or more "heat
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slabs". Heat conduction equations are solved implicitly in
some situation, semi-implicitly in others.
The fluid dynamics computation is implicit within each
network, thus allowing computation time increments larger than
the fluid transport time across any segment. Code formulation
was optimized for computation with parallel processors.

These mixture models are ideally suited to Plant Analyzers since
they can compute severe transients several times faster than real
time, with the currently available, inexpensive work stations.

4.0 CONCLUSIONS

Many impressive comparisons between the two-fluid-based safety
codes, and data, have been made in the United States and other
countries, especially when the thermohydraulic processes are
strongly driven. Simpler models, however, may do equally well in
those situations and this should not be overlooked since they are
much more economical to run and are more amenable to extensive
"what if" plant safety examinations.

The five-equation mixture models have shown ability not only to
address most of the severe transients but also to give good
comparisons with data obtained either in test facilities or in
plants during severe transients. When the physical situation
involves strongly multi-dimensional flow fields, global empirical
correlations designed to bypass the need for multi-dimensional
models, can be easier accommodated within the mixture models.
Finally, some of the plant analyzer codes are already provided with
good Graphical User Interfaces.

It is clear that there will always be a need for the existence of
the advanced Best Estimate code which embodies the latest knowhow
and uses the latest technology. However, the remarks given at the
end of Section 2 call for a cautious approach in deciding on the
course of action.

In the meantime, it may be cost-effective to closely examine the
performance (by comparisons with test or plant data, not some Best
Estimate code) of some of the existing mixture model codes that are
very fast running and have good graphical user interfaces. One
could establish a wide range of transients for which such codes
would, by consensus, give acceptable Best Estimates.
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