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ABSTRACT

This is a report on the CSNI Workshop on Transient Thermal-Hydraulic and Neutronic Codes
Requirements held at Annapolis, Maryland, USA November 5-8, 1996. This experts' meeting
consisted of 140 participants from 21 countries; 65 invited papers were presented. The meeting
was divided into five areas: (1) current and prospective plans of thermal hydraulic codes
development; (2) current and anticipated uses of thermal-hydraulic codes; (3) advances in modeling
of thermal-hydraulic phenomena and associated additional experimental needs; (4) numerical
methods in multi-phase flows; and (5) programming language, code architectures and user
interfaces. The workshop consensus identified the following important action items to be
addressed by the international community in order to maintain and improve the calculational
capability:

preserve current code expertise and institutional memory,

preserve the ability to use the existing investment in plant transient analysis codes,

maintain essential experimental capabilities,

develop advanced measurement capabilities to support future code validation work,

integrate existing analytical capabilities so as to improve performance and reduce operating

costs,

. exploit the proven advances in code architecture, numerics, graphical user interfaces, and
modularization in order to improve code performance and scrutibility, and

. more effectively utilize user experience in modifying and improving the codes.

Following the workshop session summaries, 65 papers are provided.
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OECD/CSNI WORKSHOP ON TRANSIENT THERMAL-HYDRAULIC
AND NEUTRONIC CODES REQUIREMENTS

1.0 INTRODUCTION

A workshop on Transient Thermal-Hydraulic and Neutronic Codes Requirements was held
in Annapolis, Maryland, United States, from 5 through 8 November 1996. The meeting was
organized by the United States Nuclear Regulatory Commission (NRC) for the Organization
for Economic Cooperation and Development’s (OECD) Committee for the Safety of Nuclear
Installations (CSNI). This workshop meeting was the fifth in a series sponsored by OECD/
CSNI to review research related to transient two-phase flow. The first four meetings were
held in Toronto, Canada (1976), Paris, France (1978), Pasadena, California, United States
(1981), and Aix-en-Provence, France (1992). Each of these meetings consistently followed
the theme initiated by the Thermal-Hydraulic Systems Behavior Task Group of the Principal
Working Group No. 2, which was to discuss the achievements and define the needs of safety
research in the critically important area of accident thermal-hydraulics.

The November 1996 workshop attracted some 140 participants from 21 countries. A total of
65 invited papers in important technical areas were selected for presentation. The meeting was
designed to encourage the acquisition of all relevant information from the assembled group of
experts. Through a process of discussion, debate, feedback, and validation, this information
was used to identify a set of critical issues that must be solved. Consensus was sought on the
degree of importance of each issue.

The meeting was structured in five sessions to explore the areas considered most critical to
the successful definition of requirements for future codes: (1) current and prospective plans
for thermal-hydraulic codes development; (2) current and anticipated uses of thermal-hydraulic
codes; (3) advances in modeling of thermal-hydraulic phenomena and associated additional
experimental needs; (4) numerical methods in multi-phase flows; and (5) programming lan-
guage, code architecture, and user interfaces. In addition, three breakout sessions were held
on the third day to address such important areas as advances and needs related to thermal-
hydraulic modeling, numerical techniques and coupling interface requirements, and user needs
and interfaces. During these breakout sessions, which lasted several hours, the meeting partici-
pants divided into approximately equal groups. Each breakout group discussion was facilitated
by several internationally respected experts. The members of each group engaged in a “give-
and-take” debate on the factors and needs required for success in the breakout subject area.
On the final day of the meeting the facilitator for each breakout group presented the findings
to the full assembly for further discussion, debate, and validation. Finally, after the end of the
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essential to the successful modeling of phenomena in current and future computer codes. The
need for such instrumentation will be the subject of the next CSNI meeting, which is the
OECD/CSNI Specialists Meeting on Advanced Instrumentation and Measurement Techniques
to be held from 17 through 20 March 1997, in Santa Barbara, California, United States.

Certain technical areas were identified as being of particular importance to code
improvements. In the area of improved physical modeling, the addition of a transport equation
for interfacial area was identified as a top priority item, as was improvement of models and
correlations at low pressure/low flow conditions. In the area of improved numerical methods,
the need for low diffusive schemes that can track steep gradients was identified. The highest
ranked user needs include improved robustness and a graphical user interface (GUI).

3.0 DETAILED CONCLUSIONS AND RECOMMENDATIONS

3.1 Specific Areas for Improvement

1. Multi-field models. specifically separate liquid fields for film and drops

Codes with film and droplet fields already exist in the industry, so adding this type of model
is possible within the present code structure and numerics. Multi-field models may be more
physically based so that constitutive relations are simpler, even though a larger number are
required. Additional experimental data are needed to validate such models. '

2. Transport of interfacial area/dynamic flow regime definition

This area was identified as potentially having the greatest effect, since it may eliminate the
use of flow regime maps based on steady-state and fully developed flows. Describing source
terms is an area that may need additional work. Accurate modeling depends on getting
properly scaled experimental data; there is a need for testing in three or four typical
geometries such as small and large pipes, bundles, a direction change and an annulus.

r_three-dimensional hvdrodvnamics and their closure law

The need to define flow regimes under three-dimensional conditions was identified.
Multidimensional models have been added to existing codes because they were found to be
needed, but the present models are not satisfactory. Validation of these models against
experimental data is required. The need may be partly met by coupling a system code to an
existing computational fluid dynamics (CFD) code. Two-phase CFD modeling is a long-term
item that is unlikely to be developed within the horizon established for this work. Alternative
approaches such as Large Eddy Simulation (LES) should be studied.

4. Turbulent diffusion models

The inclusion of turbulent diffusion models needs to be addressed in the code development
effort.

5. Operation at low pressure/low flow

Correlations need to be validated for these conditions and the model implemented
accordingly.

NUREG/CP-0159 MS-4



6. Operation in the presence of noncondensables

A mass transfer model will need to be implemented. For a new code, noncondensables should
be included in the basic structure. There are very little data on condensation of bubbles with
noncondensables, so there will be some requirements for experimental data in this area. A
model will be needed for heat transfer to volumes of noncondensable gas, e.g., nitrogen from
accumulator injection. For containment analysis, at least two noncondensables need to be
modeled.

ngistent with the level of il of thermal h lic

Three-dimensional models are available and should be added to handle, for example, BWR
void feedback during normal operation, power oscillations, and anticipated transient without
scram (ATWS). Two issues to be considered are (1) homogenization and de-homogenization
of characteristic variables, which needs to be addressed for transients, and (2) consistency in
the level of noding detail. Implementation is required, as well as some theoretical research on
homogenization/de-homogenization for transients. Also, uncertainties in neutronic calculations
need to be quantified.

8.  Modeling of containment phenomena and situations beyond the design basis for primary
systems

Containment models are available and need to be implemented. This could be done in a

modular fashion. For example, containment capability coupled to the system code is required

to handle BWR ATWS where containment pressure strongly influences core voiding and

power.

Some phenomena, such as countercurrent flow (CCF) in the hot leg, quenching of a degraded
core, core flow blockage, and radiation heat transfer, are required for beyond design basis
accident (DBA) events.

3.2 Numerical Methods and Features

1.  The integration of different numerical schemes for use in different phases of the same
problem solution, based on their effectiveness, would clearly be of calculational benefit
to the thermal-hydraulics user community.

2. Improvement of the multidimensional capability of codes and exploratory numerical
work should be carried out in parallel to the ongoing physics research supporting
thermal hydraulics and neutronics code improvements.

3. In addition to physics, numerical methods are frequently a major cause of code
deficiency. To improve these methods, low diffusive schemes must be developed.

4. The following are some required numerical computing features:
e (Cases run to completion without user intervention
¢ Reliable results (accurate and repeatable)

e Capable of handling a wide range of operating conditions and states

MS-5 NUREG/CP-0159
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OECD published a book with such problems in the mid-1980s. It was agreed that a
document could be published periodically with results from developers so that the
benchmarks would remain current.

3. Numerical benchmark problems should be carefully designed to test only the numerical
method and should either constitute very simple physics, such as the oscillating U-tube
manometer, or have well-defined boundary conditions and source terms.

4. An automatic means of converting input decks (including the potential for an expert
system for automatic input conversion) could speed up the process and reduce errors,
although manual intervention will still be required.

A standard for building plant models should be established.

6. A database should be established to facilitate the conversion of plant input decks for
different codes.

7. Deficiencies in code performance may be attributed not only to the models, but also to
the user.

8. A new code should be fully implicit. Wall and interfacial shear, heat transfer, and other
closure relationships will be treated implicitly to enhance stability.

NUREG/CP-0159 MS-8



3.5 User Needs

Table 3-2 presents the code features that are most needed, listed according to the order of
their importance.

TABLE 3:2

DESIRED CODE FEATURES WITH IMPORTANCE RANKING

Ranking Code Feature

1 Robustness (i.e., no code aborts due to properties errors or other
problems)

2 Documentation (users and developers [programmers] manual)

3 Graphical user interface

4 Internal assessment of uncertainty (automatically performed by the code)

5 Investment conservation by maximizing the use of previous model
development efforts and user experience

6 Identification of the range of validity of code models and correlations
(warnings would be generated if validity range is exceeded)

7 Structure the code/input requirements to minimize the user effect
(examples are time-step control and automatic nodalization)

8 Near-real-time code performance

9 Training guidelines (also user guidelines based on previous experience)

10 Portability (easy installation across a variety of computer
platforms/compilers)

11 Modularity (allows substitution of different models for three-dimensional
thermal hydraulics, turbulence, etc.)

12 Capability for coupling to other models (possible models to be coupled
include kinetics, containment, and those used for severe accident

| analysis)
=

3.6 Data Needs

1. Developers must have access to data used for code validation and archival experimental
data used in the code validation process.

2. Experimental data from unique tests such as LOFT may be lost. It is important to have
the data stored with a stable organization in a retrievable manner.
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Opening Plenary Sessi

CURRENT AND PROSPECTIVE PLANS OF
THERMAL-HYDRAULIC CODES DEVELOPMENT

Co-chairs: G. Yadigaroglu (Switzerland) and L. Ybarrondo (United States)

Dr. Farouk Eltawila addressed the attendees at the workshop. This meeting was called to
discuss current and future uses of thermal-hydraulic and neutronic codes, additional
experimental needs, numerical methods, programming language, and code architectures and
user interfaces for a future generation of safety analysis codes. The complete proceedings of
this meeting will be published in a report. The excellent attendance, approximately 140
participants from 21 countries, shows that the international community realizes the importance
of discussing and reaching consensus on these issues.

Dr. David Morrison, Director of the NRC Office of Nuclear Regulatory Research, also
welcomed the attendees and introduced Dr. Shirley Jackson, the NRC Chairperson.

as a result of advanced reactor development, severe accidents, and beyond design basis
analysis. The NRC needs to develop a new set of coupled thermal hydraulic/neutronic codes
for use in the 21* century. This meeting was designed to help determine the best way to do
this, taking advantage of two-phase models and new computer capabilities, and to make them
more user-friendly. Dr. Jackson noted that the NRC has preliminary answers, but wants the
views of the CSNI member countries, The NRC is now working under severe budget
constraints, and help is needed to focus and prioritize. The NRC needs to proceed in a
framework of international cooperation. Dr. Jackson closed by stating that she will pursue this
initiative through the next year.

Mr. Gianni M. Frescura, Head of the OECD/NEA Nuclear Safety Division, added his
welcome. He thanked the NRC for arranging this meeting, which attracted the best qualified
experts to discuss the issues, and pointed out that safety analysis has many roles, including
design, audit, and event analysis. The CSNI has played a leading role in developing and
validating safety analysis models, including periodic CSNI reviews of the bases and
capabilities of the thermal-hydraulic models. While System computer codes have attained a
high degree of maturity, these codes were developed some years ago and need to be more
reliable and more accurate. The objective of this workshop, as stated by Mr. Frescura, was to
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identify a set of requirements and attributes for new codes and to identify issues to be
addressed by research. An international approach is desirable. Possible efforts include:

Cooperation on code development and assessment
* Development and promotion of international QA program
* Development/comparison of specific models with specific codes

mm f. Yadi 1

Following this introduction, co-chair Professor Yadigaroglu (Switzerland) summarized the
capabilities of current generation thermal-hydraulic codes as well as future plans, using
material from the following papers:

° Methodology, Status. and Plans for Development and Assessment of the RELAPS Code,
(G. Johnsen, et al., Idaho National Engineering Laboratory [INEL], United States)

. hodol nd Plans for Development an m f th ,
(B. Boyack, et al., Los Alamos National Laboratories [LANL], United States)

D. Bestio, et al., EA - Grenoble, France)

° Methodology., Status, and Plans for Development and Assessment of TUF and
CATHENA Codes, (J. Luxat, et al., Ontario. Hydro, Atomic Energy of Canada, Ltd.,
[AECL], Canada)

Methodology, Status. and Pl cve
(V. Teschendorff, et al., GRS, Germany)

. Methodol nd Plans for Development an ment of N B
and APROS, (T. Vanttola, et al., VTT Energy, Finland)

Dr. Yadigaroglu’s summary and tables are included in the proceedings of this meeting in
viewgraph form,

Paper Summaries
rmal-Hydraulic Modeling N for Passive R I
(J. Kelly, NRC, United States)

Mr. Kelly reviewed RELAP5 code modifications and work-arounds that were adopted as a
result of work performed by the NRC/RES and INEL. This work was performed for NRC-
NRR to demonstrate the applicability of the RELAPS code to passive designs such as the
AP600. As the large-break LOCA performance of the AP600 is generally similar to that of
operating reactors, it was decided to focus the assessment studies on small-break LOCA and
transients.

Passive, natural circulation systems have relatively small driving pressures. In addition, the
success of the transient mitigation depends on properly triggering the Automatic
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Depressurization System (ADS). Therefore, after review of the Phenomena Identification and
Ranking Table (PIRT), it was decided to look at phenomena from the SPES, OSU, and
ROSA/AP600 facilities.

Events were judged according to a four-category criterion. The RELAP5 response was judged
to be at least sufficient for all events. Results for most events were judged to be adequate or
better.

Initially, RELAPS was unable to perform the analysis due to code problems. These problems
were fixed, and some improvements and work-arounds were found to improve predicted
accuracy. These improvements are related to:

*  Addition of Henry-Fauske critical flow model

*  Elimination of nonphysical two-phase recirculating flows
*  More physical interfacial heat transfer

*  Core level improvements needed in the future

The end result was that RELAPS Version 3.3 was judged to be applicable to the AP600. This
version will contain all of the improvements mentioned above.

The Role of Uncertainty in Code Development

(F. Barre, CEA - Grenoble, France)

Dr. Barre’s presentation on the above topic followed. The reacer is referred to this paper and,
in particular, to Section 8, page 13, “Conclusions,” where the author summarizes, in addition
to the topic of the paper, a methodology for code development.

The Role of the PIRT in Identifying Code Improvements and Executing Code Development

(G. Wilson, INEL; B. Boyack, LANL; United States)

The reader is referred to this paper and, in particular, to Section 4, page 4, where the PIRT
process is summarized.

A discussion session followed the presentation of the above papers.
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Technical Session 1

CURRENT AND ANTICIPATED USES OF THERMAL-HYDRAULIC CODES

Co-chairs: D. Grand (France) and R. Caruso (United States)

Paper Summaries
nd Antici f the Thermal-Hydraulics Codes at the NR
(R. Caruso, NRC, United States)

This paper outlined the basis of the thermal-hydraulic codes developed to date by the NRC
and the NRC’s intended direction regarding future uses. These codes were originally
developed for technical experts to help them provide information on the performance of
‘nuclear power plants to regulators for the purpose of making licensing decisions. Thermal-
hydraulic codes have been used to crosscheck vendor codes and calculations, to perform
sensitivity calculations, for event analysis, and for plant simulations. A recent role has been to
support PRA analysis for risk-informed decisions.

These uses of thermal-hydraulic codes have created three distinct user communities. The first
group is composed of highly technical and specialized code users v'ho are scientists and
engineers with strong backgrounds in fluid flow, heat transfer, nuclear engineering, and
computer science. They have detailed knowledge on code input, correlations, solution
techniques, and output. The second community of users includes engineers who build simple
models and have an overall knowledge of the code. However, this group typically does not
have the time to learn the intricacies of running a thermal-hydraulic code. The third user
community is composed of system analysts who have a basic knowledge of reactor fluid
dynamics and system behavior, but run the codes to simulate plant performance. These users
are primarily associated with PRA and operator training. Future thermal-hydraulic codes must
be able to support all three user groups based on similar needs. Such needs include
robustness, defensibility, linkability to other codes, computational speed, consistency, ease-of-
use (GUIs), and proper documentation. Progress has been made thanks to growing cooperation
between code developers and users and the application of lessons learned from current
generation nuclear power plant (NPP) analysis.

ici h THARE EDF _and FRAMATOME
(J. Gandrille, Framatome; J. Vacher, F. Poizat, EDF; France)

This paper described the current and anticipated uses of the CATHARE code by EDF and
FRAMATOME. The CATHARE code is used in safety studies and as a simulator. For safety
studies, a realistic deterministic methodology (also called best-estimate) is applied for
licensing calculations, realistic plant response analysis, and evaluation of advanced NPP
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designs. A version of the CATHARE code (CATHARE-SIMU) forms the driver for an NPP
simulator (SIPA). Current plans call for an upgrade of the simulator to use CATHARE 2 for
improved system performance. Important requirements have been identified, such as the range
of validity (overall plant operation modes), determination of code uncertainty,
multidimensional capability, fast run times, good code documentation and user guidelines, and
visualization tools.

Vacher continued with the uses of CATHARE, but concentrated on its use for simulators. The
SIPA and SIPACT simulator versions were presented. A demonstration of SIPACT was
available during the meeting. These simulators are used for training safety organization
engineers and plant operators, and for studies of Emergency Operating Procedures. Future
work will convert all simulators to CATHARE 2, so there will be only a single code available
for safety, engineering, and training. This will require development of the capacity to analyze
conditions at low pressure in real time, automatic generation of CATHARE modules, and
extension of the simulation domain to all transients for all plant initial states.

ntici f the Thermal-Hydrauli in man
(V. Teschendorff, GRS; F. Sommer, Preussenelektra; F. Depisch, Siemens; Germany)

This was a presentation on the uses of thermal-hydraulic codes in Germany. Thermal-
hydraulic codes (e.g., ATHLET) are used by licensing organizations and utilities. Siemens
uses S-RELAPS. Applications of the codes include operating plant performance, licensing
calculations, evaluation of pressurized thermal shock (PTS), assessment of Accident
Management plans, evaluation of plant upgrades, and verification of emergency core cooling
system (ECCS) performance for advanced designs. There was emphasis on correctly modeling
the secondary side in including control systems and validating the results. Future requirements
will include low pressure models (including an interfacial area concentration model), boron
mixing, multidimensionality, coupling to other codes, quality assurance, machine
independence, and reduced user influence.

Summary of Papers by R. Caruso

These presentations were followed by a summary of papers from France, Germany, Italy,
Korea, Japan, Spain, Switzerland, and the United States on current and anticipated uses of
thermal-hydraulic codes presented by Mr. R. Caruso. A list of target code applications based
on these papers and Mr. Caruso’s summary is given in Table TS-1.

Information for each paper was extracted and placed into a common table format for current
applications and future needs. For current applications, the table included the codes used, the
problem application, and the application type (Licensing, Best-Estimate, and Research).

Under future needs, the application area and specific needs were listed for each country.
There were common recommendations throughout all the papers. These included improved
user interface, coupling to other codes, improved numerical methods (especially for low
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pressure transients), assessment of uncertainties internal to the codes, minimization of the user
effect, multiple fluids, modular code structure, and building on previous work.

TARGET CODE APPLICATIONS

Num! T t Applicati
1 Reactor safety analyses for both operating and planned reactors:
d LOCAs (Loss of Coolant Accidents) and transients
4 RIAs (Reactivity-Initiated Accidents)
. Containment analyses
4 Fuel behavior
2 Licensee calculations
3 Audits of licensee’s calculations (including quantification of safety margins for EM (Evaluation
Model) type calculations
4 Analysis of operating reactor events
5 Analyses of accident management strategies
6 Analysis of effectiveness of backfit measures
7 Analyses of emergency operating procedures
8 Generic issue resolution, e.g., BWR stability analysis
9 Support for test planning and interpretation, e.g., experimental facility behavior predictions
10 Support for PRAs
11 Design analyses:
. Steady-state core analysis

4 Subchannel analysis

12 Nuclear power plant training and control simulators

13 Analysis of advanced reactor designs

14 Analysis of accidents beyond DBA (in domain where conventional thermal-hydraulics are still
applicable)

15 Analysis of events for Eastem-type reactors

Summary of Papers by D. Grand

Next was a presentation by Dr. D. Grand of a summary of papers from the United States,
France, Germany, the United Kingdom, Japan, and Canada on interface requirements for
coupling thermal-hydraulic codes. The need for coupling comes from the need to solve
complex problems in a multidisciplinary manner. Previous methods involved external
iterations between codes or the creation of an integrated code. Either method was labor
intensive for transferring the information between codes or for maintaining and improving the
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integrated code. New methodologies involve merging separate processes or static linking. The
coupling schemes for the core physics to the thermal-hydraulic can be made at the core
boundaries or by overlapping in the core.

An important consideration when coupling the codes is time synchronization. This occurs
because the two codes most likely will not have the same time-steps. Therefore, schemes must
be developed so that one code does not overly slow down the complete calculation by using
fully explicit, iterative, or simplified methods which require a small time-step size. Coupling
with severe accident codes was also covered, and problems arising from tightly coupled
phenomena (clad oxidation) were identified.

Coupling with containment codes was the third domain. Certain general requirements also
drive this topic. These requirements include optimization (minimizing computer overhead and
development and maintenance costs), physical relevance of coupling (conservation of mass,
energy, and momentum), and the impact of new software technologies (parallelism,
standards).

General Discussion of Technical Session 1

The final item on the agenda for this session was an open forum on the future development of
thermal-hydraulic codes. Most of the discussion centered on how user requirements are
developed and implemented. Some of the issues raised included: (1) what can be considered
good enough; (2) how to define the success criteria and the relationship to improvement in the
physics models; (3) the level of uncertainty needed in each code; and (4) the level of detail
that adequately models the problem. It was understood that the rate 'of improvements in
computer hardware makes the goal of reasonable run time a constantly changing requirement
(a “running” target). Others emphasized the need to “get the physics right” as the first and
foremost requirement. Still others, however, expressed the view that nnprovement in physics
can proceed as a parallel process to shorter run times.
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Technical Session 2

ADVANCES IN MODELING OF THERMAL-HYDRAULIC
PHENOMENA, ADDITIONAL EXPERIMENTAL NEEDS

Co-chairs; Dr. Reocreux (France), Dr. Lillington (United Kingdom)

Dr. Reocreux opened the session by providing a brief description of the six papers to be
presented and their relationship to the first day’s proceedings.

Session 2 dealt with advances in modeling thermal-hydraulic phenomena and reactor physics.
The session covered theoretical work, making only limited reference to experimental needs.

The first three papers dealt with thermal-hydraulic modeling. The first provided a broad
overview of the remaining open issues, within the framework of the two-fluid model, and
proposed recommendations for future developments. The next two papers dealt with specific
issues related to variants of the six-equation model and on condensation modeling. Two
additional papers described the status of reactor physics modeling and made recommendations
regarding specific problems raised by coupling with thermal-hydraulic codes. The final paper
of the session gave a view on possible extensions to multi-field description of the present
two-fluid, two-field models.

Paper Summaries
f Thermal-Hydraulic Modeling and A ment; nl
(D. Bestion, F. Barre, CEA - Grenoble, France)

Dr. Bestion presented this paper, which focused on open issues regarding the ability of
thermal-hydraulic system codes to predict the progression of nuclear power plant transients. It
was first noted that more and more predictions were able to track the most important
phenomena exhibited in integral effects tests (IETs). However, for some of these important
phenomena, one is obliged to recognize that a severe misprediction or no prediction at all is
obtained. These defects were analyzed and can be attributed to:

o Nodalization or schematization problems (user effect)
J Models used outside the range of validity

o Physical process not modeled

*  Highly sensitive transients, e.g., loop seal clearing

The main limitations related to the basic assumptions used for the model were summarized.
Averaging restricts the prediction to large-scale phenomena (space averaging) or filters
fluctuations (time averaging). In space averaging, the limited number of fields generally used
generates large limitations for the description of some complex phenomena. The closure
relationships established for one-dimensional models were also discussed. Examples of
limitations of these relationships were given, such as their general algebraic form; the use of
relations established for steady-state in largely unsteady flows; the flow regime map
dependence, where transition should be better described by additional transport equations; and
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limitations in the validity ranges. For two- and three-dimensional models, extrapolation of the
one-dimensional relationships is a large limitation, and the closure of multidimensional, two-
phase flow appears to be still in its infancy. Treatment of complex geometries and the
limitations related to the numerical scheme were also discussed.

Examples based on refill and reflood for a large-break LOCA were given in support of the
preceding analysis. Finally, recommendations for future development were given, including:

] Multi-fluid models for some flow patterns

. Additional transport equations, e.g. interfacial area concentration

. Improved three-dimensional modeling, closure relations and turbulence modeling
*  New experimental programs to provide data to qualify closure relations

During the discussion of the paper, questions were raised about problems that may result from
the introduction of additional separate momentum equations when additional fields are
introduced. In particular, it was stated that, in this case, it may be easier to use a formulation
similar to drift-flux than to introduce additional momentum equations.

Dividing Phases in Two-Phase Flow and Modeling of Interfacial Drag

(T. Narumo, M. Rajamiki, VTT Energy, Finland)
Dr. Narumo described four models for one-dimensional, two-phase flow:

1. Six equation model

2. Six equation model with virtual mass term

3. Six equation model accounting for nonuniform transverse velocity distribution
4.  Separation of two-phase Flow According to Velocity (SFAV)

Dr. Narumo discussed the characteristic velocities of each model. It was claimed that the
SFAV model was giving propagation velocities of the same order of accuracy as the best
virtual mass models. The friction model was tested in steady-state and sinusoidally varying
inlet flux to a channel representing a section of a BWR bundle between spacer grids with no
heating. At steady-state, the results agreed well with the drift flux model, but differences
began to be seen at frequencies of S Hz.

This work showed the possibilities of SFAV modeling, particularly the following capabilities:
1. Equations are well posed, and derivation is based on physical reasoning.

2. One dynamic model covers the whole void fraction range and agrees with experimental
data.

Progress has been made in modeling cocurrent vertical flow.
Horizontal stratified flow can be modeled.

Countercurrent flow limitation can be included in the model.

IS AT

High velocity flows, critical flow, and approach to critical flow may be modeled.
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Several questions were raised by the audience about the physical basis of such a model. As
eigenvalues in two fluid models are well analyzed physically, what physical interpretation can
be given to the new eigenvalues and eigenvectors obtained using SFAV? The answer was that
the characteristic values are the two phase velocities: pressure wave propagation speed and
void propagation speed.

A last series of questions concerned the physical basis for partitioning and how wall friction
is divided between the two phases. In response, it was stated that the partitioning is done
according to phase velocity, with different values of friction assigned to the slower and faster
moving phases.

A in Modeling of Condensation Phenomen
(W.S. Liu, et al., Ontario Hydro, AECL, Canada)

Dr. B. Hanna presented this paper, which describes both analytical and experimental work
related to the prediction of condensation in two situations: cold water injection and induced
water hammer. Two experimental facilities were used to investigate these two condensation
events: the Cold Water Injection Test (CWIT) facility and the Ontario Hydro Technologies
(OHT) water hammer facility. These are both separate effects facilities. The CWIT facility is
intended to provide data relevant to injection of cold water into a CANDU feeder channel.
The OHT provides data to determine the threshold between the water hammer and no water
hammer regimes. Two codes, CATHENA and TUF, that describe these phenomena use
different approaches to model condensation. The TUF code tracks the motion of the injection
front, while CATHENA identifies the location of the injection front from calculated liquid
fraction gradients. The CATHENA results were compared with CWIT data, whereas TUF
results were compared to OHT data. Overall trends were predicted and differences explained.

A member of the audience questioned how the increase in interfacial surface area due to
increased entrainment was predicted. The response was that this was taken into account in the
correlation used to predict interfacial area.

Another question was asked about the influence of dissolved noncondensable gases and how
these effects were treated. The response was that no evidence has been found that dissolved
gases have an effect in CANDU plants. However, this area is being investigated in
conjunction with shutdown conditions.

At this point, Dr. Lillington summarized the papers to be presented in the remaining portion
of the session, as well as the areas where multidimensional neutronics modeling is needed.

Multidimensional Reactor Kinetics Modeling
(D. Diamond, Brookhaven National Laboratory [BNL], United States)

This paper addressed three areas: (1) recommendations for the type of multidimensional
reactor kinetics model that should be included in a coupled neutronics/thermal-hydraulics
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code, (2) other important physical models needed for reactor dynamic capability, and (3)
specific events for which coupled modeling is needed. The focus was on LWRs.

Recommendations were as follows:

1. Only three-dimensional capability should be considered (plus point kinetics and no
kinetics), assuming isotropic flux, i.e., diffusion theory.

Two energy groups.

The solution space should be the fuel region or the entire reactor with reflector region.
Six delayed neutron groups.

Nodal methods or course mesh diffusion.

Time dependence by the direct method.

Modern matrix solution algorithms to minimize computation time.

e A

Other important physical models include: cross section generator—data required for each
mesh box includes exposure and spectral index (void and control rod history), reactivity
feedback (control rods, boron), decay heat, initialization procedure (start from any
operating state), ability to handle fixed source, equilibrium and transient samarium and
xenon, flux reconstruction for critical heat flux (CHF), peak clad temperature (PCT) and
pellet enthalpy, coupling to thermal-hydraulics subchannel analysis, in-core and ex-core
instrumentation, calculation of temperature and boron concentration across core inlet,
and fuel pellet temperature distribution.

Coupled model applications were listed separately for PWR/VVERs and BWRs and included
return to power following steam line break, rod ejection boron dilution and ATWS for PWR/
VVERs; and stability analysis, rod drop, ATWS, and overpressurization events for BWRs.

A member of the audience commented that in the United Kingdom, most of the features
discussed have already been implemented, e.g., flux reconstruction pin by pin for pellet clad
interaction (PCI) assessment, integrated core design and fuel studies, etc. In response to
queries regarding qualification of the United Kingdom’s methodology, it was stated that
excellent results were obtained for the rod ejection benchmark.

Three-Dimensional Neutronic Codes Coupled with Thermal-Hvdraulic Svstem Codes for

PWR, BWR, and VVER _Reactors

(S. Langenbuch, K. Velkov, GRS; M. Rohde, FZR; Germany; and M. Lizorkin, Kurchatov
Institute, Russia)

Dr. Langenbuch noted that thermal-hydraulics and neutronics codes have been separately
developed. The need now is to couple the codes. Iterative schemes can be used, but these
result in uncertainty related to feedback effects. Safety problems requiring coupled codes
include boron dilution, cooldown with strongly negative moderator temperature coefficient
(MTC), i.e. recriticality, ATWS, BWR instability, and new reactor concepts based on natural
circulation.

NUREG/CP-0159 MS-20



Results of studies performed by coupling the BIPR-8 and DYN3D codes for VVERS and the
QUABOX/CUBBOX code for LWRs with ATHLET were described. Two different
approaches to coupling were used: (1) internal coupling, where the neutronics model is
brought into the system code, and (2) external coupling, where the core region is modeled
with the neutronics code, including the thermal-hydraulics. Both approaches were
implemented using ATHLET and DYN3D. Internal coupling was implemented using BIPR-8
and QUABOX/CUBBOX with ATHLET. The author indicated a preference for internal
coupling. In this case the thermal-hydraulics is fully consistent.

Events analyzed with the coupled codes were:

e  Single pump coastdown in a VVER-1000 using ATHLET/BIRP-8
e  Hypothetical control rod group ejection in a VVER-440 using ATHLET/DYN3D
o ATWS total loss of heat sink in a PWR using ATHLET/QUABOX/CUBBOX

Results were very promising for these first applications of the coupled codes.

A member of the audience stated that the situation for BWRSs is much different than that for
PWRs and VVERs in terms of the accuracy of results. In a recent benchmark, the results
obtained using different codes were widely divergent. The basic problem is the inability to
accurately predict void distribution.

Perspectives on Multi-Field Models
(S. Banerjee, University of California at Santa Barbara, United States)

Dr. Banerjee noted that a transition in our ability to model two-phase flows has been brought
about by increased computational capability, including parallelization. He presented a tutorial
on the multi-field approach (interpenetrating continua), noting its strengths and weaknesses.
Structure resolving/subgrid modeling and particle methods were also discussed. The need for
a three-field formulation to eliminate distribution effects was explained.

Multi-field formulations were shown to be acceptable for separated and dispersed flows
(particularly when closure relations are less important), but they do poorly for oscillating or
intermittent flows. The method has a real weakness when there is a nonlinearity in a
constitutive relation. Reflux boiling in a PWR was used as an example to illustrate the point.
In this case, using a flooding correlation is a preferred approach. The need for multi-field
modeling in advanced passive PWRs was identified for the highest ranked (in the PIRT)
phenomena for small-break and large-break LOCAs. Eight of the 12 phenomena for the large-
break LOCA were identified as requiring multi-field models.

A representative of Siemens noted that the industry has been quite active in the area of multi-
field modeling. They have demonstrated a capability to model three-dimensional flows in
variable geometry. Dr. Banerjee noted that large utilities have also been quite active in this
area because of the need to support plant operations. The licensing arena, using codes such as
RELAPS, has not seen this same level of activity.
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General Discussion of Technical Session 2

Adding transient capability to neutronics codes was stated to be straightforward. However, it
was noted that a two energy group formulation may be poor in some circumstances and may
not adequately capture spectral effects. It was noted that the recommended approach does not
utilize the latest techniques, such as unstructured grids, transport theory, angular
discretizations as a function of energy groups, etc. It was recognized that these techniques
should be analyzed, and that there was a need for continued research and development of
neutronics methods—even if, as stated, the present methods in many cases give satisfying
results.

Besides these characteristics of the reactor physics codes themselves, the interface between
the thermal-hydraulics and neutronics methods presents several problems, such as how to
match the modules, (e.g., initial steady-state conditions) and how to match the level of detail
(mesh sizes, time constants). Typically, neutronics models have orders of magnitude more
detail than thermal-hydraulics models.

Concerning the multi-field related questions, an example was given that RELAPS has added a
phase separation model at TEE components and has successfully predicted reflux
condensation in Semiscale and BETHSY experiments. The ensuing discussion revealed that
the models used in RELAP5 are empirical correlations and not multi-field models. The
potential shortcomings of using empirical models include potential scale effects. Concerning
such shortcomings, the audience was reminded that the RELAP5 TEE model was validated
against data at two different scales, and no scale effect was evident.

The discussion on the needs for future thermal-hydraulic physical models development
focused on specific points of the multi-field approach, but concluded that the directions to be
followed should be based on Dr. Bestion’s very comprehensive presentation, which identified
the following directions:

Multi-field models

Transport of interfacial area

Multidimensional models including turbulence modeling
Low-pressure, low-flow, and noncondensables

These topics were found to be key topics, and it was agreed that they would undoubtedly be
the necessary starting points for discussion in the breakout session.
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Technical Session 3

NUMERICAL METHODS IN MULTI-PHASE FLOWS

Co-chairs: V. Teschendorff (Germany) and J. Luxat (Canada)

The papers presented during Session 3 discussed approaches to improvements in numerical
methods based on experience with versions of RELAPS5, TRAC, and the CATHARE computer
codes.

Paper Summaries

Problems with Numerical Techniques: Application to ]
(J. N. Lillington, W. M. Bryce, AEA, United Kingdom)

Dr. J. Lillington presented this paper, which discussed problems with numerical techniques -
encountered when applying RELAPS and SCDAP/RELAPS to mid-loop operation transients.
The focus of the paper was on generic lessons learned as opposed to proposed fixes to these
computer programs. Calculations were performed using versions of RELAP5/MODS3 for the
BETHSY 6.9 series of shutdown transients under experimental conditions at low temperature
and pressure, both with and without the presence of noncondensables. Calculations were also
performed using both SCDAP/RELAPS and RELAPS for the Sizewell B loss-of-residual heat
removal (RHR) studies.

The types of problems encountered during these analyses were subdivided into six groups:
(1) weaknesses in modeling noncondensables at low pressure, (2) poor time-step control,

(3) problems with water packing, (4) non-stratified flow in sloping pipes, (5) numerical heat
transfer instability, and (6) mass error. The problems were frequently found to be
interdependent. In each case, alterations were made to the RELAP5 or SCDAP codes to
correct the problem. Generally, single code modifications were used to fix problems with the
existing models. Lessons learned included the need for:

. Careful initialization of properties before each property calculation iteration and
consideration of side effects of altering any property such as noncondensable quality in
the area of noncondensable modeling

. Better detection of time-step calculations that cause first-order property extrapolations to
break down

o Careful checking of system mass and energy balances

Several questions were posed to Dr. Lillington, including the effect of nodalization on code
behavior. It was suggested that some of the problems could be circumvented through
judicious selection of node characteristics, as opposed to making code modifications. Volume
differences were cited as being important. It was also noted that an important lesson learned
is that the codes are being applied outside their range of intended application, requiring

MS-23 NUREG/CP-0159




development of new models or extending the capabilities of existing ones. Dr. Lillington
believes that a combination of new models and model extensions is needed. He had no
recommendation on how to handle steam and noncondensable flow without assuming that the
two components are well mixed. In response to a question on mass error reduction, Dr.
Lillington stated that convergence criteria were tightened in addition to other fixes.

Elimination of Numerical Diffusion in One-Phase and Two-Phage Flows

(Dr. M. Rajamiki, VTT Energy, Finland)

Dr. M. Rajamiki presented a paper that discussed the development of a new solution method
called PLIM, or the Piecewise Linear Interpolation Method. This method was developed to
avoid errors due to numerical diffusion and dispersion. The PLIM method is a shape-
preserving characteristics method that is integrated into the hydraulics solver CFDPLIM. The
CFDPLIM routines solve the system of N flow equations in an arbitrary hydraulic network
consisting of nodes and one-dimensional flow paths. The CFDPLIM routines have been
incorporated into a three-dimensional reactor dynamics code, HEXTRAN, resulting in a code
called HEXTRAN-PLIM.

Boron dilution accidents under conditions close to natural circulation were analyzed using
both HEXTRAN and HEXTRAN-PLIM to show the effects of numerical diffusion. Results
based on the HEXTRAN analysis show clear indications of numerical diffusion, while the
solutions from HEXTRAN-PLIM show little effect from numerical diffusion. The effect of
numerical diffusion impacts predictions of the effect of boron dilution, since the reactivity
worth of the boron slug, which is “smoothed” as a result of numerical diffusion, is decreased
relative to the HEXTRAN-PLIM predictions. This decrease in predicted reactivity worth
produces an underprediction of the fission rate and energy release to the vessel as a result of
the event. Hence, numerical diffusion can mask erroneous results and have a significant
impact on predicted plant behavior during a boron dilution event. The CFDPLIM package has
also been applied to the SFAV two-fluid problem.

Advanced Numerical Methods for Three-Dimensional Two-Phase Flow Calculations
(I. Toumi, D. Caruge, CEA/IPSN, France)

This paper focused on new, fully implicit, finite volume methods that have been developed to
analyze both one- and three-dimensional, two-phase flow problems. The one-dimensional
solution scheme makes use of the Riemann solver approach to define backward and forward
differencing to approximate spatial derivatives. The Riemann solver approach has been
validated against various test problems, including the water faucet problem and the Edward’s
pipe problem. This method has been extended to a three-dimensional unstructured meshing,
with improvements performed to obtain a fully implicit solution method. The method has
been implemented in the FLICA-4 computer program, which is used to perform steady-state
and transient calculations of rod bundles and PWR reactor cores and assemblies. The
FLICA-4 program also has been used to analyze the effect of rod bow on hot channel coolant

NUREG/CP-0159 MS-24



flow and to perform PWR upper plenum flow calculations. The FLICA-4 program is planned
to be coupled to the CATHARE code.

Recent Advances in Two-Phase Flow Numerics
(Dr. J. Mahaffy, R. Macian, Pennsylvania State University, United States)

In this paper Dr. J. Mahaffy presented a review of two-phase flow numerics. Topics covered
included automatic differentiation, iterative solutions of sparse linear systems, interface
tracking, higher order numerical methods, and quantification of numerical diffusion.

Automatic differentiation is seen as a tool useful to the code developer for developing analytic
derivatives that are part of a new model or correlation for prototyping implicit numerical
methods. Programs such as ADIFOR can be applied to generate the Fortran codes for the
derivatives. However, it was noted that use of ADIFOR and similar codes requires
improvements in efficient code production and in documentation. Iterative solutions of sparse
linear systems have undergone a great deal of development in the past 20 years—to the point
where there are many methods to choose from for a particular problem. Current methods
include conjugate gradient methods and the Krylov subspace methods. The key to success
with such methods is preconditioning of the matrix system for rapid convergence. A variety of
iterative solution packages are available so that testing of a variety of options for a particular
class of problems is not difficult. Interface tracking is of most use in following liquid levels
in vertically stratified regions and plugs of liquid moving through pipes. Lagrangian methods
have been used to track interfaces. The computer code OLGA, a major oil and gas pipeline
analysis code, uses Lagrangian methods for tracking liquid slugs. In the area of higher order
numerical methods, a wide range of methods have been refined for shock wave problems.
Research using methods developed by Leonard and Smolarkiewicz has yielded promising
results. Use of a well-posed equation set is a good idea with these methods. Quantification of
numerical diffusion is important. However, an important first step is to quantify the degree of
physical diffusion so that the relative importance of numerical diffusion may be ascertained.

Among the questions raised after Dr. Mahaffy’s presentation were some related to the use of
the method of characteristics on multi-processor parallel machines for the solution of
hyperbolic systems. Dr. Mahaffy believes that finite element and finite volume methods are a
better choice for solving these systems. Dr. Mahaffy also noted that most recent advances in
two-phase flow numerics are adaptations of methods developed for single-phase flow. He
notes that these adaptations frequently require far more effort than the original development
for single-phase flow.

Current and Planned Numerical Development for Improving Computing Performance for Long
Duration and/or Low Pressure Transients

(B. Faydide, CEA - Grenoble, France)

In his paper, Dr. Faydide presented current and planned development in the area of improved
computing performance for long-duration or low-pressure transients. The CATHARE code

MS-25 NUREG/CP-0159




employs a fully implicit, six-equation, two-fluid model. A complete set of models for two-
phase flow patterns, cocurrent and countercurrent flow, and heat transfer with wall structures
and fuel rods is included. The CATHARE code has been benchmarked against experimental
data. The CATHARE program has been simplified to allow real-time operation in plant
simulators. This modified version, initially developed in 1986 and referred to as CATHARE-
SIMU, utilized a two-fluid, six-equation model on the primary side and a three-equation
model on the secondary side. Improvements in computational speed were achieved by
optimizing the data management strategy in CATHARE-SIMU. CATHARE-SIMU is being
improved by adding a drift flux model to the three-equation secondary side model and by
developing a multi-processor version with a 100-millisecond CPU execution time per time-
step.

A further stage of CATHARE development and application to simulators is the Simulator
CATHARE Release (SCAR) project. The purpose of this project is to utilize standard
CATHARE models without any simplifications in engineering and training simulators. Effort
is being focused on improving calculation efficiency and code reliability and avoiding
convergence failures. The version of CATHARE developed from the SCAR project will be
benchmarked against a large variety of transient tests, including loss of RHR during mid-loop
operation.

Questions on the availability of neutronic models in CATHARE were posed to Dr. Faydide,
who stated that these are external modules provided by the user.

General Discussion of Technical Session 3

The desirability of using three-dimensional neutronics models in CATHARE was questioned,
given that one-dimensional models are currently being used. Also, the impact of control
system calculations on computation time in CATHARE was noted. In a simpler CATHARE
model, control system calculation time is significant.

Answering questions regarding refinement of two-phase flow computational methods, Dr.
John Mahaffy stated that higher order methods should be evaluated. He suggested a two-year
program to evaluate and benchmark various approaches prior to selection of a method for
installation in a computer code. Regarding a question on the connection between nodalization
and numerics, Dr. Mahaffy also noted that the simple answer is that a fine mesh leads to a
converged solution, and if this is not so, then there is a problem with the approach.

The possibility of using unstructured mesh was discussed. Dr. Mahaffy noted that unstructured
mesh has been used in single-phase analysis. For two-phase analysis, use of unstructured
mesh is complex and would require a significant development effort that would likely cost
more than people are willing to pay. Actual engineering systems complicate the application of
unstructured mesh. When the subject of adaptive methods was raised, Dr. Mahaffy noted that
these methods have been applied to gas dynamics and that robust numerics are needed to
extend these to two-phase flow problems.

Numerical diffusion was discussed. Dr. Mahaffy reiterated that the magnitude of physical
diffusion needs to be estimated in any evaluation of numerical diffusion. It is acceptable if
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physical diffusion dominates, and it is not necessary to totally eliminate numerical diffusion.

Further methods development was discussed by Dr. Mahaffy, who stated the best approach to
improving numerical techniques is to identify and solve specific problems. He noted that
benchmarks suggested by Dr. Vic Ransom and others could be used to focus the problem. Dr.
Mabhaffy also noted that in the area of single-phase turbulent modeling, analysts are just
coming to the point where they believe that these models produce good results.

It was suggested that development of numerical methods is not independent of computer
capability. With the move toward parallel computing architectures, model developers need to
rethink the approach to numerical algorithms and how they can be developed to best take
advantage of these platforms.
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Technical Session 4
PROGRAMMING LANGUAGE, CODE ARCHITECTURE, AND USER INTERFA CES

Co-chairs: T. Vanttola (Finland) and M. Naitoh (Japan)

During the past 10 years, rapid developments in computer hardware and software technology
have considerably advanced the performance of detailed safety analysis calculations. However,
this advance in nuclear safety calculational power has been due mainly to an increase in serial
hardware architecture speed and memory capacity. This development trend may not continue;
instead, future increases in speed may come mainly from the development of parallel
hardware architecture (or single processors with inherent fine grain parallelism).

Attempts to parallelize safety analysis codes (e.g., TRAC, ATHLET, CATHARE, APROS,
IMPACT) have produced fairly encouraging results. Parallel processing hardware and software
have been available for some time, but the difficulty of thinking “parallel” and problems
associated with architectural dependencies, correctness verification, and lack of reliable
software tools have made this approach too difficult to apply. However, procedures are now
available, such as languages supporting parallelization (F90, HPF, etc.) and message-passing
protocols (MPI, PVM) that support the generation of portable codes.

Choices have to be made when starting a modern code development project. Three types of
parallel hardware architecture are available: shared memory machines, distributed memory
machines, and distributed networks. Portability is very important and should be kept in mind
in all phases of code development. Distributed memory machines seem to be the most
favorable for portability and for extensions of the number of processors.

As for programming style, loop-based parallelism, functional parallelism, data parallelism, or
a combination of these may be chosen, of which data parallelism might be the most attractive
(also applied in CATHARE and IMPACT). A high degree of rigor is necessary for object-
oriented programming to successfully increase quality, maintainability, extendibility, and
reusability of the code.

A graphical user interface (GUI) is a necessary and natural part of the development of a
modern safety analysis code. GUIs are needed to increase productivity in such tasks as model
development and display; run time control and display; and post-processor output, including
playback and reporting. Backfitting a GUI to an existing code may require considerable effort,
such as creation of the database and possible restructuring of the code. The database system is
the core of the functionality of modern safety analysis software. It should contain all
calculational level parameters, component definitions, documentation, etc.

In the conduct of a large software project, it is of great importance that well-structured
procedures and standard tools are used, starting from the definition of requirements up to final
release to the users. Feedback from various user groups is essential in the design, test, and
validation phases. Feedback from end users is of particular importance for GUI development.

NUREG/CP-0159 MS-28



A large number of programming languages are available today, and no general
recommendation for a preferred language can be given. Fortran still survives, at least in the
calculational tasks through the F90 standard, or in new versions such as High Performance
Fortran (HPF) in parallel architectures. They are also compatible with the existing F77 coding.
Users of these extensions, however, need a lot of training, which is comparable to learning a
real object-oriented language such as C++ (or JAVA). The object-oriented languages are more
suitable for tasks like GUI development. C++ has been reported to produce as efficient coding
as Fortran (Brun).

Paper Summaries

mplementation_and Future Plans on N e Architecture, Programming Lan

and User Interface
(B. Brun, CEA - Grenoble, France)

Dr. Brun pointed out that computer technology and tools develop more quickly than
programming languages, whose typical renewal time constant is about 10 years, and safety
analysis codes, which have a typical renewal time constant of 20 years. The rapid change of
computer technology and the tightening of safety requirements, however, imply that safety
codes such as CATHARE need to be updated more frequently.

Concerning parallel processing, the following observations were made: new languages
(CRAFT, HPF) are inherently inefficient, but automatic tools (Preprocessors, Compilers) are
very efficient for fine tuning. Message-passing (PVM/MPI) is more efficient and more
portable. In the recent parallelization of CATHARE, data parallelism using a message-passing
library (PVM) in shared memory computers has been applied successfully, with speed-up by a
factor of 3 to 4 in a five-processor machine. In the conduct of a software project, Dr. Brun
paid attention to a number of aspects such as the methods and requirements for object-
oriented application development, life cycle, programming language, quality and metrics,
documentation, portability, validation, and development team. In GUI development area,
portability must be ensured by applying industrial standards. In the future, GUIs must also
support user training and basic understanding of the physical models using all multimedia
capabilities.

Parallelization and Automatic Data Distribution for Nuclear Reactor Simulations
(L. Liebrock, L-H Research, United States)

Dr. Liebrock described various options for parallelization from the point of view of hardware
architectures and programming methods and gave some special recommendations for parallel
reactor simulation. She also compared the advantages and disadvantages of several forms of
parallel architectures.

Distributed Memory systems consist of separate computers, each handling separate mesh
nodes. They are scalable and portable, but message-passing is a detailed bookkeeping process.
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In the Distributed Network, the network is the bottleneck. It works well if portions of models
are loosely coupled. It can use existing computers, but communication and support are
complicated and expensive, and load balancing is difficult.

Loop-Based Parallelization has the advantages of fast and inexpensive use and extensive
compiler support. Its disadvantages are that the approach targets shared-memory machines; it
does not efficiently use all processors, and the parallelization overhead is high due to repeated
creation and destruction of processes. Functional Parallelism means parallel execution of
subroutines, where the advantage is the ability to do complex tasks in parallel, and the
disadvantages are that separation of the subroutines and complicated control are required and
difficulty occurs in the expression of loop or data parallelism. In Data Parallel Programming,
the compiler language takes care of communications, which are slower but allow tool support.
In the Combined Functional and Data Parallelism, data parallelism may be applied over a
physical model, while functional parallelism may be used to link different codes—the
advantage being flexibility, but with the disadvantage of complexity. A Data Parallel approach
with automatic data distribution and program transformation is the most effective for two-
phase flow problems, but will probably require rewriting existing solution algorithms.

Dr. Liebrock further stated that data organization in parallel applications should be organized
by component, because this is the way the scientist thinks about the physical problem.
Container arrays such as in RELAP may give better load balancing distribution information,
but some optimization can be brought over. Pointers break optimization for parallelization. To
improve optimization, Fortran statements GOTO, COMMON, and EQUIVALENCE should be
replaced with more modern constructs. HPF and F90 modules allow reformulation of the
component-based arrays. What is needed is to let the compilers do more of the work now
instead of manually setting the pointers. This is a task which the optimizer does much better.

To avoid problems associated with the stability of the computing environment, standard
languages, tools, libraries, and implementations that are generally supported around the world
should be used. For a pilot development project, Dr. Liebrock recommended use of High
Performance Fortran (HPF) and MPI protocol with explicit communication for implicit two-
phase flow development.

In response to a question concerning Quality Assurance (QA) of compilers in parallelization,
QA for compilers was cited as an issue in general, not only for parallelization. The data
parallel approach must be checked by checking compilers as part of the QA process. This is
one reason parallelization should be done by the compiler, not in the coding. For explicit
communication, a full test suite for all configurations may have to be run. Dr. Liebrock
further stated that data parallelization can be portable over the whole range of machine
architectures being evaluated.

TOOKUIL: A Case Study in User Interface Development for Safety Code Application
(D. Gary, et. al., KAPL Inc., United States)

J. G. Hoole, KAPL, Inc., described TOOKUIL, a GUI for TRAC-P. The TOOKUIL
development project started in late 1991, and the effort up to now has taken 12-13 staff years.
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This GUI was developed to support the design and analysis process by providing features for
creating TRAC models, running the code calculations, managing the resulting output files, and
post-processing the data. TOOKUIL includes icon-based model generation, runtime control,
on-line help, and output processing. Some functions, such as the three-dimensional vessel,
control variables, and links to the database, are not yet implemented. In the development
project several lessons were learned, such as: (1) runtime control is good for production
shops; (2) model generation is the most difficult task; (3) access to manual through code is
important; (4) completeness of GUI functional requirements are important; and (5) the team is
important, requiring a good balance of engineers and computer scientists, as well as database
experts. Finishing the GUI requires the addition of a database to automate sensitivity studies,
to improve restart capability, to add XTV, and to improve the physical appearance and
descriptiveness of the iconic display.

A question was asked about the current input capabilities of TOOKUIL. TOOKUIL is still at
a fairly early stage in the area of input processing, so it does not untangle the nodalization
diagram when it reads in an existing deck. The learning curve for TOOKUIL itself is only an
hour or two, but it does not really help with the learning curve for TRAC, which is much
longer.

It was suggested that (1) handling existing decks is very important; (2) it is also important to
model the complete systems, not just thermodynamics, including controllers and balance of
plant systems; (3) linking GUISs to expert systems will save a lot of time and be really
valuable; and (4) there is a need to link the libraries of reference documents.

Requirements for a Multi-Functional Code Architecture
(O. Tiihonen, K. Juslin, VIT Energy, Finland)

Mr. Tiihonen presented requirements for a modern safety analysis code from a general point
of view and gave special notes on user interface, code architecture, and programming
languages and standards. There are two major aspects that should be taken into account: the
user requirements and the continuous development of the code. The user requirements include
an easy-to-use GUI; wide-range, robust code; and short time-to-solution. The code developers
can benefit from highly structured, portable code based on standard compilers and tools that
forms a maintainable, easily extendable analysis and simulation system. The code architecture
should be.layered, starting from separate program modules for different physical models,
solvers, and a database with clearly defined interfaces. The database should be structured so
that higher level objects such as process components, unit processes, and plant models can be
made available to the actual users of the code. The GUI database should be included in the
simulation database to preserve consistency of graphics and simulation data at all times.

As an example of a layered code architecture, Mr. Tiihonen described the APROS simulation
software for NPP safety analysis (reactor, primary and secondary circuit thermal-hydraulics,
containment—all interconnected), as well as automation and electrical systems. The object-
oriented memory resident database allows the building of structures suitable for describing
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process components and unit processes and provides a generalized standard interface for a
GUI with on-line model building and data presentation capability.

Development of the Simulation System “IMPACT” for Analvsis of Nuclear Power Plant
Severe Accidents

(M. Naitoh, et al., NUPEC, Japan)

Mr. Naitoh presented a paper on the parallel processing software system, IMPACT. This
system is designed and is being developed as a large-scale simulation system of
interconnected hierarchical modules covering a wide spectrum of scenarios ranging from
normal operation to severe accident conditions of LWR plants, as an example of future
software systems. He indicated that IMPACT is a 10-year project that started in 1993, with
financial sponsorship from the Ministry of International Trade and Industry (MITI). Six major
requirements for the IMPACT software were explained: (1) minimum use of empirical
correlations and constants, (2) maximum use of mechanistic models, (3) use of parallel
computer, (4) user assistance from input generation to comprehension and retention of results,
(5) modular structure, and (6) fast-running and detailed analysis. To avoid machine
dependency and to keep scalability, IMPACT uses (1) Fortran-90 for analysis modules and
C++ for control modules, (2) MPI as message-passing library, and (3) massively parallel
machines or sequential vector machines.

The severe accident code structure also was shown. Mr. Naitoh indicated that the severe
accident code would ultimately have about 30 modules and would be controlled by the
simulation supervisory module with dynamic allocation of processor elements to optimize
simulation elapsed time. Recent results were shown: (1) parallelization of an incompressible
three-dimensional single-phase flow module with at least 30 times the normal speed-up ratio
depending on the number of meshes; and (2) the pre-mixing sub-module for steam explosion
analysis, which has good agreement with the MIXA experiments.

Asked about the number of engineers involved in software development, Mr. Naitoh said the
project currently employs 8 inside NUPEC and about 20 as NUPEC contractors. Mr. Naitoh
also stated that the parallelization method and results for single-phase flow analysis will be
published in a journal in about six months.

Responding to an indication of difficulty in the development of the Human Interface during
the Phase-1 period (by the end of 1997), Mr. Naitoh agreed and mentioned that it would be
completed by the end of Phase-2 (2000), while temporally using a commercial-based GUL
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Breakout Session 1
ADVANCES AND NEEDS ON THERMAL-HYDRAULIC MODELING

Co-chairs: J. Lillington (United Kingdom), M. Reocreux (France), and G. Yadigaroglu
(Switzerland)

Discussion in this session was based on the characteristics of existing codes summarized in
the Opening Plenary Session and the application needs identified in Session 1. Initially the
discussion centered on the need for a new code and whether simply accepting the errors in
present code predictions is a viable alternative. The consensus of the majority of participants
was that improvements to the existing capability are absolutely essential. In particular, this
capability is essential for the regulatory agencies that need to understand all situations taking
Place in operating reactors.

Proposals for Code/Model Improvements

It was agreed that the time horizon for code/model improvements is the next five to ten years.
The following nine proposals were established and discussed:

1. Multi-field models

2. Transport of interfacial area/dynamic flow regime definition

3. Two- or three-dimensional hydrodynamics and their closure laws
a.-system-wide global two-phase transports
b. single-phase detailed CFD capability
c. two-phase detailed CFD capability

4. Turbulent diffusion models

5. Operation at low pressure/low flow

6. Operation in the presence of noncondensables

7. Neutronics

8. Phenomena in Eastern reactors

9. Containment phenomena and situations beyond DBA in the primary system

For each code/model improvement, the following factors were considered:

e  Why is the model or improvement needed? There should be identified uses of the code
that make such improvements necessary.

e  How should the proposed improvements be implemented and what is the feasibility of
implementation; more specifically:

- How mature are the approaches or the models?
- How much more research is needed before implementation?
- Do present code structures and numerical methods allow implementation?

MS-33 NUREG/CP-0159




In addition, the extent of any experimental support needed before implementation was
considered. Finally, the various code and model improvements were prioritized.

Each of the nine proposed areas for code/model improvement was then discussed in detail
within the pre-established framework. Results of these discussions are presented below.

1. Multi-Field Model

Needs: Multi-field models are essential for prediction of certain phenomena, such as BWR
normal operation and transients, containment analysis, flow regime transition during large-
break LOCA reflooding, entrainment and de-entrainment in the upper plenum and description
of phenomena in the PWR downcomer. The need was clearly identified for codes with two
fields for the liquid phase, namely film and droplets. Such multi-field descriptions already
exist in industry codes. Adding this type of model is possible within the present code
structures. Multi-field models are more physically based, so that closure relations are
straightforward; however, a larger number are required. For example, it will be easier to treat
drag on drops and films separately rather than develop a model for the average of the
combined fields. Additional experimental data are needed to validate the models.

Transport of Interfacial Ar namic Flow Regime Definition

Needs: All interfacial transfers are directly dependent upon the interfacial area. In the present
generation of codes, the latter is determined using flow regime maps based on steady-state
flow observations. In fact, to avoid unphysical flow descriptions it is necessary to describe the
dynamic evolution of the interfacial area that governs flow regimes instead of using steady-
state flow regime maps. For example, the evolution from bubbly to stratified flow after a bend
cannot be properly described using a steady-state flow regime map.

It was agreed that in terms of present code weaknesses, this item potentially has the greatest
effect. Ishii’s paper outlines the manner in which interfacial area transport can be
implemented. For multi-scale phenomena (e.g., a spectrum of droplets), more than one
transport equation may be needed. Describing interfacial area source terms will require
analytical and experimental work. Success will depend on getting properly scaled
experimental data that are not now available. The need was identified for testing in
geometries representative of small and large pipes, bundles, annuli, and direction changes.

r_Three-Dimensi H ics and Their Cl
Three different aspects of this general problem were identified:

a. System-wide global two-phase transports
b.  Single-phase detailed CFD capability
c. Two-phase detailed CFD capability

Needs: Regarding the first item, the need is to describe global mass movements, such as
those occurring during vessel injection, multidimensional downcomer behavior, and
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multidimensional core behavior driven by asymmetric loop operation. This capability has
already been built into certain system codes, but these describe such situations with coarse
meshing. The scale for such multidimensional treatments has yet to be established, but it was
agreed that it would be between the present coarse meshing and that used in CFD codes.

The second item is related to the need to treat in detail certain single-phase, multidimensional
phenomena such as thermal-mixing related to pressurized thermal shock (PTS), boron dilution,
and mixing in containment volumes. This need may be met by coupling system codes to
existing CFD codes.

The third item is the modeling of two-phase flows with CFD methods similar to the ones used
today for single-phase flows. This is exploratory research that will hopefully result in multi-
phase flow models that address the phenomena at a much more detailed, physical level.
Alternative approaches such as Large Eddy Simulation (LES) should also be studied.

4. Turbulent Diffusion Models

Needs: Turbulence diffusion models are needed for the second and third cases described under
area 3, above. Thus, additional separate discussion of this item was not necessary. It was
noted, however, that inclusion of such models in two-phase flow codes requires
implementation of low-diffusion, higher-order numerical techniques.

5. Operation_at Low Pressure/Low Flow

This region of operation is characterized by rapid changes in flow regime and unstable flows
due to the large density ratio. Such conditions appear at mid-loop operation, in passive
ALWRs, in the containment, and during severe accidents.

Needs: Existing correlations need to be validated for these conditions and properly
implemented.

6. Noncondensables

Needs: The needs are similar to the ones identified for low-pressure/low-flow operation: mid-
loop operation, passive ALWRs, containment, and severe accidents. In addition,
noncondensables are present during accumulator injection. For severe-accident and
containment applications, several noncondensable gas fields may be needed.

One of the major problems with some existing codes is that the noncondensable models were
added later and are not an integral part of the model and the solution scheme. For a new
code, noncondensables should be included in the basic approach.

Data on heat and mass transfer in the presence of noncondensables exist for condensation in
tubes and on walls, although some gaps may be present. There is little data on condensation
of bubbles with noncondensables.
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7. Neutronics

Needs: Multidimensional neutronics is needed to treat situations such as reactivity-induced
accidents (RIA), ATWS, BWR stability, etc.

Three-dimensional neutronics models are available and should be used whenever necessary
(rather than more limited one or two-dimensional models). Consistency in the spatial detail
with the corresponding thermal-hydraulic models should be verified. The uncertainties of the
neutronics need also to be quantified. Homogenization and flux reconstruction also need to be
considered, particularly for the case of transients. Thus, three-dimensional neutronics is mostly
a matter of implementing available techniques. '

8. Eastern European Reactors

Differences in these reactor designs that must be modeled include horizontal steam generators
and hexagonal fuel. There are ad hoc groups addressing these areas, and plant data exist. The
fourth of a series of meetings on horizontal steam generator analysis will be held in Finland.

Validation of models for Eastern-designed reactors is now underway [Ref. 1].

9..Containment Phenomena and Situations Beyond DBA in the Primary System

Needs: Models are needed for containment phenomena, including heat and mass transfer in
the presence of noncondensables and pressure-suppression system response. A description of
phenomena such as hot/cold steam countercurrent flow in the hot leg, quenching of
overheated cores, core flow blockages and radiation heat transfer is required for beyond-DBA
events. Water properties under extreme conditions need to be implemented.

Containment models are available and need to be implemented or coupled via special
modules. This could be done in a modular fashion. Coupled code capability for severe
accidents already exists; examples are RELAP/SCDAP and CATHARE/ICARE.

Priorities and Research Needs/Implementation

Priorities were established for each of the nine code/model improvement areas. The need for
any additional experimental (E) and/or theoretical (T) research was identified. Areas where
simple implementation will suffice were indicated (IMPL). The following table summarizes
the results. Priorities have been characterized as Very High (HH), High (H), Medium High
(MH) and Medium (M). Exploratory Long-Term research needs are shown as ELT.
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Code/Model Improvement

DO

. Multi-field models
. Transport of interfacial area

3. 2D or 3D hydrodynamics and their closure laws

\O 00 O\

*

a. system-wide global two-phase transports
b. single-phase detailed CFD capability
c. two-phase detailed CFD capability

. Inclusion of turbulent diffusion models

. Operation at low pressure/low-flow

. Operation in the presence of noncondensables
. 3D neutronics

. Phenomena in Eastern reactors

. Containment modeling and beyond DBA

Need to consider numerical diffusion-higher order schemes.

** Computer Science effort needed.
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reak ion 2

NUMERICAL TECHNIQUES AND COUPLING INTERFACE REQUIREMENTS

Moderators: J. Luxat (Canada), J. Mahaffy (United States), V. Teschendorff (Germany)

The objective of this session was to establish the desirable characteristics of numerical
techniques and coupling interfaces for system thermal-hydraulic and neutronics codes. During
this process the general topics of numerical robustness, accuracy, models for coupling separate
solution packages, objective evaluation of numerical methods, and some related programming
issues were considered.

Robustness and Accuracy

A simple definition of robustness is the ability of a code to run a problem to completion
without user intervention (time-step adjustment) or code failure. This is a practical definition,
but there is a second aspect. The code must also give accurate, repeatable solutions. Both
robustness and accuracy within a defined range of validity are required. A wider range of
robust behavior is acceptable only if the code informs the user that it is beyond its verified
range of validity. In general, the code must be able to handle any modeled fluid, from
freezing to above the critical point (superheat). The pressure range must be from near zero to
above maximum design system pressures for a PWR. This ability is also related to robustness
but can be considered a “soft” limit (i.e., the code should have some ability to estimate an
answer when going above or below the physical state limits).

The code should be expected to handle the full range of problem time scales associated with
the physical processes. The current situation is that phenomena with high propagation
velocities (pressure waves) force small time-steps to ensure accuracy. If these phenomena are
always captured during a long-term transient, the complete calculation will take several days
to weeks, even on the fastest workstations. It was suggested that an adaptive time-step
controller be implemented in the code to give the user the small time-steps only when
absolutely required and to change to the largest possible time-step (for a given accuracy) at all
other times. Users could request detailed tracking of sound waves by requesting a rigorous
Courant limit within the robust time-step controller.

Running time is a major issue when considering numerical methods. It clearly is a moving
target, since it is dependent on the latest in computer technology and architecture. The general
approach is to make a balance between run time and accuracy. Real time might be acceptable
for many applications but unattainable for other cases. Real time is a good target, but it is a
secondary requirement to robustness.

Discussion concerning the ability to accommodate situations involving “steep gradients” in
process variables, as well as coupled feedback, identified that this is of great importance in
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several key phenomena occurring in nuclear reactors. Therefore, the code must have the
capability to track steep gradients, two-phase interfaces, and other similar situations.

Coupling of Models

It was considered desirable to maintain a high level of modularity within a code and, to the
extent practical, maintain separation between disciplines, as reflected by the separation of
programs that can be flexibly coupled according to the analysis needs.

The question of whether explicit or implicit coupling of modules is preferable was considered.
There is no single solution, since this is truly process dependent. There is a risk of
discontinuity between how one couples the code and sections of the plant (example: linking
core and loop thermal-hydraulics). Thus, there are two levels of modularity: internal (core and
loop thermal-hydraulic coupling) and external, with the linking of modules developed by
different disciplines (RCS, neutronic and/or containment coupling). One must ensure that the
interface is tightly controlled and that the physical condition of the fluid does not change
when switching from one module to another. The general conclusion was that the interface
should permit, but not require, implicit coupling.

Unified interface protocols should be established that allow modular coupling with clearly
defined structures to control interactions and data transfer between coupled modules. Other
disciplines have set standards for data transfer (example: reactor physics and their transport
codes). This is important not only for data transfer but also for coordinating events between
modules. The transfer must occur through one point to avoid the corruption of data from
multiple transfer points within a module. However, careful thought should be given on how
this would affect parallelization of the code. The QA and maintenance of the code would be
simplified by having only one well-defined and controlled data transfer point. This transfer
point must never involve intervention of one program into another program’s database.

Objective Evaluation of Numerical Methods

The need to establish a set of numerical benchmark problems that provide an objective
measure of numerical method abilities was identified. There can be no good measure of
numerical effectiveness from one code to another unless there is some commonality in the
testing. The problem is selecting the numerical benchmark and its boundary conditions in such
a way as to separate out effects due to the physics versus those due to the numerics. Specific
models must be provided for source terms such as phase change to test the response of
methods to typical nonlinear terms. Solution of linearized equations should be tested, both in
the context of flow problems and with specific matrix solution benchmarks.

In benchmarking to analytical solutions, one must be able to separate the physical and
mathematical solutions. Based on mesh or spatial convergence and time-step convergence, one
could produce a reference solution. It is also important to track the mass and energy error in
an easily accessible form.
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Test problems should cover:

e  Robustness
e  Accuracy
. Run time (e.g., floating point operations per second)

Within the context of :

e  Basic two-phase flow solutions
J Solutions with specified source terms (mass and momentum sources, etc.)
. Basic matrix solutions

Measures of a methods quality would include:

Ability to obtain solution convergence as mesh length or time-step are decreased
Percent error in mass and energy

L? norm of all results

Variance of results when executed on a range of compilers and optimizations
Run time at a specified level of accuracy

Other Factors

The discussion on which programming language to use was surprisingly civil. There are
several related issues that are not controllable by the code developer. The programming
language should have a standard definition (i.e., Fortzan-90) and should be portable to other
machines. However, as seen in the compilers currently available, there is no true
standardization of language compilers. This can have an effect on the benchmark one may be
using to assess code performance.

Parallel processing was also considered. It was agreed that allowance for parallelization of a
code should be considered at the time of design. The important factor is that the computed
results should not change, whether or not parallelization is employed.

Recommendations

The most important recommendation is the early establishment of benchmark problems. The
second most important recommendation is establishment of protocols for a coupling interface.
Finally, research into more accurate difference methods is recommended. These are important
in the short term for following phenomena with sharp spatial gradients, and in the long term
to permit implementation of turbulence models. Early development would include interface
tracking techniques and research into promising higher order methods. All such methods must
be tested early against typical two-phase benchmarks. The most promising high-order methods
are those of Leonard and the generic group of high-order Riemann solvers. It is also noted
that new methods will require reconsideration of the details of iterative linear systems solvers,
particularly the choice of matrix preconditioning. It is recommended that code be structured to
facilitate the testing of “computational engines” developed from the above research.
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Breakout Session 3
USER NEEDS AND USER INTERFACES

Moderators: R. Caruso (United States), D. Grand (France), T. Vanttola (Finland), and M.
Naitoh (Japan)

Breakout Session 3 addressed user needs and user interfaces to thermal hydraulic programs.
The meeting was attended by about 25-30 people from the regulators, national laboratories,
domestic utilities, vendors, and overseas institutes. The focus of the meeting was to obtain a
consensus on the code capabilities desired by users, code features needed to assist users,
characteristics of the user interface, and the mix of technical resources needed for code
development. These points were previously posed as part of the call for papers prior to the
CSNI meeting.

Discussion points for Breakout Session 3 are presented in Attachment 1. Modifications were
made to these points based on discussion among meeting participants. The importance of code
capabilities and features and the user interface characteristics were determined by ranking the
attributes of each category by importance, based on discussion among the meeting
participants. This ranking may be used by code developers throughout the OECD to guide
their code development activities.

A summary of the discussion for each main discussion point is presented below.

What Capabilities Do All Users Want for the Next 10 Years?

Code capabilities required for the next 10 years were reviewed. The time window of 10 years
was selected because it was judged to be the maximum time in which reasonable forecasting
can be done, given the changes in computer technology. Much of the early discussion focused
on defining the user. Generally, meeting participants felt that codes are developed to provide
decision makers with information. These decision makers can be regulators, utility engineers,
reactor vendors, and fuel engineers, among others. The needs of the users tend to vary and
may be competitive, as well as diverse, thus complicating the code development process. As
an example, the utility engineer interested in operating plant support may have different needs
compared to an engineer working on the design of an advanced reactor. However, it was
noted that six years of code development work for advanced reactors has proven valuable for
current reactors for analyses involving mid-loop operation and PRA. In particular, the
improvements made in handling noncondensable mixtures at low pressure for advanced
reactors has been important for mid-loop operation analysis.

The level of code capability and features is directly linked to the needs of the users. The types
of codes that were discussed included both thermal-hydraulic and neutronic codes. Mechanical
engineering simulation capabilities (e.g., pipe stresses) were also mentioned. The question was
raised as to whether a code that “does everything” is needed. Generally, it was agreed that

MS-41 NUREG/CP-0159




another hierarchy is needed to establish desired user capabilities, based on how the codes will
be used. Although there may be a difference in perspective between the utility engineer and
the regulator, the code capabilities needed are generally the same.

Meeting participants were asked to identify their code uses. Those mentioned included:

. Advanced reactor analyses, including small-break LOCA, large-break LOCA, and the
spectrum of other design basis and beyond design basis events to evaluate reactor
performance

. Heat sink strategy studies -

e  Licensing safety evaluations

. Appendix K break spectrum evaluations

J Time and frequency domain stability evaluations

Utility needs cited were analyses used to support power uprate and mid-loop operation,
generally for a specific plant. In contrast, regulators must be able to analyze a spectrum of
reactors and review models, including input provided by licensees. It was noted that a GUI
would be invaluable in supporting input model evaluation. It was also noted that regulators
approve codes (and code models) through a review of topical reports and audits of code
capabilities.

As a result of this discussion, analysis types were requested and then ranked in importance, as
presented in Table BOS-1.

TYPES OF ANALYSIS TYPICALLY PERFORIV;ED AND IMPORTANCE RANKING
Ranking Analysis Types

1 Design Basis Accidents

2 Operational Analysis (Ioad runback and emergency operating procedure analysis

cited. Plant transients would also be included.)

3 Simulator/Plant Analyzers

4 Accident Management

5 Mid-Loop Analysis

6 PRA Support Including Success Criteria and Event Timing

7 Component and System Design Analysis

8 Emergency Protection Analytical Support

9 Assessment of Other Codes (cross-code comparisons/assessments)

10 Fire Protection Support
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What Code Features Should Be Provided To Assist Users?

Desired code features were identified by meeting participants. These are listed in
Table BOS-2 along with their importance ranking.

JABLE BOS-2
DESIRED CODE FEATURES AND IMPORTANCE RANKING
Ranking Code Feature

1 Robustness (i.e., no code aborts due to properties errors or other problems)

2 Documentation (users and developers [programmers] manual)

3 Graphical User Interface

4 Internal Assessment of Uncertainty (automatically performed by the code)

5 Investment Conservation (by maximizing the use of previous model
development efforts and user experience)

6 Identification of the Range of Validity of Code Models and Correlations
(warnings would be generated if validity range is exceeded)

7 Structure the Code/Input Requirements to Minimize the User Effect (examples
are time-step control and automatic nodalization)

8 Near-Real-Time Code Performance

9 Training Guidelines (also user guidelines based on previous experience)

10 Portability (easy installation across a variety of computer platforms/compilers)

11 Modularity (allows substitution of different models for 3-D thermal hydraulics,
turbulence, etc.)

12 Capability for coupling to Other Models (possible models to be coupled include
kinetics, containment and those used for severe accident analysis)

Participants at the meeting identified several desired user interface features. Strong concemns
were expressed about losing the investment in knowledge and experience in previous model
development. This investment must be preserved, and it was proposed that knowledge base

development be based on expert system techniques. The user interface features are listed in

Table BOS-3, along with their importance ranking.
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JIABLE BOS-3

USER INTERFACE REQUIREMENTS AND IMPORTANCE RANKING

Ranking User Interface Requirement
1 Post-Processing Plot Generation/Replay
2 Fluid System and Control System Logic Diagram Generation
3 On-line Component Library (allows user to select previously developed models

for components such as steam generators)

4 Expert System Assistance (Input and Runtime; utilize animated graphics to show
changes in important physical phenomena)

5 Error Resolution Assistance (Input and Runtime; clear diagnosis of problems
when they occur)

6 User-Generated Input Documentation (allows notes and comments to be
incorporated into the model for future reference and traceability)

7 Configuration Control of Input (previously developed models would be stored
and users could access and modify these models to suit their needs. Changes
could be highlighted using colors.)

8 Interactive Runtime Changes (changes in problem specifications during

execution)

9 Runtime Display of User Selected Results

10 Input Translation Between Codes (e.g., TRAC, RELAPS, CATHARE,
ATHLET)

11 Hardware-Based Input (example is to pick a Schedule 40 pipe of a given
diameter and length and have the pipe automatically nodalized)

12 Common GUI for Multiple Codes

13 Assistance in Coupling Codes

14 Report Generation (input summary in tabular format)

One item noted was that nodalization for various components should be based on test data
where applicable. This may not be practical in all cases, however, since nodalizations
developed for topical report submittals by licensees for specific applications are not changed.
It was also noted that on-line diagnostics during runtime could be done by utilizing color
changes to highlight changes in a particular parameter (e.g., temperature limits, rate of
temperature increase).

The role of the user in the code development process was extensively discussed. Generally,
the code development process requires developing requirements that are translated to software
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specifications. Software design specification (preliminary and final) are then developed, and
the code development process proceeds. It was noted that knowledgeable users are needed to
successfully implement this process. It was emphasized that feedback from the users is
important and that user experience is an important component of this process. Conversely,
developers should be involved in applications of their software periodically and probably visit
some of the sites where application work is done to gain perspective on the use of the
software.

The steps for integrating the user in the software development process were outlined by the
meeting participants as follows:

o Use all available technical user (and software developer) resources in the international
community.

*  Involve the user in the code design and implementation process.

*  Utilize useful information on software development (tools and techniques) from other
engineering disciplines and from computer programming sources. Note that some of
these were identified by Dr. John Mahaffy in his review of two-phase flow advances
during Session 3.

Resources need to be considered in the software development process, and user requirements
may have to be negotiated based on available resources. Software specifications should
include manpower requirements.

Additional Recommendations

The meeting participants reiterated that it is necessary to have access to data used for code
validation and archival experimental data used in the code validation process. It is recognized
that companies may designate some of the data as proprietary, which would limit access to
certain data. Also, information on how the data were measured (instrumentation details) and
processed is needed and must be included. The need to have the data stored with a stable
organization in a retrievable manner was strongly emphasized.

Finally, it was noted that the results of all computer analyses should be carefully scrutinized
by a human analyst who understands the phenomena of interest and can identify anomalies in
the results,
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Attachment 1: Discussion Points

1. What capabilities do the users want for the next 10 years?

A.

0

Operating reactors and advanced reactors—DBA and beyond DBA transients and
accidents up to fuel damage

Operating reactors and advanced reactor events at low temperature/pressure
Simulators/Plant Analyzers—improve runtime, robustness, and user interface

More detailed core and system performance calculations and determination of available
margins

Integrated Safety Assessments/PRA/PSA applications
Quantified code uncertainty

2. What code features should be provided to assist users?

A.

O mEy QW

Improved and expanded user guidelines and code documentation
Improved code robustness

Code identification of application outside limits of validity
Code internal determination and expression of result uncertainty
Establishment of user qualification and training guidelines
Structure code to minimize user effect

Users should be knowledgeable of the physical phenomena in the cases to be analyzed

3. What should the user interface be like, considering both the front end and back end of the
analysis process?

A.

Provide user interface that is visual and easy to use

- ability to enter geometry information directly from engineering drawings (e.g., pipe
sizes/schedules/endpoints, standard component input parameters)

- “fill-in-the blanks” for component properties

Provide user interface that can read geometry from input deck and generate isometric
drawings

Fully compatible with existing plant models

Design of interface should be sufficiently general as to accommodate other codes (e.g.
containment, neutronics)
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E. Provide user tools at the back-end to help users visualize physical phenomena and
results of calculations

4. What technical resources and what resource mix should be employed, considering the
potential for contributions from international collaboration, academia, and industry?

A. Use all available resources as appropriate
B. Involve users in code design and implementation process

C. Invite users to make specific recommendations for design features based on their past
experience and anticipated needs

D. Look for useful information on software development (tools and techniques) from
other engineering disciplines and from computer programming sources

Additional Recommendations:

1. Design code in a modular fashion so that new models or methods can be implemented
early. Provide the capability to include detailed or simplified component models.

2. Design code so that it can easily be coupled to other codes (e.g., containment, neutronics,
severe accidents).

3. Advanced T/H capability (e.g., model multiple fluids [gas, liquid], turbulence, 3-D).

4. Note that for all these recommendations, the physics in the codes must remain defensible
and based on data.

5. Provide open access to data banks for code validation and experimental data used in the
validation process.

6. Acknowledge that code development is a long-term continuous process.
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Closing Pl Sessi

CODE CAPABILITIES AND DESIRED ATTRIBUTES
(MINUTES FROM CLOSING PLENARY SESSION ON NOVEMBER 8, 1996)

Dr. Eltawila (NRC) made the opening remarks. He also moderated the discussion.

Dr. Eltawila asked if different numerical schemes could be used for different areas in the
same problem based on their effectiveness. He said that the La Salle transient calculation
would benefit from such a scheme. Dr. Mahaffy (PSU) replied with humor, asking, “How
much would NRC pay for it?” He added that getting a higher order method in one region and
first-order methods in other regions to talk to each other was very difficult. He also pointed
out that, in a transient such as La Salle, driving forces and damping forces compete and
eventually dictate the outcome, and such a scheme would be sometimes very dangerous.

Dr. Reocreux (France) said that the multidimensional capability in codes ought to be
improved. He also asked the group to carry out the exploratory numerical work in parallel
to ongoing physics research. He added that, as a group, they ought to be consistent in
recommending both numerical methods and the physics.

According to Mr. Teschendorff (Germany), the numerical methods are a major cause of code
deficiency besides the physics. To improve the methods, low diffusive methods must be
developed. Referring to Dr. Ishii’s presentation, he emphasized the importance of including
the interfacial area transport in two-phase flow models. On the other hand, the numerical
community was not ready to accomplish it today. In his view, it would be a mistake not to
advance physical modeling and numerics at an equal speed. Therefore, he said, today’s
research should be directed by considering the needs of 10 years from today.

Mr. Kelly (NRC) stated that implementing new methods to the codes to test them was too
expensive. He said he thought small pilot/test codes must be written to test a new method,
e.g., low diffusive schemes.

Dr. Lillington (United Kingdom) reminded the group that there were already advanced two-
phase methods in CFD codes and they were successfully applied in several areas, although
interfacial transport had little or no significant importance in these applications. He said that
these methods could be carefully tested with interfacial mass, energy, and momentum
transport if it was desired to implement them in our codes.

A question from the audience about establishing common criteria for time-step selection noted
that the time-step size was usually adjusted by ad hoc methods, but not criteria from first
principles. It was also asked if there would ever be a single code to accomplish everything.
Dr. Eltawila answered, “A single interface can be designed to call different modules from a
library, and the user would not have any feeling that different codes are used in the
background.” Dr. Eltawila’s answer opened up a discussion on the modularity of codes. On
this matter, Dr. Grand (France) added that a level of modularity had been already achieved in
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CATHARE with conventional programming techniques, and that it could be further facilitated
by the object-oriented technologies. Mr. Teschendorff said he thought the subject of
modularity should not be regarded as an easy way out from the problems, and a highly
modular code would still have coupling problems. In his view, a general code must have
certain specifications for transients, time scales, and flow regimes, etc. Dr. Reocreux reiterated
that CFD codes and two-phase codes were fundamentally different. It is a fact that two-phase
codes need careful assessment. In his view, breaking up the physics into individual modules
must be carefully considered. When all models are brought together in a code, they usually
compensate errors from each other. Therefore, the user will get radically different answers to
a problem when he freely selects from a set of physical modules.

Dr. Lillington repeated that advanced numerical methods actually existed in today’s CFD
codes. Therefore, the research must concentrate on developing physical models. Dr. Reocreux
reminded the group that everything developed for CFD codes must be tested with a compre-
hensive set of benchmark problems. As for getting hints from different fields, Dr. Grand
added that the scientists in climate research have been developing new approaches to couple
oceanic and atmospheric calculations with different time scales, and their methods could be a
good example for coupling models with different time scales in nuclear safety.

Dr. Eltawila returned to the subject of implementing the interfacial area transport equation. He
asked Dr. Mahaffy how one could put together the physical models and numerical methods
for area transport. Dr. Mahaffy replied that both research areas could be advanced in parallel.
He indicated that the interfacial area transport methods were in fact not new and that there
were certain people with knowledge and experience in these methods. Adding to Dr.
Mahaffy’s reply, Dr. Luxat (Canada) said that the problem had to be defined clearly so that
research on the numerical methods could be carried out in parallel to the work on the physical
models. Another question on the subject came from Dr. Lillington, “Isn’t it going to be
straightforward implementing the method in one-dimensional flows?” Mr. Kelly answered him
with an example from the industry: COBRA-TF has three fields and the interfacial area trans-
port equation is already a part of the solution. This code employs a semi-implicit solver, and
the time-step size is always limited by the Courant limit. Therefore, an extra equation for the
interfacial area could be solved explicitly at the end of every time-step (very simple). On the
other hand, Mr. Kelly and Dr. Mahaffy agreed that it would be a more difficult job to
implement an extra equation for the area transport in an implicit solver.

It was noted by an audience member that advances in numerical linear algebra could be used
to improve the codes referred to in Dr. Mahaffy’s presentation of the previous day, adding
that the physics can be incorporated into the pre-conditioners in some advanced linear solvers.

Another audience member complained that a set of challenging test problems did not exist. If
a suite of problems were provided, the code developers could compare their methods against
each other. Dr. Yadigaroglu (Switzerland) replied that OECD had already published a book
with such problems in the mid-1980s. It was agreed that a journal could be published every
six months to report results from developers so that the benchmark problems would not be
forgotten.
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On the same topic, Dr. Luxat raised another concern. He said that the numerical benchmark
problems should be carefully designed to test only the numerical method and should either
constitute very simple physics, such as the oscillating U-tube manometer, or have well-defined
boundary conditions and source terms.

Dr. Eltawila asked if there was any work to do in automatic input deck conversion from one
code to another. This question brought conflicting answers from the audience. Some members
positively agreed to have an automatic means of converting the input decks, while others dis-
agreed about spending any resources to develop an automatic converter. Dr. Luxat commented
that an input deck for one code could not be converted to another without human intervention,
and some work should be done manually unless the source plant design data were fully linked
to the input data deck. Prof. D’Auria (Italy) said he thought time and other resources should
not be spent to develop an expert system for automatic input conversion when it was possible
to use dedicated man power, e.g., graduate students. Dr. Teschendorff added to the discussion
that an input deck for a power plant was more than thermal-hydraulics and neutronics, but for
the larger part of the balance-of-plant and control, no standard exists on how to model a plant.
Therefore, he thought there are fundamental differences between the input decks for different
codes. In his view, a standard for building plant models ought to be established before an
automated input deck conversion between codes is achieved. Mr. Kelly and Mr. Caruso
agreed that eventually a mega-database should exist from which plant decks for different
codes could be converted. On the other hand, Mr. Johnsen (INEL-USA) disagreed on the
subject and said the number of existing plant decks should be looked at before any
consideration of an automatic deck converter, which, he thought, was finite. He also
commented that deficiencies should be attributed not only to the models but also to the user.
On the subject of automated deck conversion, it was concluded that an automatic converter
could speed up the process and reduce errors, although human intervention was still required.

On the discussion of building an expert system into codes and user errors, Dr. Mabhaffy said
that, based on his background in numerical methods, even experienced users will accept
results that could be regarded as nonsense. He said an expert system would provide the user
with expertise from experts in different fields. Dr. Mahaffy elicited positive audience response
from the code users when he commented that all developers should be forced to use codes on
real problems. He also admitted that he was not a good TRAC user 11 years ago when he
developed it, but that he was today.

An audience member said that the NRC was pursuing a graphical user interface that would
incorporate an expert system.

Dr. Eltawila asked if there was any common definition for the concept of modularity.

Dr. Grand explained that component-oriented technology, so-called objects, could be
assembled together. It could be a particular physical model, numerical description of a plant,
etc. Dr. Luxat suggested the definition that a module was an entity that had a defined function
and attributes and was designed on “information-hiding” principles, so that it receives only
the information it needs to perform its function and nothing else.

An audience member asked if the group should recommend that the developers of new
models consider parallelization. Dr. Mahaffy replied, “Yes, we did.” Another audience
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member asked if time-step control should be built into a code rather that having to “baby-sit”
the time-step. Dr. Mahaffy stated that the time-step control is an integral part of numerical
method, and that it can induce stability problems unless carefully designed. Dr. Lillington
commented that, in general, the time-step control fails to work in the current generation of
safety codes. He gave an example: it is usually too late when a time-step controller discovers
that the time-step size must be reduced and the code crashes. Mr. Teschendorff mentioned
that many codes had different modules with different time scales. He continued by saying that
when a time-step controller for thermal-hydraulics sets a time-step size, other modules must
“get along” with it. He said he thought a master step controller must be set up.

A member of the audience asked for guidance from the group about the nodalization issues
and added that it was currently a form of art. Mr. Wilson (INEL) complained, explaining he
was a potential user of the new code, that developers were not advising the users about the
ongoing work, and that they were simply told to “trust.” He said he thought the developers
must tell the users what their priorities are. Dr. Mahaffy stated that in his view, first-order
numerics works and we can live with it. However, he thought developers often repeated
themselves on the need for higher spatial differencing schemes. At this point, he was not sure
which way they would go. On the other hand, he and Mr. Kelly agreed that a new code will
be fully implicit. Wall and interfacial shear, heat transfer, and other closure relationships will
be treated implicitly to enhance the stability.

Dr. Eltawila thanked the group and the audience and made the closing remarks.
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Good morning. I would like to welcome you to the OECD/NEA
Committee on the Safety of Nuclear Installations Workshop on
Transient Thermal-Hydraulic and Neutronic Computer Codes
Requirements -- and to the beautiful city of Annapolis, Maryland.
The purpose of this workshop is to reach some conclusions
regarding computer code capabilities, and the need to ensure that
thermal-hydraulic and neutronic codes are reliable, easy to
learn, use, and modify. I am particularly interested in this
subject because thermal-hydraulics and neutronics are fundamental
to nuclear power technology, and understanding these disciplines
is absolutely essential to ensuring reactor safety.

Of course, a detailed understanding of thermal-hydraulics and
neutronics has been seen as important to reactor safety for a
long time. One of the first safety studies in the United States
involving these disciplines was published in 1956 as WASH-740,
.which helped to establish the concept of an engineered
containment building. During the 1960s, when thermal -hydraulic
code development was initiated, the U.S. Atomic Energy Commission
emphasized the prevention of core melting, and the requirement
for an emergency core cooling system (ECCS) to supply water to a
reactor in the event of a large loss-of-coolant accident -- a
LOCA.

The 1971 SEMISCALE experiment, which resulted in the large bypass
of the emergency core cooling system, put a spotlight on thermal-
hydraulics, and led to the protracted ECCS hearings conducted by
the U.S. Atomic Energy Commission in 1972 and 1973. The result
of the hearings was a set of very conservative regulations and
assumptions for large-break LOCAs that were intended to cover the
large uncertainties reflecting our rather poor state of knowledge
at that time.
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During the 1970s and 1980s, the NRC -- sometimes in cooperation
with organizations like OECD and EPRI -- conducted many thermal-
hydraulic tests in SEMISCALE, the loss-of-fluid test facility
(LOFT), the multiloop integral system test facility (MIST), the
full integral simulation test facility (FIST), and other
facilities to confirm our understanding of large-break LOCAs.
The NRC also engaged in aggressive computer code development to
try to model the coupled neutronic and thermal-hydraulic
phenomena mathematically. By 1988, we concluded that our
knowledge and analytic capability had improved sufficiently to
support modification of NRC regulations for large-break LOCAs to
remove some of the earlier conservatisms.

Having concluded that our analytical capability was developed
enough to support the then-current licensing reviews, including
the new best-estimate analysis option, the NRC essentially went
into a maintenance mode with these codes. However, several
things occurred to change this posture. First, the new passive
plant designs, that were submitted for certification in the U.S.,
pushed our computer codes into hydraulic regimes that required
additional development and testing. Second, risk-informed
regulation required a better understanding of event sequences
beyond the design basis, resulting in a need for more robust and
faster-running codes. Third, a computer revolution occurred,
making our main-frame codes obsolete. Finally, budget
constraints provided greater incentives to accelerate progress to
a more efficient program.

Recently, we completed new experimental work on the low-flow
regimes of the new passive plant designs, and we have developed
improved models for the codes. We also have new state-of-the-art
computing facilities. The challenge ahead of us is to develop a
new set of coupled neutronic and thermal-hydraulic codes that
will take us into the 21st century.

As we embark on this task, however, we need to address more
specific questions. How can we be more efficient in the
development and maintenance of our codes? How do we retain the
value of our investment in existing codes and plant models? How
do we best utilize modern computer technology? How do we take
advantage of new developments in numerical methods and two-phase
fluid dynamics? How do we identify features that can increase
speed, accuracy, and reliability? How do we make the codes
easier to use? Of course, we have our own preliminary answers to
these questions, and these answers will be reflected in the
presentations here. What we hope to accomplish in this workshop
is to gain the perspective of the international community on
these questions, and to factor your views into the decisions that
we must yet make with respect to code development.

This workshop comes at a time of great change that is affecting
the way we approach our research cooperation. One change is the
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uneven pattern of growth in the use of nuclear power worldwide.
In the Pacific Rim, ambitious nuclear programs are being
implemented; while in other regions, the nuclear option has
leveled-off or is in decline.

Also, as a result of economic constraints in many countries, all
now must be more selective about our research programs. Each
country must decide where to focus its own research efforts, and
where to seek to join in efforts with others to save scarce
resources, and to avoid duplication of effort. I believe that we
can achieve more focussed and prioritized safety research on a
global scale. This approach will require extra planning
internationally, and will, of course, take a higher level of
coordination than in the past.

International cooperation has a long history of success in the
nuclear industry. The nuclear power industry has recognized the
benefit of sharing information in the design, development,
construction, and operation of nuclear power plants. Major
vendors have exchanged manufacturing licenses. Recently, we have
seen international mergers. Likewise, domestic and international
operators’ groups have banded together to share information and
experience.

I believe that the world’s nuclear regulators should follow suit
and establish a better mechanism to exchange information, to
identify common trends and approaches, and to provide better
support for safety worldwide a mechanism which better reflects
the needs and priorities of regulators. Therefore, I have
initiated an effort to establish an international nuclear
regulators forum, with a policy-oriented focus. At a meeting of
senior regulators convened by the NEA near Paris in September, I
discussed this proposal with some of my colleagues from other
national nuclear regulatory organizations, and I found strong
support for the forum idea. I will be pursuing this initiative
more specifically early next year.

In closing, let me express the hope that this workshop will
produce a useful exchange of views on thermal-hydraulics and
neutronics code development.

Thank you.
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OPENING PLENARY SESSION: CURRENT AND PROSPECTIVE PLANS OF
THERMAL HYDRAULIC CODES DEVELOPMENT

Co-Chair: Prof. Yadigaroglu (Switzerland), Dr. Ybarrondo (USA)




OECD/CSNI Workshop on Transient Thermal-Hydraulic and Neutronic Code Requirements
Annapolis, USA, November 5-8, 1996

Capabilities of Current Generation of Thermal-Hydraulic Codes
and Future Plans

Summary presentation of six papers on

TRAC-P (Boyack & Jolly-Woodruff, LANL, USA)
CATHARE (Bestion et al., CEA, France)
RELAPS/MOD3 (Johnsen & Riemke, INEL, USA)
ATHLET (TeschendorfT et al., GRS, Germany)

TUF and CATHENA (Luxat et al., Ontario Hydro/AECL, Canada)
HEXTRAN, TRAB, APROS (Vanttola et al., VTT Energy, Finland)

by

George Yadigarogiu
Nuclear Engineering Laboratory
Swiss Federal Institute of Technology (ETH)
ETH-Zentrum, CLT
CH-8092 Zurich, Switzerland

""Disclaimer of Responsibility"’

e Presentation based on contents of papers (and additional summary information offered by
authors) and reflects image given in papers

¢ Presenter responsible for misunderstandings/misrepresentations

¢ No clear distinction made between "official" code versions and near- or long-term
plans/development efforts

e Authors’ claims are reported "unfiltered"”
o Difficulty in presenting information uniformly (based on material provided)

e Thanks to authors who provided summary information
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Target Code Applications (based on TRAC and RELAP5/MOD3 papers)

e reactor safety analyses (transients) for both operating and planned reactors
e licensee calculations

o audits of licensee’s calculations

¢ analysis of operating reactor events

e analyses of accident management strategies

¢ analyses of emergency operating procedures

e generic issue resolution

¢ support for test planning and interpretation

e support for PRAs

e design analyses

¢ nuclear power plant training and control simulators
¢ analysis of advanced reactor designs

Code Design Objectives (adapted from TRAC)

¢ Accurately model important accident phenomena in:

current generation
future generation plants

¢ deliver best-estimate predictions of accident progression
e have a practical running time

¢ be portable maintainable, extensible

¢ be adaptable to several reactor types

5 NUREG/CP-0159




Codes/Plants/Transients

NUREG/CP-0159

Codes considered Organization(s) Types of plants Types of Transients
TRAC-P (-TRAC) | LANL, USNRC PWR (—»BWR etc.) “all”
and other (PIUS, AP600)
CATHARE CEA., EdF, PWR (EPR) LOCA, non-LOCA
Framatome (VVER, RBMK, adv. PWR. BWR?) containment th's (0D, 3D)
mult. failures beyond DBA
RELAPS/MOD3 INEL., USNRC PWR (BWR) LOCA, non-LOCA (“all Chapter
15 events™)
ATHLET GRS PWR, BWR (emphasis on combined LOCA, non-LOCA
injection), VVER, passive ALWRs beyond DBA
TUF, CATHENA T: Ontario Hydro | T: CANDU LOCA, non-LOCA
C: AECL C: CANDU and small facilities
HEXTRAN, TRAB, | VTT Energy H: VVER LOCA, non-LOCA
ARPOS T: BWR (RBMK) plant transients (depndg on codes)
A: plant simuln. package, VVER, BWR | see Table
Fluids/Fields/Numerical Method/Language
Codes Fluids Fields/Equations T/H Space Numerical Method | Coding
considered | (beyond Steam and Dimensions Language
Water)
TRAC-P Solute in water 2C 2M 2E 1D - SETS FORTRAN 77
(-»TRAC) |n/cinsteam + solute concentration | 3D (Cart, Cyl) - higher-order for | (= FORTRAN
+ n/c partial pressures solute concentration | 90)
CATHARE | Boron in water 2C 2M 2E 0D, 1D, 2D, 3D |- fully implicit for | FORTRAN 77
Upto 4 n/c’s gases in | + boron concentration | modular 0D and ID
steam + 4 n/c concentrations components
(radioactivity in Multifield for 3D - semi-impl. for 3D
gas/liquid) containment (Ap between phases
present in mom. egn
guarantees
hyperbolicity)
‘RELAPS/ Solute in water 2C 2M 2E 1D two solution FORTRAN 77
MOD3 Mixwre of upto 8 + gas/steam mixture schemes: semi- (FORTRAN 90
n/c’s in steam + solute concentration implicit and two- compileable)
step nearly-implicit
(for slow transients)
ATHLET Boron in water 2C IM 2E (drift flux) | 1D fully implicit FORTRAN 77
UptoSn/ic’sgasesin |(2C 2M 2Eusedfor |2Din
steam reflood/downcomer) | downcomer .
TUF, Heavy water T:.1C IM 1E 1D T: one-step and FORTRAN
CATHENA | n/c gas in steam 1C IM 2E (dr.flux) two-step semi-impl.
2C 2M 2E C: one-step semi-
C: 2C 2M 2E impl.
HEXTRAN, | H.A: n/c gas in steam | 4,5,6 eqs 1D semi-implicit FORTRAN 77
TRAB, A: solute in water See Table (and C)
ARPOS
6




Closure Laws, etc.

Codes Flow regime | Interfacial Exchanges | Wall Exchanges Virtual i Structures:
considered | map ] Mass  conduction, etc.
TRAC-P yes, explicit for i - area - friction to liquid included . - heat structures
(—»TRAC) |hydrodynamics | - mass transfer rate - friction to gas , connecting two
- friction hydro cells
- hte (int-lig, int-gas, - htc to liquid -Dand 2D
lig-gas) - hte to gas
CATHARE | no, implicit* - friction (special case | - friction to liquid presentin | - multi-layer
(smooth closure | for reflooding) - friction to gas ID - 2D conduction
law transitions) | - htc (gas-int, - wet and dry wall htc | 2-fluid eqs | near QF
lig-int) several regimes | packages® - thermo-
mechanical fuel
rod model
RELAPY/ yes, explicit for | - area - wall friction apportioned | included - mulu-fayer (cyi..
MOD3 hydrodynamics | - friction® to phases rect.. sphencat)
(orizonul, | - int. hit.in the bulk or | £ PR B T 25 for refloodin
vcfncaf‘ax.ld ,\ near walls (from wall) mm flux, void gncuon. with fine-mesh '
“high-mixing") phase T's, CHF, TBHF - fuel rod model with
and n/c fraction cladding deformation
ATHLET | variousdrift flux |- special condensation | - friction includedin |- 1D
model options model - hte selection based | 2D parts - 3-layer
- drift flux model on wall T and void only - two sided
recognizes CCFL fraction
- QF's tracked by
conduction-controi

* CATHARE: smooth evolutions of flow regime transitions are explicitly wnztten for all closure laws (except for onset of droplet entranment and
stratification criteria)
* CATHARE: specisj heat transfer package for the vicinity of a quench front
¢ RELAPS/MOD?3: using adapeation of EPRI drift flux model to obtain interfacial drag in bubbly and slug flow regimes: drag coeffs used
otherwise. For post-CHF: inverted annular and slug are also considered

Component Models/Processes/Reactor Kinetics

(only special/selected ones listed)
Codes Components Processes Resctor kinetics
considered
TRAC-P - pressurizer, tee, tutbine - h.t. with 2D conduction and radiation | point
(2TRAC) |- RPV volumes (downcomer, LP, UP) |- horizont. stratified flow (incl. CCFL)
- vertical stratification in vessel and
condensation
CATHARE | - phase separation at a tee - 2D conduction for quenching
- separators - k-€ turbulence model in 3D module (for
- entrainment and de-entrainment in UP | containment th's)
- lower plenum voiding -condensation for ECCS injection
RELAPY/ |- jetpump - rod-to-rod radiation h.t. point
MOD3 - simple steam separator, dryer - water packing mitigation
- turbine - entrainment and water pull-through at
- accumulator take offs
- ECC mixer - mixture leve! tracking
- annulus - boron front tracking
- thermal stratification
ATHLET |- scparator - “dividing flow model" point
- jet pump - tracking of mixture level 1D
- accumuiator, pressurizer - radiation among structures (interface to 3D
codes)
TUF, special CANDU components anda see Summary Table C: point
CATHENA | control systems (interface to
neutronics codes)
HEXTRAN, | also hexagonal core geometry see Table 1D, 3D
TRAB, (rect. and hex
ARPOS geometries) ‘
7 NUREG/CP-0159
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Special /O Features - GUI’s” - Unique Capabilitites

Codes considered Special Characteristics
TRAC-P (-TRAQO) Sophisticated input checking
Consistent generation of st-st conditions
Sophisticated GUL: TOOKUIL (by KAPL)
CATHARE _ Simulators based on CATHARE have an advanced GUI
i
RELAP5/MOD3 « Extensive input data checking
! [nteractive with Nuclear Plant Analyzer (NPA)
I A GUT under development
I[mplicit coupling to SCDAP severe accident models
“Hooks” for explicit coupling to CONTAIN
Renodalization “on the fly"
Steady-state capability
ATHLET Steady-state capability
Interface with 3D neutronics
TUF, CATHENA Modeling of CANDU's
HEXTRAN, TRAB, Modeling of VVER's
ARPOS

* GUI: Graphical User Interface

SUMMARY OF CANADIAN T/H CODE FEATURES

Legend: TsTUP C = CATHENA SOPHT = Ontario Hydro HEM code
FEATURE DESCRIPTION

Purpose of Code Safety Analysis (T,C)/ Design Assist Analysis including waterhammer & fluid structure interaction (T} / ,

(Applications) Operational Support - plant transients with commissioning test data feedback(T) !

Number of fluics & Heavy water, light watar, non-condensable gas (T.C) / Modeling options: EVET, EVUT, UVET, UVUT, }

| treatment drift flux - usar selectable options (T) / UVUT, drift flux (C)

Fiow regimes Vertical: single phase liquid or steam, bubbly, annular, slug, churn-turbulent, mist, counter-current flow
(T,C) Horizontal: single phase liquid or s bubbly, churn-turbulent, slug, mist, stratified (T,C)

Heat transfer Conduction, radiation (T,C) / Convective: single phase, sub-cooled nucleats boiling, nucleate boiling,
CHPF, transition boiling, film boiling / Metal-water reaction heat generation (T,C)

Wall Closure Wall friction at all solid surfaces (T.C) / Heat ransfer explicit at all walls, tamperature dependent matal
thermal properties (T,C)

interfacial Closure laws | Interfacial mass, energy & friction tarms flow regime dependent; interfacial ares and shear stress

& virtuai mass sffects modeled (T,C) / Buik fluid heat transfer rate includes pressure transient torm (T) / Virtual mass effects
explicitly acesunted for (T,C)

Treatment of structures | 1.D one and two region lumped parameter wall model for general piping ; 1-D multiple element modeling
for fuel channels (T) / 2-D modeling of multiple elements for fuel channel (C)

Numerncal schomes Staggered mesh flow rate equations; cne and two-stap semi-implicit methods. Matrix size =LxL sparse
matrix inversion; separate steady-state and transient solutions, low numerical diffusion (T). / Staggered
mesh separated fluid equations, one-step semi-implicit method. Matnix size = (4N+2L)x(4N+2L) sparse
matrix inversion: transisnt solution only (C) NOTE: L = no. of links ; N = no. of nodes

Special Processas Critical Flow: Orifice and Henry-Fauske discharge options (T.C), Moody discharge and transient sonic
options (T) / CCFL drift flux models (T.C) / CHF and post-dryout heat transfer degradation modeling
based on ful-scaie water CHF & PDO oxperimental data (T) .

Special compcnent Special lumped paramstar models for pressurizer and steam generators for void holdup (level swall) and

modieis entrainment procasses. Explicit modeling of numerous valve types. Piping elasticity (T) / Four quadrant
pump model (T,C) / Special component models for small reactor simulations (C)

Balance of plant Complete balance of plant represantation (T,C) / Interfacing process systams modeled (T) / Direct
emulation of controllers through software modules (T) / Generalized controller routines - in one instance
controllers from SOPHT waere intarfaced (C) — —

Input data conversion Semi-automatad software utility for conversion of SOPHT plant data fles to TUF plant data files. (T) ‘

Programming ianguage | FORTRAN (T,C)

NUREG/CP-0159




ANNEX

Summary of the properties of the HEXTRAN, TRAB and APROS codes in the form
suggested by Prof. Yadigaroglu.

oxidation). In loop full
range drift flux model for
vertical and horizontal
flow. For HT wetted and
non-wetted wall models.

= oxidation))

Feature HEXTRAN TRAB APROS

Purpose of the | 3D reactor dynamics for | 1D and 3D reactor Full-scale modelling and

code hexagonal lattice cores dynamics for square simulation of different
combined with plant lattice core combined power plant processes,
dynamics, from with plant dynamics, including the process
operational transients to | from operational automation and electrical
ATWS scenarios. Safety | transients to ATWS systems. Design, safety
analysis tool. scenarios. Safety analysis and training

analysis tool. simulator applications.

Fluids and ID water with solute, ID water 1D water with solute,

fields steam with non- steam with non-
condensable condensable gas

Thermo-dyn. | Simple thermodynamic No thermodynamic Thermal dynamic

treatment treatment between steam | treatment treatment between gas
and noncondensable gas components, no chemical

reactions

Flow 1D separated 4-eq., void | ID separated 4 eq., void | 1D homogeneous 3-eq. /

modelling fraction correlation for fraction correlation 3-eq. drift flux model
core TH. with non-equilibrium / 6-
1D separated S-eq. drift eq. two-fluid model with
flux model for the loop separate phase
TH. momentum and non-

equilibrium

Flow and heat | No flow regime maps. In | No flow regime maps. In | 3 Eq. model: no maps

transfer heat transfer a set of heat transfer a set of 5 Eq. model: full range

regime maps | correlations with simple | correlations with simple | drift flux model for
switching rules (e.g. DNB | switching rules (e.g. vert.& horiz. flows.
by correlation = post DNB by correlation = | CCFL included in the
DNB heat transfer = post DNB heat transfer | drift-flux handling.

6 Eq. model: Flow
regimes: bubbly, annular,
droplet, stratified.
Weighing factors for
stratification and
entrainment.

Heat transfer: wetted
wall, DNB, post DNB,
quenching.

NUREG/CP-0159



Wall closure

Friction: A set of

Friction: A set of

Friction: 5 eq. A set of

laws correlations, €.g. correlations and two- correlations, e.g. Blasius
McAdams, and two-phase | phase multipliers with | and two-phase
multipliers with user user defined parameters. | multipliers with user
defined parameters, e.g. Heat transfer: A set of | defined parameters.
Baroczy. standard heat transfer 6 eq. Blasius,
Heat transfer: A set of and DNB correlations. | distribution between
heat transfer and DNB Particularly for BWR phases on the basis of
correlations, particularly | applications. flow regime.
for VVER applications. Heat transfer: A set of
Wetted and non-wetted heat transfer and DNB
wall models. correlations. CHF

model.
Interfacial A non equilibrium boiling | A non equilibrium 5 Eq. model full range

closure laws | model in the core. In the | boiling model. drift flux model, flashing
loop full range drift flux and condensation.
model, flashing and
condensation. 6 Eq. model: interfacial
friction and heat transfer
with correlations
depending on flow
regimes
Virtual mass | Not needed Not needed Not used
Numerical
scemes Fast two-level nodal Fast two-level nodal Nodal method,
Neutronics: | method, Spectral matching | method, Spectral applicaple to both square
method Wy, in neutron matching method Wy, in|and hex lattices
kinetics. neutron kinetics.
Thermal- Core: Implicit time Implicit time 3 & 6 Eq. models:
hydraulics / discretization (flexible discretization (flexible | Implicit time
heat transfer; | choice of time steps). The |choice of time steps). discretization, with
numerical method can be | The numerical method | automatic time step
varied between the can be varied between | adjustment.
standard fully implicit the standard fully
theta method and the implicit theta method 5 Eq. model: Spatial
central-difference theta and the central- discretization by donor
method. difference theta method. |cell method, time
Loop: Spatial discretization by a non-
discretization by donor cell iterative semi-implicit
method, time algoritm based on
discretization by a non- predictor-corrector -
iterative semi-implicit method.
algoritm based on
predictor-corrector -
NUREG/CP-0159 10




method. The sparse matrix
methods make the code
very fast.

Structures Fuel: 1D modelling of fuel | Fuel: 1D modelling of | Fuel: 1D and 2D
and cladding. fuel and cladding. modelling of fuel and
Other structures: 0 D heat cladding.
slabs assuming cylindrical
or slab geometry Other structures: 1D
slabs with versatile
interconnections
Special CHF by correlations, CHF by correlations, CHF, CCFL, oxidation;
processes Oxidation. In the loop Oxidation cold startup, shutdown,
CCFL included in the drift critical flow
flux model. Critical flow.
Special Fuel follower control rods, | Partial length fuel Fuel follower, partial
equipment PID-controllers, horizontal | elements, PID- length rods, automation
models steam generators (with controllers, pumps, and electrical systems,
standard nodes), valves, user defined turbine, condenser horiz.
circulation pumps, jet algebraic of 1st-order | & vert. steam
pumps, safety valves, relief | differential dependences | generators, heat
valves, injection pumps, | or delays between exchangers, etc.
simple automation for chosen variables
components
Balance of Main components Main components Full automation system
plant controlling steady state controlling steady state
components | pressure, flow rate and pressure, flow rate and
core power included. core power included.
Input deck Standard editors Standard editors Through on-line
generation graphical interface
Graphical user | No No Design-oriented interface
interfaces for model definition and
modification, analyser-
type plant visualisation,
CRT-based training
simulator interface
Output Normal files (listing, Normal files, online and | Structured data base
reports, events listing) post processor plotting | dump, files, online and
online and post processor post processor plots,
plotting visualisation
Programming | Fortran 77 Fortran 77 Fortran 77, C
language

11
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Limitations/Improvements needed (as noted by authors)*

Codes considered | Coding/Numerics : Models
TRAC-P (-TRAC) use of container array and pointers ; blowdown rewet and
reflood models

CATHARE
See Table on Development activities

RELAP5/MOD3 numerical diffusion 1b*
time-step control interfacial area
introduce FORTRAN 90 - eliminate old concentration
outdated coding st-st flow regime maps
nearly-implicit scheme not robust only one liquid field
see also Table on Development activities

ATHLET 5-equation model
See Table on Development activities

3 DOE version of RELAPS/MOD3 has 3D hydrodynamics and 1D, 2D, and 3D neutronics

NUREG/CP-0159

RELAPS/MOD3
Code Improvements Needed

1D, 2D, or 3D hydro model
Point- through 3D-kinetics model

Semi- through fully-implicit solution schemes - automatic
switching

Improved interfacial area concentration models applicable to
reactor geometries and non-fully developed flow

More intelligent time-step control to.improve code robustness

Exploitation of FORTRAN 90 to eliminate outdated coding
practices

Parallellizable coding and data structure

Powerful GUI that provides a front-end and back-end
interface

12
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Development Activities in Progress/Planned/Proposed - 1

TRAC-P

Consolidation TRAC-P. TRAC-B and RAMONA 3D kinetics
Adequacy assessment of closure and special models
LB LOCA closure law packages for AP600 applications:
"absolute/conditional pedigree"”, correlation kernel/coefficients

Code modernization in 3 stages:

portability

improved computational efficiency

new code structure (FORTRAN 90)

.
®

TRAC modernization effort: [cited as example]
¢ apply modern sortware engineering principles
achieve full portability to all singie-processor Unix-based platforms
significantly improve the maintainability of the code
achieve a factor 10 improvement in run time on current single-processor platforms
improve code operability and robustness
position the code for parallelization
separate the input/output and computational engine
provide full functionality at all times during the modernization effort

Development Activities in Progress/Planned/Proposed - 2
CATHARE

Apply the Discrete Adjoint Sensitivity Method (DASM) for uncertainty evaluation
CIRCE: calculate the "basic uncertainties" of the closure laws
SCAR - Simulator CATHARE Release project: insert standard CATHARE models in simulators
Coupling capability with other codes: severe accidents, containment, neutronics
Better physics:

low-p

3D for core reflooding/de-entrainment in UP

advanced reactors

new physical models (¢.g. interfacial area transport)

physics for VVER and RBMK

additional fields
long-term: two-phase turbulence modeling

RELAP5/MOD3

e Code improvement for passive ALWRs
o Development of a GUI

NUREG/CP-0159 14



Development Activities in Progress/Planned/Proposed -3
ATHLET

Dynamic flow regime evolution

Condensation and interfacial friction models

3D module for downcomer

Non-diffusive scheme for boron tracking

Speed up for full-scope simulation

New reactor types

Better interface with user

Complete assessment (also for VVER and RBMK)

Application of GRS uncertainty method to generic reactor transients

TUF and CATHENA

 Validation matrix for reactor physics

¢ Develop methods for uncertainty analysis
¢ Consolidation of two-fluid codes

o etc,

HEXTRAN, TRAB, APROS

TRAB-3D with 3D neutronics under development (BWR)
New numerical solution PLIM

Improved formulation of conservation equations SFAV
etc,

Needs of Passive ALWRs*
® Presence of n/c gases; their impact on:
condensation
flow circulation
heat transfer

Small, gravity-driven pressure differences driving:
delivery of water at low pressure
circulation of coolant

Sharp liquid/vapor interfaces

¢ Long transients (up to 3 days)

* from RELAP5/MOD3 and ATHLET papers

See also Table from RELAP5/MOD3 paper

15 NUREG/CP-0159




Model Improvements Needed for ALWR Analysis (Johnsen and Riemke)

Phenomena/Characteristic

Code Modification

Sharp liquid/vapor and liquid/gas interfaces

Level tracking model

Steep temperature gradients in tanks, pools

Thermal stratification model

Critical flow through various geometry nozzles
(experimental facilities)

Incorporate Henry-Fauske model

Sharp boron wave front in natural circulation
SBWR (ATWS)

Apply Gudonov method to mitigate numerical
diffusion

SBWR separator/dryer

Implement model from TRAC-B

AP600 spherical accumulator

Add spherical geometry capability

Low flow natural circulation

Incorporate Reynolds number dependence in
form loss

Noncondensables prevalent

Improve code reliability in treating
noncondensables

Horizontal tube bundle heat transfer

Incorporate suitable correlations

Filmwise condensation with and without
noncondensables

New condensation model

Very long transients

Improve nearly-implicit solution scheme

NUREG/CP-0159 16
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Methods of Code Development/Validation/Assessment - CATHARE Example

The constitutive relationships are developed and assessed following a general methodology:

e Step A: Analytical experiments, including separate effect tests and component tests. are performed
and analyzed. Separate effect tests investigate a physical process such as the interfacial friction, the
wall heat transfer. Component tests investigate physical processes which are specific to a reactor
component, such as the phase separation in a Tee junction.

e Step B: Development of a complete Revision of constitutive laws from a large analytical experimental
data base. Successive Revisions are implemented in successive code Versions. A new Revision
‘contains a new physical modeling whereas a new Version may contain new numerical methods, new
modules, new submodules, or a new code architecture, preprocessing or post-processing.

e Step C: Qualification calculations of the analytical tests in order to validate each closure
relationship.

e Step D: Verification calculations of system tests or integral tests in order to validate the general
consistency of the Revision.

e Step E: Delivery of the code Version + Revision fully assessed (qualified and verified) and
documented (description documents and assessment reports).

When predictions are not correct or not accurate enough in step C, corrections will be made in steps A and B of the
future Revision.

When predictions are not correct or not accurate enough in the verification calculations (step D), no correction ofa
closure law will be applied without coming back to analytical tests (step A). New analytical tests may be defined if a
physical process was not treated before.

¢ A new Revision of constitutive laws is developed using some general principles:

e Data are first compared with existing models. If necessary, original models are developed. They can
be either mechanistic (phenomenological) , semi-empirical, or fully empirical, depending on the
understanding of the physical processes which are involved. Each closure law is unique. No choice
between several correlations is proposed to the user.

e When and where data are missing, simple extrapolations of existing qualified models are used. No
mechanistic model is developed without the experimental evidence of its relevance. Some iterations
may be necessary when experiments are sensitive to several constitutive laws.

o In a pre-qualification phase, some tests of each experiment of the qualification matrix are calculated.
Corrections are sometimes necessary before finalizing the set of constitutive laws.

¢ A systematic qualification of the frozen Revision is then performed. All tests of the qualification matrix
are calculated and qualification reports are written.

NUREG/CP-0159 18



Items of Interest/Difficulties (from CATHARE)

Closure relationships for 2D and 3D t/h models
¢ today extrapolated from 1D models

(but, e.g., void fraction alone may not determine flow regime in 3D)

o lack of turbulent diffusion modeling

however, not restrictive when other effects dominate (e.g., in reactor core)

Differential terms in closure relationships

o they do affect character of set of system equations
in CATHARE: in added mass for dispersed flows, but also

in phase pressure difference/void fraction gradient for stratified flows

Effect of Singularities
e.g. CCFL at singularities needs special modeling
effect of ECCS water jet on condensation

Meshing vs convergence

19 NUREG/CP-0159




METHODOLOGY, STATUS, AND PLANS FOR DEVELOPMENT
AND ASSESSMENT OF THE RELAPS5 CODE

G. W. Johnsen, R. A. Riemke
Nuclear Systems Analysis Technologies Department
Idaho National Engineering Laboratory
Idaho Falis, ID, USA

Abstract

RELAPS5/MOD3 is a computer code used for the simulation of transients and accidents in light-water
nuclear power plants. The objective of the program to develop and maintain RELAPS was and is to
provide the U. S. Nuclear Regulatory Commission with an independent tool for assessing reactor safety.
This paper describes code requirements, models, solution scheme, language and structure, user interface.
validation, and documentation. The paper also describes the current and near term development program
and provides an assessment of the code’s strengths and limitations.

Introduction

The mission of the RELAPS development and maintenance project is to provide the U.S. Nuclear
Regulatory Commission (NRC) with a best-estimate, fast-running, and user convenient transient analysis
code for the simulation of accidents and transients in light-water nuclear power reactors. The NRC makes
use of RELAPS for a variety of regulatory tasks. including the evaluation of:

. transients in operating reactors

. generic issue resolution

. emergen;:y operating procedures and accident management
. licensee analyses

. simulator fidelity

. advanced PWR and BWR designs.

The scope of applicability of RELAPS encompasses a wide range of reactor designs and transient/
accident conditions. Reactor designs include those of the U. S. pressurized water reactor vendors (B&W,
Combustion Engineering, and Westinghouse) including design variations within a vendor (two-loop,
three-loop, four-loop plants). In addition, RELAPS must be applicable to experimental systems, so that its
accuracy may be assessed.

Except for certain reactivity-initiated events, the code is applicable to all of the so-called Chapter 15

events. This includes loss-of-coolant accidents (LOCA), loss of feedwater, steam line break. steam
generator tube rupture, and anticipated transients without scram (ATWS).
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The approach taken in developing RELAP5 made use of the experience gained from its predecessor,
RELAP4. The important principles underlying its development were:

. Best-estimate modeling - Utilize models without built-in conservatism and minimize
modeling options.

. User friendly - Include free-format data input, random data order, extensive input data
checking for consistency and permissible range.

. Fast running - Employ an efficient numerical solution scheme with a low grind time for
faster execution.

. Feedback-based improvement - Promote wide usage of the code to provide user feedback
on needed improvements.

The basic modeling concept of employing an Eulerian mesh to subdivide the coolant system into
one-dimensional control volumes and interconnecting flow junctions was retained from RELAP4. So too
were key models deemed satisfactory in their current form, including heat conduction, reactor kinetics, and
the pump model. The basic hydrodynamic model, code structure, and input/output were completely
rewritten.

The balance of this paper describes the code in each of its major constituent parts and developmental
aspects, describes the current development program, and concludes with an assessment of the perceived
strengths and limitations of the current code.

- The constituent parts and major developmental aspects of the code are:

. Mathematical models

. Numerical solution scheme

. Code language and structure

. User interface

. Validation

. Documentation.
Hydrodynamic Model

A full two-fluid model is used in RELAPS5 to simulate the transient one-dimensional flow of a two-
phase fluid. The two-phase system consists of steam and water with the possibility of the vapor phase
containing a noncondensable component and the liquid phase containing a nonvolatile solute. The phasic
continuity, momentum, and energy equations are the basic field equations for the two-fluid model. The
mass and momentum equations are used as sum and difference equations in the numerical scheme and are
recorded here in that form.

The mass conservation relations are a sum mixture mass equation,
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a difference of the phasic mass equations,

ad 19
&(aspg—afpf) +X-a?(agpgng—a,pfva) = 2T, (2)

a noncondensable component mass fraction equation,

d 10
a—t(aspgxn) +Kﬁ(agnganA) =0 (3)

and a nonvolatile solute mass equation.

8pb+la(afpfcbva) -

ot A ox 0 4

The noncondensable component of the vapor phase is assumed to form a Gibbs-Daiton mixture with
the steam so that the partial pressures sum to the mixture pressure. On the other hand, the nonvolatile
component of the liquid phase is assumed to have no effect on the water properties. The noncondensabie
model is included to enable modeling the effect of nitrogen release from the accumulator, the presence of
air in safety relief valve discharge piping, or air in containment components. The nonvolatile component is
included to enable modeling and transport of dissolved boron salts and the associated reactivity effects in
the core.

The phasic conservation of momentum equations are used in an expanded form and in terms of
momenta per unit volume using the phasic primitive velocity variables. Two convenient independent
momentum equations are obtained by a sum and difference of the phasic momentum equations (the
difference is taken after division through by the product of the respective volume fraction and phasic
density). The sum momentum equation is

a_ve é_Vr l é{.ﬁq.la .a_v.z-._?_P.;. B
APy + MPrgy +3%PePx T3HPIG T T ok T PeSs (5)

- o p ,FWGv, - ap FWFv - T (v = v)

and the difference momentum equation is
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The sum momentum equation contains one interphase interaction term, the momentum transfer
associated with mass transfer. The difference momentum equation contains interphase momentum
exchange terms due to mass exchange, interphase friction, and virtual mass effects. The particular forms of
the sum and difference momentum equations were chosen to provide smooth degeneration to the single
phase case. Under single phase conditions, both equations remain determinant, and the constitutive model
for the interphase drag is formulated such that interphase friction remains finite. Thus, in the single phase
limit, the difference momentum equation reduces to a statement that the phasic velocities are equal.

The two phasic thermal energy equations are

ad 1o d
a(aspsus) +K[a—x(aspsUsVsA) +P§;(agng)] .
= - Paa;tt? + Qig + I“lgh; - ng + I'wh'g + ng + DISSg
and
1ro d
%(a,pruf) + K[a—x (apeUpviA) + Pa—x (a,v,A)]
(8)

da .
= -P-a'?’ + Qif - r,ghf + ng - rwh'f + wa + DISS!

The terms Qg and Q¢ are the wall heat transfer rates to the vapor and liquid phases, respectively.
The terms Qg and Qjy are the interfacial heat transfer rates from the interface to the vapor and liquid,
respectively. The terms DISS; and DISS; are the dissipation terms due to irreversible degradation of
kinetic energy to internal energy. Only the dissipation effects due to wall friction and pump inefficiencies
are included while minor effects due to interphase drag and mass transfer are neglected. The vapor
generation rate is defined as

P—’H- (T'~T,) +H,(T°-T))
p 18 8
=T, +I, =- — +T, . (9)
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The interphase energy transfer rates, Q,; and Qjy, are formulated to account for flow regime and wall

heat transfer effects on the interphase mass transfer rate. The sum of the phasic thermal energy equations.
with the definition of the vapor generation rate, yields the correct mixture thermal energy equation.

The system of field equations is closed. insofar as relating differential quantities is concerned. by
inclusion of the equations of state for the fluids. The constitutive models, necessary for evaluation of the
nondifferential terms, are discussed later. The fluid state properties are obtained using a table lookup
interpolation method. The liquid phase density is a function of the system total pressure and the liquid
phase energy.

pe = P (P, Up . (10)

The vapor phase density is a function of the system total pressure, the vapor phase energy, and the
mass fraction of noncondensable component

p. = P (P, U,X,) . (1

Numerical Methods

The two numerical methods for the hydrodynamic model use finite difference schemes having fixed.
but staggered spatial noding. The scalar properties (pressure, energies, noncondensable quality, and void
fraction) of the flow are defined at cell centers, and the vector quantities (velocities) are defined on the cell
boundaries.

Semi-Implicit Scheme

To achieve fast execution speed, implicit evaluation is used only for those terms responsible for the
sonic wave propagation time step limit and those phenomena known to have small time constants. Thus.
implicit evaluation is used for the velocity in the mass and energy transport terms, the pressure gradient in
the momentum equations, and the interface mass and momentum exchange terms. To further increase
computing speed, time level evaluations are selected so the resulting implicit terms are linear in the new
time variables. Where it is necessary to retain nonlinearities, Taylor series expansions about old time
values are used to obtain a formulation linear in the new time variables. (Higher-order terms are
neglected.) Linearity results in high computing speed by eliminating the need to iteratively solve systems
of nonlinear equations.

The phasic density and phasic temperature equations are substituted into the five expanded density
and energy difference equations. The equations are then ordered so that the noncondensable density
equation is first, the vapor energy equation is second, the liquid energy equation is third, the difference
density equation is fourth, and the sum density equation is fifth. A solver, which uses LU factorization
without pivoting and factors the matrix into upper and lower triangular matrices using triangular
decomposition, is used to obtain the bottom row of the inverse of the 5 X 5 matrix. This equation involves
only the new time pressures and new time phasic velocities. Substituting the velocity equations into this
equation results in a single equation involving pressures. This is done for each volume, giving rise to an N
X N system of linear equations for the new time pressures in a system containing N volumes. Next, a
sparse matrix solver is used to obtain the pressures for each volume. The pressure differences are then
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substituted into the velocity equations to obtain the new time velocities. The new time velocities and LU
factors are used to obtain the noncondensable qualities, energies, and void fractions.

Nearly-Implicit Scheme

For problems where the flow is expected to change very slowly with time, it is possible to obtain
adequate information from an approximate solution based on very large time steps. The nearly-implicit
scheme was developed for this purpose, and it consists of two steps.

The first step solves all seven conservation equations, treating all interface exchange processes. the
pressure propagation process, and the momentum convection process implicitly. These finite difference
equations are exactly the expanded ones solved in the semi-implicit scheme with one major change. The
convective terms in the momentum equations are evaluated implicitly (in a linearized form) instead of in
an explicit donored fashion as is done in the semi-implicit scheme. Because the momentum flux terms are
implicit, the momentum equations cannot be locally solved for the new time velocities in terms of the new
time pressures. In the nearly-implicit scheme, the equation involving new time pressures and new time
phasic velocities is used to eliminate the new time pressure terms from the sum and difference momentum
equations. A coupled pair of momentum equations involving only new time phasic velocities is obtained.
This system of equations is next preconditioned in order to enhance the diagonal dominance of the matrix.
This system of equations is then solved using a sparse matrix solution algorithm. Once the new time
velocities are obtained, the new time pressures and provisional new time noncondensable qualities,
energies, and void fractions are obtained through back substitution.

The second step is used to stabilize the convective terms in the mass and energy balance equations.
This step uses the final new time level velocities from the first step along with the interface exchange terms
resulting from the provisional variables of the first step. The phasic continuity and energy equations in this
second step have the convected variables evaluated at the new time level. The three equations involving
the gas phase have the same Structural form for the convective terms, i.e., each equation convects with the
vapor velocity. The coefficient matrix generated by one of the equations is inverted once, and then this
inverse is used with different right hand sides to solve for the other two equations. In like manner, the two
equations involving the liquid phase have the same structure and require only one inversion to be carried
out to solve both equation sets.

Constitutive Models

The constitutive models are the real “glue” that holds the code together. While the basic two-fluid
hydrodynamic model provides the conceptual framework for a two-phase fluids code, the constitutive
models define the interaction of the phases with each other and the system boundaries. The constitutive
models divide into four areas:

. interphase heat and mass transfer
. intérphase drag

. wall heat transfer

. wall friction.
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Unifying these four functional area are flow regime maps that define the interfacial area
concentration and individual phase wall contact area. Three distinct maps are employed: vertical.
horizontal, and high mixing (for pumps). Figure 1 shows the map for horizontal components. The flow
regimes possible are bubbly, slug, annular-mist, mist. and stratified. Transitions are included between
stratified and non-stratified regimes and between slug and annular-mist. The determination of regime is
based on the void fraction and the relative velocity between the phases. The transition void fractions are all
empirically based. The critical velocity for transition from stratified to non-stratified flow is based on a
Kelvin-Helmholz instability analysis. For each of the flow regimes, an idealized topology, or geometrical
arrangement of the two-phases, is assumed that leads to a calculation of the interfacial area concentration.
For example. in bubbly flow, the interfacial area concentration is based on the assumption of spherical
bubbles whose average diameter is predicated on a critical Weber number. Similarly, for slug flow, the
composition of the vapor is assumed to be made up of large Taylor bubbles and much smaller bubbles in
the bulk.

OBs OpEg OsA OAM
7,
Bubbly | Slug //S/L/G/// Agl\]ilsl%ar Mist
Veri (BBY) | (SLG) LANMA (ANM) | (MPR)
and 3,000 790444
SN TI77777 /7777, /A
Increasing kg/m?-s /BBYé//SLG-Z M ,/ ANM2 /MPR-f
relative [/ HST 7}, HST Y YST A/, HST 7/
oSN 77/ 700 2 SL % 77 P/ 00722
crit
Ivg. vi! and 2,500 Horizontally stratified (HST)
and mass

2
flux G, kg/ms : : .
———» Increasing void fraction 0,

Figure 1. Schematic of horizontal flow-regime map with hatchings, indicating transition regions.
Interfacial Heat/Mass Transfer

Interfacial heat and mass transfer may occur in the bulk and/or in a thermal boundary layer near a
wall. The former results from an energy exchange between the phases away from the wall while the latter
is due to heat transfer at the wall. Mass transfer is assumed to occur at a saturated boundary, with the
driving potential being the bulk to saturation temperature difference. In terms of vapor generation rate, the
total vapor generation rate (I'g) per unit volume is given by

Ps S $
r.=- +T

r— (12)
’ hg"hf

w -

where P, and P are respectively the saturation pressure and total pressure, H;g and Hj¢ are respectively the
vapor and liquid side product of the heat transfer coefficient and interfacial area concentration, T and T
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are the bulk vapor and liquid temperatures, h; and h, are the vapor and liquid enthalpies defined such that

the interface energy jump conditions at the liquid-vapor interface is satisfied. and T, is the vapor

generation rate per unit volume near the wall due to heat transfer, The vapor generation (or condensation)
near the wall is determined by the wall heat transfer model.

Wall Heat Transfer Model

In RELAP5/MOD3.2 the total wall heat flux (q") is the heat flux to the vapor plus the heat flux to the
liquid:

q" =hy (T, - Tretg) + e (Ty - Tregp) (13)
where

hg = heat transfer coefficient to gas

h¢ = heat transfer coefficient to liquid

T, = wall temperature

Teerg = gas reference temperature

Trefr = liquid reference temperature.

The reference temperatures can be the local gas or liquid temperature or the saturation temperature,
depending on the heat transfer coefficient correlation being used.

A boiling curve is used in RELAPS to govern the selection of the wall heat transfer correlations
when the wall surface temperature is above the saturation ‘temperature (superheated relative to the
saturation temperature based on total pressure). When a hydraulic volume is voided and the adjacent
surface temperature is subcooled, steam condensation on the surface is predicted. If noncondensable gases
are present, the phenomena is more complex because while boiling is a function of the wall superheat
based on the total pressure, condensation is based on the partial pressure of steam. When the wall
temperature is less than the saturation temperature based on total pressure, but greater than the saturation
temperature based on steam partial pressure, a convection condition exists. Figure 2 illustrates these three
regions.

RELAPS/MOD3 utilizes a complex logical algorithm to choose the appropriate heat transfer mode
and correlation. The . appropriate mode depends on a number of factors, including pressure, wall
temperature relative to saturation, void fraction, phasic temperatures, mass flux, and noncondensable
quality. There are a total of twelve heat transfer modes represented, including free convection, forced

convection, subcooled boiling, saturated boiling, transition boiling, film boiling, and condensation.
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Figure 2. RELAPS boiling and sondensing curves.
Interfacial Drag Model

RELAPS/MOD?3 uses two different models for the phasic interfacial friction force component, the
drift flux method and the drag coefficient method. The drift flux method is used in the bubbly and slug
flow regimes for vertical flow. The drift flux model specifies a distribution coefficient and vapor drift
velocity. These are converted into a constitutive relation for the interfacial frictional force per unit volume.
The drag coefficient method is used in all flow regimes except bubbly and slug flows in vertical
components. The model uses correlations for the drag coefficient that depend on the flow regime. The
general expression for the force on a body moving through a fluid is assumed:

1 2
F = ipV CdA . (]4)

The interfacial friction per unit volume is given by

Fig= AP FIG (vg - Vi) (15)
and
Fif = (lfpfFIG (Vg - Vf) (16)
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where the terms FIG and FIF are determined by the drag coefficient or conversion of the drift flux
parameters.

Wall Friction Model

The wall friction model, like the interfacial heat and mass transfer model, makes use of the flow
regime map to determine the flow topology, and therefore the apportioning of the wall friction to the
individual phases. The wall friction terms include only wall shear effects. Losses associated with abrupt
area changes, elbows, or other complicated flow passage geometries are computed using a form loss
model.

The wall friction model is based on a two-phase multiplier approach in which the two-phase

multiplier is calculated from the HTFS-modified Baroczy correlation.! The individual phasic wall friction
components are calculated by apportioning the two-phase friction between the phases using a technique

derived by Chisholm? from the Lockhart-Martinelli model 3

The Lockhart-Martinelli model expresses the two-phase pressure drop gradient as dependent on the
pressure drop gradient for one-phase flowing alone. For example. using the liquid phase, the two-phase
pressure drop gradient is expressed as:

2).-oie
(a W O dx/¢ ("

where ¢y is the liquid-alone Darcy-Weisbach friction multiplier. A similar expression can be written based
on the vapor flowing alone.

The HTFS correlation is used to calculate the two-phase friction multipliers. The correlation is

expressed as:

2 C 1

(&)
i = dx/r _ @ (19)

and C is the correlation coefficient, which is a function of the mass flux and the Baroczy dimensionless
property index.

The partitioning of the wall friction between the two-phases is included through use of the rationale
developed by Chisholm and employment of the quasi-static forms of the phasic momentum equations. The
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method developed by Chisholm allows partitioning of the wall friction that is independent of the model for
interphase friction, but depends on the fractional perimeter of the wall that is in contact with the liquid. The
fractional contact of each phase with the wall is dependent on the flow regime.

Heat Conduction Model

In RELAPS, heat structures are coupled to fluid volumes for representing fuel pins, steam generator
tubes. pipe walls, etc. The temperature distribution within the heat structures is calculated using a finite
difference solution for the heat equation in one-dimensional rectangular, cylindrical, or spherical
geometry. The temperature dependence of the material properties is specified by the user as a tabular
function. The boundary conditions at the heat structure surface(s) are generally provided by the convective
heat transfer model previously described. Alternatively, the user may specify other boundary conditions:
adiabatic, specified temperature, and specified heat flux.

Process and Component Models

RELAPS5 uses specialized models to simulate phenomena too complex to model mechanistically.
These include both flow phenomena and the effects of components. Specialized flow phenomena include
choking (Henry-Fauske model), countercurrent flow flooding, abrupt area change, form loss, two-phase
mixture level, thermal stratification, and phase separation at tees. Component models include branch.
separator (simple or mechanistic), jet mixer. pump, turbine, valves (check, motor, servo, and relief).
accumulator, ecc mixer, and annulus.

RELAPS also has the capability of modeling trips to control events during a transient and an
extensive array of control components. The control components include a constant, sum and difference.
multiplier. division, exponentiation, table lookup, standard functions, delay, integration, differentiation.
proportional-integral. lag, and lead-lag. Each component can access virtually any code parameter as well
as other control components in a building block approach. This is a powerful feature not only for modeling
control systems but also for manipulating code output. For example, analysts can integrate mass and
energy flows to obtain a global perspective on system response.

Reactor Power Model

The reactor kinetics model is based on a generalized space independent (point) kinetic model. It
models the feedback effects resulting from moderator density, fuel density, fuel temperature, and boron
concentration in the moderator. The model computes both the immediate fission power and the power

from the decay of fission products. The decay heat model is based on the ANS 1979 Standard.* An
actinide decay model is also included so that very long transients can be modeled.

The reactor kinetics model is integrated in time using a fifth-order Runge-Kutta like scheme
modified to account for the reactor kinetics exponential reactor behavior with widely varying time
constants. The reactor kinetics model has an automatic time step control and the attempted time step is
taken equal to the hydrodynamic time step, but it may be reduced to maintain accuracy. After a reactor
kinetics time advancement. an empirical error criterion is used to estimate the error. If the error is
excessive, the time step is halved and the advancement calculation is repeated. This process is continued as
needed until the error criterion is satisfied. The resulting reactor kinetics time step is an integral power of
one-half times the hydrodynamic time step, which assures that a reactor Kinetics calculation will be made
at the same time level as the hydrodynamic time level.
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Code Language and Structure

RELAPS/MOD3 is written in FORTRAN 77 for a variety of 64-bit and 32-bit computers. Here, a 64-
bit computer is one in which floating point, integer, and logical quantities use 64-bit words: a 32-bit
machine uses 32-bit words for those same quantities but also allows 64-bit floating point operations.
Examples of 64-bit computers are Cray, Cyber-NOS-VE, and DEC/Alpha machines. Examples of 32-bit
computers include IBM mainframes, such as a 3090, workstations, including those from DEC, HP, IBM,
SGI. and Sun, and even personal computers.

A common source is maintained for all computer versions. The common source is conditioned for a
particular computer and operating system through the use of two precompilers maintained as part of
RELAPS. The first precompiler processes compile time options such as machine and operating system
dependencies. Through the use of standard Fortran and a widely used standard for bit operations, there is
very little hardware dependence. The primary hardware dependence is in matrix factoring routines where
details of the floating point characteristics are needed to monitor roundoff error. The program has been
compiled and executed using Fortran-90; a future full conversion to that standard should remove all
hardware dependencies. RELAPS is developed and maintained at INEL on computers using the UNIX
operating system. Some user-convenient features have been incorporated into the code based on UNIX.
but these are under compile time option, and the code does not depend on any particular operating system.
The installation scripts distributed with the code are UNIX based, and control language to install and
execute the code must be developed by the user for other operating systems.

RELAPS is coded in a modular fashion using top-down structuring. The various models and
procedures are isolated in separate subroutines. The top level structure is shown in Figure 3 and consists
of input (INPUT), transient/steady-state (TRNCTL), and stripping (STRIP) blocks. The input block
(INPUT) processes input, checks input data, and prepares required data blocks for all program options.
The transient/steady-state block (TRNCTL) handles both transient and the steady-state options. The
steady-state option determines the steady-state conditions if a properly posed steady-state problem is
presented. Steady-state is obtained by running an accelerated transient until the time derivatives approach
zero. Thus, the steady-state option is very similar to the transient option but contains convergence testing
algorithms to determine satisfactory steady-state, divergence from steady-state, or cyclic operation. The
strip block (STRIP) extracts simulation data from a restart plot file for convenient passing of RELAPS
simulation results to other computer programs.

Figure 4 shows the functional modular structure for the transient calculations.

RELAPS

INPUT TRNCTL STRIP

Figure 3. RELAPS top level structure.
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Figure 4. Modular structures of transient calculations in RELAPS.

User Interface
Data Input

Data input to RELAPS is via 80-character records (or “cards”). Data is recognized by the leading
card number on the record. Data consists of integers, floating point numbers, and alphanumerics. There is
no rigid format (i.e., free format input) and random ordering of data records is permissible.

RELAPS5 features sequential expansion format which enables users to save time in defining a series
of items that have the same characteristics (e.g., pipe volumes).

RELAPS5 provides detailed input checking for all system models using three input processing phases.
The first phase reads all input data, checks for punctuation and typing errors (such as multiple decimal
points and letters in numerical fields), and stores the data keyed by card number such that the data are
easily retrieved. A list of the input data is provided, and punctuation errors are noted.

During the second phase, restart data from a previous simulation are read if the problem is a
RESTART type, and all input data are processed. Extensive input checking is done, but at this level,
checking is limited to new data from the cards being processed. Relationships with other data cannot be
checked because the latter may not yet be processed. As an illustration of this level of checking, junction
data are checked to determine if they are within the appropriate range (such as positive, nonzero, or
between zero and one) and volume connection codes are checked for proper format. No attempt is made at
this point to check whether or not referenced volumes exist in the problem until all input data are
processed.

The third phase of processing begins after all input data have been processed. Since all data have
been placed in common or dynamic data blocks during the second phase, complete checking of
interrelationships can proceed. Examples of cross-checking are existence of hydrodynamic volumes

NUREG/CP-0159 32



referenced in junctions and heat structure boundary conditions; entry or existence of material property data
specified in heat structures; and validity of variables selected for minor edits, plotting, or used in trips and
control systems. As the cross-checking proceeds, cross-linking of the data blocks is done so that it need not
be repeated at every time step. The initialization required to prepare the model for the start of the transient
advancement is done at this level.

Input editing and diagnostic messages can be generated during the second and/or third phases. Input
processing for most models generates output and diagnostic messages during both phases. Thus, input
editing for these models appears in two sections.

As errors are detected, various recovery procedures are used so that input processing can be
continued and a maximum amount of diagnostic information can be furnished. Recovery procedures
include supplying default or benign data, marking the data as erroneous so that other models do not
attempt use of the data, or deleting the bad data. The recovery procedures sometimes generate additional
diagnostic messages. Often after attempted correction of input, different diagnostic messages appear.
These can be due to continued incorrect preparation of data, but the diagnostics may result from the more
extensive testing permitted as previous errors are eliminated.

Output

RELAPS output can be displayed in three formats: printed output, x-y graphs, and visually in
conjunction with the Nuclear Plant Analyzer (NPA).

Printed output consists of major and minor edits. The user controls the frequency at which these edits
are output, as well as the frequency at which restart files are written to the restart/plot files. Major edits
contain most of the key quantities being advanced in time. The amount of output can be controlled by the
user. Typical output includes a time step summary, trip information, reactor kinetics data, one to four
sections of hydrodynamic volume data, one or two sections of hydrodynamic junction data, heat structure/
heat transfer data, and control variable data.

Minor edits are generally used by analysts to print selected parameters more frequently than is
practical with major edits. Users have available an extensive list of parameters from which to choose.

The most common method for analyzing code output is in graphical form. This can be accomplished
by stripping selected data from the restart-plot file using the STRIP option to create ASCII data in a file
called STRIPF. These data are then processed to put them in a format compatible with the user's plotting
software. At the INEL, XMGR could be used to plot data from a STRIPF file. XMGRS is an INEL
extension to the XMGR computer code. XMGRS adds features to conveniently plot information from
restart-plot files or STRIPF files. Parameters available for plotting are the same as those available for
minor edits.

The third method of analyzing code output makes use of the Nuclear Plant Analyzer (NPA), a
separate computer code that can display transient results visually through a user-designed “mask”
depicting the coolant system. RELAPS output data “drives” this mask to show the state of the coolant
system as the transient evolves. By using color gradients to represent the coolant condition around the
system (e.g., dark blue for subcooled liquid, light blue for saturated liquid, white for saturated steam) the
analyst can obtain an overall impression of the conduct of the transient. Other displays show the operating
condition of pumps, valves, and safety systems.
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The NPA can be used in either a playback mode or an interactive mode. In the playback mode, the
analyst can view a completed calculation at virtually any speed s/he desires. The interactive mode makes
use of a special feature in RELAPS that allows the analyst to alter the boundary conditions of the
calculation, much in the same way a reactor operator can interact with a power plant. This feature is
especially useful for studying the efficacy of emergency procedures.

Code Validation

" An essential part of the RELAPS code package is the validation library that forms the basis for
drawing qualitative and quantitative conclusions concerning the code's accuracy. Three types of validation
cases are included in the library: conceptual problems, separate-effects experiments, and integral
experiments.

Conceptual problems are “made-up” problems that have either a closed-form solution or an intuitive
solution. These problems are useful for checking the basic soundness of the hydrodynamic model and
numerical solution scheme. There are ten such problems currently in the library:

. Oscillating air-water manometer

. Water faucet

. 9-volume water over steam

. Horizontally stratified countercurrent flow
. Branch tee

. Crossflow tee

. Three-stage turbine

. Horizontal fill

. Primary and secondary loop

. Restart of primary and secondary loop.

Separate effects experiments usually focus on one or a few phenomena that can be isolated from
“system effects”. Examples include heat transfer experiments, blowdown experiments, and rod bundle
boiloff experiments. In each case, the boundary conditions are carefully controlled and can be replicated in
the code model.

Integral experiments are generally scaled-models of complete reactor coolant systems. Experiments
in such facilities provide a simulation of the behavior of complete systems, including the interaction of
components. These experiments are important parts of the library since they come close to replicating total
system behavior.

Table 1 shows some of the key experiments contained in the RELAPS validation library organized
by the reactor component that is addressed by the experiment.
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Table 1. RELAPS assessment by component.

Component

Reactor vessel

Subset Assessment case Description
N E——
Core THETIS? Boildown and steady-
state void profiles in
THTF? rod bundles
FRIGG?
PERICLES?
ACHILLES?
ECN?
Flecht-Seaset?
Bennett’s Tube CHF and post-CHF
RIT Tube 262 heat transfer
Chen Post-CHF
THTF CHF
PBF LOC-11 Internal fuel rod heat
transfer

McMaster® Subcooled boiling
Shoukri?
Christensen?

Downcomer Dukler Flooding? Flooding (CCFL)
Creare HI
Creare Mixing® Thermal mixing

Other SRL Gd-Nitrate? Boron transport
LOFTL-62
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Table 1. RELAPS assessment by component. (Continued)

Component

Subset

Assessment case

Description

Steam generator

Overall

MB-2

Semiscale?

Flecht-Seaset 23402

Various steady-state
and transient tests in
scaled facilities

Inside tubes MIT-Siddique? Condensation inside
tubes with and without
UCB-Kuhn? noncondensables
Hein?
B&w?
Separator/dryer TRAC-B test case? G.E. data
Plena Thomas? Subcooled jets entering
saturated water from
Sonin-Shimko-Chun® | below (direct contact
condensation)
Brown-Khou-Sonin?
Brown-Helmick-
Sonin?
Pressurizer Overall G.E. 1 ft2 Level swell during
vessel blowdown
G.E. 4ft?
MIT® Insurge/outsurge
Neptunus Spray performance
Hot leg/cbld leg Main pipe TPTF Two-phase flow 1n
large horizontal pipe
Bankoff Surface condensation
in two-phase stratified
flow
Aoki Condensation in
dispersed flow
Offtake Smoglie Tests were used to
; develop empirical
Maciaszek et al. model in RELAPS.
Schrock Determines void
fraction convected
Anderson from main pipe
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Table 1. RELAPS assessment by component. (Continued)

Component

Subset

Assessment case

Description

Accumulator

Overall

Breaks/relief valves

Critical flow

LOFT L3-1 Accumulator discharge

SRL Pressurizer

ADS 1-3? AP600 valves

Cumulus?® French relief valve

Marviken? Full-scale vessel
blowdown

LOFT-Wyle Calibration of LOFT
break nozzle

Super Moby Dick? S. S. critical flow

through long L/D
nozzle

Sozzi & Sutherland?®

S. S. data through
various nozzles

Deich et al.2

ROSA AP-CL-032 Used as a separate
effects test
Neussen? Separate effects critical
flow tests
Carofano & McManus®
'| Fincke & Collins®

PRHR Overall W Tests®
ROSA Tests?
CMT Overall W Tests?

a. RELAP5/MOD3.2 or higher.

Documentation

RELAPS is documented in a seven-volume users manual. The titles of the volumes are:

. Volume I: Code Structure, System Models, and Solution Methods
. Volume II: User Guidelines and Input Requirements
. Volume III: Developmental Assessment
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. Volume IV: Models and Correlations

. Volume V: User's Guidelines
. Volume VI: Validation of Numerical Techniques
. Volume VII: Independent Assessment.

Volumes I, II, IV, and V were updated in July 1995 and are current with the latest release of the code,
MOD3.2. Volume VI was released in 1994 but is considered valid for MOD3.2 since no changes to the
solution scheme have been made since then. Volumes III and VII are currently out of date and are due to
be replaced in early 1997.

Volumes I, I1, IV, and V are available on the RELAP5 Home Page on the Internet at
http://www.inel.gov/capabilities/computing__resources/relap/RELAPS.html
Current Development Program

The current RELAPS development program consists of a code improvement element focused on
modeling the advanced reactor designs (Westinghouse AP600 and General Electric SBWR) and a
maintenance element that includes user support, including support of the international members of the
Code Application and Maintenance Program (CAMP).

The advanced reactor designs provide new challenges to the existing NRC-sponsored computer
codes, including RELAPS, The new designs share some common characteristics, including:

. Intentional depressurization to allow gravity-driven injection of emergency coolant.
. Large, in-containment emergency coolant sources.
. Strong reactor coolant system/containment coupling for long-term decay heat removal.

These design features result in “new” phenomena during postulated accidents not encountered in
current generation designs. Key among these phenomena are:

. Condensation in the presence of noncondensables.
. Small, gravity-driven pressure forces.

. Sharp liquid/vapor interfaces.

. Long transients (up to three days).

" To address these and other requirements needed for the advanced reactor designs, an improvement
program was initiated in 1993. Table 2 presents a summary of the key code improvements and their
relationship to the important phenomena or characteristics of these designs.

NUREG/CP-0159 38 .



Table 2. ALWR model improvements.

Phenomena/Characteristic

Code Modification

Sharp liquid/vapor and liq-uid/gas interfaces

Level tracking model

Steep temperature gradients in tanks, pools

Thermal stratification model

Critical flow through various geometry nozzles
(experimental facilities)

Incorporate Henry-Fauske model

Sharp boron wave front in natural circulation
SBWR (ATWS)

Apply Gudonov method to mitigate numerical
diffusion

SBWR separator/dryer

Implement model from TRAC-B

AP600 spherical accumulator

Add spherical geometry capability

Low flow natural circulation

Incorporate Reynolds number dependence in
form loss

Noncondensables prevalent

Improve code reliability in treating
noncondensables

Horizontal tube bundle heat transfer

Incorporate suitable correlations

Filmwise condensation with and without
noncondensables

New condensation model

Very long transients

Improve nearly-implicit solution scheme

Code Strengths and Limitations

With development having begun in the late 1970’s, RELAPS by almost any measure must be
considered a mature code. In considering the development of a successor code, or a refinement to the
existing code, it is worthwhile to identify what are perceived to be the current strengths and limitations of

RELAPS. Strengths and limitations can be cast in the following areas:

. Institutional

. Physics

. Numerics

. Programming
. User interface

From an institutional standpoint, RELAPS is considered a strong code. It is the most widely-used
code of its Kind in the world, and this extensive user base has produced at least three important benefits: a
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large volume of user feedback that leads to improved versions, international support for code maintenance.
and extensive validation.

A second institutional strength is the inherent coupling to the severe core damage code SCDAP. The
implicit coupling of RELAPS’s thermal-hydraulic models to SCDAP’s severe accident models results in a
code that can analyze severe accidents from the very beginning of an accident.

The physics, or mathematical models, in RELAPS are generally up-to-date and the code can be used
to analyze a wide range of conditions. But there are definite limitations, some of which are inherent.
RELAPS is basically limited to one-dimensional flow situations with a provision to represent pseudo two-
dimensional networks using the crossflow junction feature. Transients in which strong multi-dimensional
flow patterns are important are beyond the scope of RELAPS. Similarly, RELAPS’s reactor kinetics model
is a point model, and therefore is limited in its applicability to reactivity excursion events where axial and
radial power shifting is minimal.

Perhaps the most important limitation in RELAPS is the use of flow regime maps. By and large these
empirically-based maps were developed on the basis of steady-state fully developed flow. While there is
evidence that the steady-state assumption is often applicable to transient situations, flows inside major
portions of a reactor coolant system are never fully developed. Entrance effects on the distribution of
steam and water are not accounted for when they are sometimes important.

Other limitations in the physics include the restriction of one liquid field (core reflood coolant
behavior can have both films and droplets), and the lack of a dissolved gas model.

In the area of numerics, RELAPS’s semi-implicit scheme is very efficient, leading to a very low
grind time. However, with this scheme the time step is limited by the material Courant limit. The nearly-
implicit solution scheme included with the code overcomes this limitation. Ideally, a fully implicit scheme
should also be added, with logic to choose the most efficient scheme “on the fly”.

Other limitations evident in the numerics are the occasional appearance of discontinuities in
interfacial drag and interfacial heat and mass transfer terms. These can sometimes result in numerically-
caused oscillations.

RELAP5’s programming has both good and bad points. On the positive side, the code is very
modular and very portable from one platform to another. But the data structure is outdated. the language
level (FORTRAN 77) is also old, and the code’s maintainabililty index is low. Adaptation of FORTRAN
90 would rectify both of these latter problems. The code’s documentation also currently lacks a
programmer’'s manual.

RELAPS’s user interface has some strengths but is also out-of-date. The code is inherently very
flexible from a user’s standpoint, making it versatile in terms of modeling a wide variety of systems. The
code also performs extensive input data checking, saving analysis time on preparing a problem. RELAPS’s
capability to be run interactively with the Nuclear Plant Analyzer, and to allow renodalization at restart are
also code strengths. The code, however, currently lacks on integrated graphical user interface (GUI) that
would significantly improve efficiency and accuracy in performing analyses. Ideally, a GUI should
function as both a front-end and back-end interface. The development of a GUI is currently planned by the
NRC.
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Other areas where improvements could be made are improved user guidelines, and a formal training
program, perhaps leading to certification of analysts.
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METHODOLOGY, STATUS, AND PLANS FOR DEVELOPMENT AND
ASSESSMENT OF THE TRAC CODE*

by
B. E. Boyack** and S. Jolly-Woodrufft
Abstract

The Transient Reactor Analysis Code (TRAC) is a state-of-the-art, best-
estimate, transient system analysis computer code for analyzing
geometrically complex multidimensional thermal hydraulic systems,
primarily nuclear reactor power plants. TRAC is used by government and
industry for design and safety analysis, phenomenological studies,
operational transient analysis, evaluating emergency operating procedures,
simulator support and operator training, and for assessment of data
involving basic experiments, separate-effects tests, and plant operations.
TRAC will calculate one- and three-dimensional (rectilinear and
cylindrical coordinates) fluid flow involving gas, liquid, and mixture
states. Although TRAC has many capabilities, it also has limitations.
Some limitations arise from its implementation, dating from the 1970s.
Rapid advances in hardware and software engineering highlight TRAC's
inefficiencies; however, other limitations relate to the level of scientific
knowledge regarding two-phase flow physics. These limitations will
continue until such time as the fundamental understanding of two-phase
flows is extended. Presently, several development activities are either in
progress or soon to begin that will fundamentally improve TRAC.
Foremost among these are reimplementation of the current TRAC data
structures in Fortran 90 and the integrated development of closure
packages for large-break loss-of-coolant accident applications.

INTRODUCTION

The Transient Reactor Analysis Code (TRAC)!-4 is an advanced, best-estimate computer
program that calculates the transient reactor behavior of a pressurized water reactor
(PWR). In the early 1980s, the Nuclear Regulatory Commission (NRC) branched the
development of the boiling water reactor (BWR) version of TRAC off the main version
of TRAC. All the BWR versions begin with the designation TRAC-B, and the PWR
versions begin with the designation TRAC-P. The development of TRAC-B began at
Los Alamos, but is currently being developed at the Pennsylvania State University. In
September 1995, the NRC announced plans to consolidate the two TRAC versions along

*  The work reported in this paper was funded by the U. S. Nuclear Regulatory Commission and the US Department
of Energy.

s  Technology and Safety Division, Los Alamos National Laboratory.

+ Ogden Environmental and Energy Services.
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certain features from RAMONA. While acknowledging the consolidation objective,
subsequent discussion of TRAC in this paper will focus on TRAC-P.

In the remainder of this paper, TRAC refers to the latest PWR version, which has the
official NRC designation TRAC-P 5.4.15, that was released in January 1996. Before then
TRAC-P was known as TRAC-PF1/MOD2 (MOD2). It is the latest in a series of TRAC
codes including TRAC-PD2/ MOD1, TRAC-PF1, TRAC-PD2, TRAC-P1A, and TRAC-
P1 (the earliest publicly released version).

Code development must be guided by a vision. For TRAC this vision is built on the
foundation of specific code design objectives and targeted applications. The TRAC
design objectives are as follows: TRAC should (1) accurately model important light
water reactor (LWR) accident phenomena in current-generation and advanced-passive
reactors, (2) deliver best-estimate predictions of accident progression, (3) have a practical
running time, (4) be portable, maintainable, and extensible, and (5) be adaptable to other
reactor types.

The targeted applications for TRAC are: (1) reactor safety analyses for both operating
and planned reactors, (2) audits of licensee's calculations, (3) analyses of operating
reactor events, (4) analyses of accident management strategies, (5) support for test
planning and interpretation, (6) support for Probabilistic Risk Assessments (PRAES),
(7) design analyses, and (8) nuclear plant training and instrument and control simulators.

Ultimately, the measure of TRAC or any computational tool is whether the tool fulfills its
design objectives and can be used with confidence for its targeted applications. The
determination of code adequacy is, of necessity, an ongoing process. However, it is
important that there be, at appropriate intervals, a more searching consideration of code
adequacy. The OECD/CSNI Workshop on Transient Thermal-Hydraulic and Neutronic
Codes Requirements® and associated activities is one such review.

In the remainder of this paper we will present TRAC-related information within the
overall context of code adequacy. A code adequacy assessment is divided into two parts
(Fig. 1). First, the adequacy-of each closure model in the field equations is examined by
considering its pedigree, applicability, and fidelity to appropriate fundamental or separate

* Held November 5-8, 1996, in Annapolis, Maryland, United States of America.
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Fig. 1. Adequacy assessment overview.

effect test (SET) data. This part of the assessment effort is called the "bottom-up" review
because it focuses on the fundamental building blocks of the code (e.g., closure
relationships for interfacial heat and mass transfer). Adjunct features of the pedigree
element of the adequacy standard are related to the physical basis of the closure model,
assumptions and limitations attributed to the model, and details of the adequacy
characterization at the time the model was developed. Adjunct features of the application
element are related to whether the model, as implemented in the code, is consistent with
the pedigree, or whether use over a broader range of conditions has been demonstrated.
Adjunct features of the fidelity element are related to the existence and completeness of
validation efforts (comparison to data), benchmarking efforts (comparison to other
standards, e.g., a closed-form solution or results of another code), or some combination of
the two.

Second, the adequacy of the integrated code is evaluated by examining the field
equations, numerics, applicability, fidelity to the component or integral-effect test (IET)
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data, and operability. This part of the assessment effort is called the "top-down" review
because it focuses on the integrated code. An adjunct feature of the field equation
element of the adequacy standard is that the equations are accepted by the scientific
community. Adjunct features of the numeric solution element include convergence,
stability, and property conservation. Adjunct features of the application element are
related to whether the integrated code is capable of modeling the key plant systems and
components. Model noding issues also are addressed as an element of applicability.
Adjunct features of the fidelity element are related to the existence and completeness of
validation efforts using applicable IET data. Adjunct features of the operability element
are related to code robustness and run time (e.g., does the code run successfully to
completion for the required scenarios in an acceptable time interval?).

Several key perspectives must be considered during a code adequacy assessment effort.
These perspectives provide insights regarding the relationship of the elements of code
adequacy assessment to each other and to the whole of the assessment. These
perspectives support the process of adequacy assessment of thermal-hydraulic (T/H)
analysis codes by addressing the question “How good is good enough”? Three key
perspectives relate to (1) knowledge of physical processes, (2) the relative importance of
physical processes, and (3) adequacy standards. These concepts can only be covered
briefly here, but they are discussed in more detai elsewhere.5

The current level of scientific knowledge regarding T/H processes that occur in nuclear
power plants during accident sequences varies. The physics of some physical processes
are well understood, whereas the physics of other physical processes are partially or
poorly understood. The associated perspective is that a computer code cannot be
expected to model precisely phenomena that are not yet fully understood by the scientific
community.

Some processes and phenomena are more important than others and have a dominant
influence on the course of an accident; therefore, it is important that the relative
importance of systems, components, processes, and phenomena be assessed. Code
models that are necessary to simulate highly ranked phenomena accurately must satisfy
the appropriate adequacy standards fully; code models having less impact on the
predicted course of the transient are held to a lesser standard. There are several recent
examples of phenomena identification and ranking (PIRT) efforts.6:7
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Finally, standards for assessing adequacy must be identified. The standard for technical
adequacy of the individual closure models is that (1) the model pedigree is known,
documented, and acceptable; (2) the model is used appropriately (the application of the
model is acceptable); and (3) the prediction of the phenomena being modeled is
acceptable because the model predicts the appropriate data with acceptable fidelity or
accuracy. The standard for technical adequacy of the total code is that (1) the field
equations represent the key processes and phenomena, (2) the numeric solution
approximates the equation set (field and closure) with acceptable accuracy, (3) the code is
used appropriately (the application of the integrated code is acceptable), (4) the prediction
of the performance of key systems, components, processes, and phenomena is acceptable
because the model predicts the appropriate IET data with acceptable fidelity, and (5) the
operability of the code is acceptable. The fidelity of code-calculated results to data is the
best measure of "how good is good enough"? Judgments are based on the application of
a standardized and consistent set of criteria that has been applied previously in the
assessment of NRC-sponsored codes using data from fundamental tests, SETSs,
component tests, or IETs.8

METHODOLOGY

TRAC will calculate one-dimensional (1D) and three-dimensional (3D) (rectilinear and
cylindrical coordinates) fluid flow involving gas, liquid, and mixture states. Two fluids
are modeled with six equations to capture nonhomogeneous, nonequilibrium behavior.
The field equations solved by TRAC are the combined-gas mass, liquid motion,
combined-gas motion, total energy, combined-gas energy, noncondensable-gas mass, and
liquid solute concentration equations.! The associated dependent variables are the liquid
and gas velocities, liquid and gas temperatures, void fraction, pressure, noncondensable

partial pressure, and solute concentration.

TRAC has a flow-regime-dependent constitutive equation package. Closure relationships
are required for the interfacial area, interfacial mass transfer rate, interfacial drag
coefficient, liquid wall-drag coefficient, combined-gas wall-drag coefficient, liquid
interfacial heat-transfer coefficient, combined-gas interfacial heat-transfer coefficient,
liquid-to-gas sensible heat-transfer coefficient, wall-to-liquid heat transfer, and wall-to-
combined gas heat-transfer coefficient. A separate mass equation is added for a
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noncondensable gas, and a separate equation is added for tracking solutes in the liquid
phase.

A key modeling challenge of general purpose T/H systems analysis codes such as TRAC
is illustrated in Fig. 2 for the liquid-mass and combined-gas-mass equations. Individual
constitutive models must be provided at the two-fluid interface for closure of the two-
ftuid model for these equations. The interface-to-liquid heat-transfer coefficient for each
flow regime that might be encountered (e.g., bubbly-slug, churn, annular-mist, stratified,
plug, and reflood) must be provided. In a similar manner, constitutive models must be
provided for the interface-to-gas heat-transfer coefficient and the interfacial area for the
same flow regimes. Closure relationships must also be provided at the wall, as shown in
Fig. 2.

The code sorts the problem of single-phase vs two-phase fluid at a very high level in
determining the equation set to be solved. If the fluid is single-phase liquid or vapor, all
of the interfacial processes are eliminated and the code considers only the interactions
with the walls and the transport of a single-phase fluid. For the case of single-phase
liquid, the code sets the vapor velocity to that of a bubble; for the case of single-phase
vapor, the code sets the liquid velocity to that of a droplet. The code used this
prescription to prevent accelerating the appearing (nascent) phase from zero velocity
when the fluid first becomes two-phase.

TRAC is completely modular by physical component, such as the reactor core. The
components in a calculation are specified through input data; available components allow
the user to model virtually any PWR design or experimental configuration. Thus, TRAC
has great versatility in its range of applications. This feature also allows component
modules to be improved, modified, or added without disturbing the remainder of the
code. TRAC component modules currently include Breaks and Fills, generalized Heat
Structures, Pipes, Pressurizers, Pumps, Tees, Turbines, Valves, and Vessels with
associated internals (downcomer, lower plenum, core, upper plenum, etc.). Accumulators
and steam generators are constructed from more basic TRAC components such as Pipes
and Tees.
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Fig. 2. Example relating flow-regime-dependent constitutive relations to field equations.

TRAC has additional models for nuclear reactor and other energy systems, including

point-reactor or multidimensional kinetics with generalized reactivity feedback; general
trip, control-system, and component-action models; and a comprehensive heat-transfer
capability with 2-dimensional (2D') heat conduction and radiation. Each of these models
adds to both the generality and the complexity of the overall code. For example, Los
Alamos National Laboratory (LANL) has coupled the NESTLE and TRAC codes to
produce a version of the code that can be applied to integrated multidimensional thermal-
hydraulics and reactor kinetics problems. NESTLE, a code developed at North Carolina
State University, solves the nonlinear form of the neutron diffusion equations. NESTLE
has not been implemented in an NRC-sanctioned version of TRAC-P.
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TRAC also is modular by function; that is, the major aspects of the calculations are
performed in separate modules. For example, the basic 1D hydrodynamics solution
algorithm, the wall temperature field solution algorithm, heat-transfer coefficient
selection, and other functions are performed in separate sets of routines that are accessed

by all component modules. This modularity allows the code to be upgraded readily as
improved correlations and test information become available.

Various semi-implicit finite difference schemes have been used for solving problems in
fluid flow. In many problems of interest, however, the stability limit on time-step size
(less than the mesh size divided by the material velocity) associated with this class of
method is far smaller than is necessary for reasonable accuracy. In such cases the
standard approach for cutting computational costs is to eliminate this material Courant
limit with a fully implicit difference method, or in multidimensional problems, employ an
alternating direction implicit scheme. The SETs method!:® was designed to propagate
information needed for stability with minimal implicit coupling between spatial nodes.
This method has been implemented in TRAC for both 1D and 3D calculations.
Information about pressure wave propagation is provided with a basic step, which is
simply a semi-implicit equation set. A stabilizing step is then added to provide the
necessary flow of information about the density, energy, and momentum being
transported across cell boundaries. The SETS method is especially valuable when
applied to the full two-fluid model for two-phase flow. For this model, the stabilizer
equations add less than 20% to the computational cost per cell per step of the basic
equation set. A fully implicit method multiplies this cost by a factor of six. Adaptations
of this method are now used in several other T/H codes.

Finally, a high-order method for solute tracking in two-phase thermal hydraulics was
developed and tested.!0 This algorithm uses a second-order, accurate, high-order
Godunov method. Although the algorithm is available, it has not been implemented in an
NRC-sanctioned code version.

MODELING CAPABILITIES

Most physical phenomena that are important in large-break (LB) and small-break (SB)
loss-of-coolant accidents (LOCAs) and non-LOCA analyses can be treated by TRAC.
The phenomena include the following: emergency core coolant (ECC) downcomer
penetration and bypass, including the effects of countercurrent flow hot walls; lower-
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plenum refill with entrainment and phase separation effects; bottom reflood and falling
film quench fronts; multidimensional flow patterns in the core, downcomer, and plenum
regions; pool formation and countercurrent flow at the upper-core support plate region;
pool formation in the upper plenum; steam binding; average and hot rod cladding
temperature histories; alternate ECC injection systems, including hot-leg and upper-head
injection; and direct injection of subcooled ECC water, without the requirement for
artificial mixing zones.

Models are provided for critical flow (choking) using an improved critical flow model;
metal/water reaction; wall friction losses; natural circulation flows; horizontally stratified
flows, including horizontal countercurrent flow driven by void fraction gradients down
the pipe; vertical stratification modeling in the vessel component and in the interphase
mass transfer (condensation) to better calculate pressurizer refill and the general refilling
of any vertically oriented component; increased range in the water properties to permit
the code to calculate fluid conditions beyond the critical point (pressures in excess of
22.12 MPa) and closer to the freezing point; noncondensable gas tracking, including the
injection of the noncondensable gas from the accumulators and the effects of the
noncondensable gas on the interfacial condensation; liquid solute (boron) tracking, which
can be coupled to the reactivity feedback calculation; point reactor kinetics with a
generalized representation of the reactivity feedback associated with the core average fuel
temperature, the core average coolant temperature, the core average void fraction, and the
core average boron concentration.

TRAC also has a balance of plant modeling capability; a Plenum component consisting of
a single hydraulic cell with an essentially unlimited number of connections to simplify
1D connections; mixed 1D and 3D calculations or fully 1D calculations; fast
computational speed for 1D and 3D problems when the transient is reasonably slow, as
SBLOCA and some non-LOCA transients; very general trip, control system, and
component action (such as feedwater pump flow characteristics) modeling capability; the
ability to use trips and controls in the steady-state calculation; user convenience features,
including free format input with capability to use comment cards or fields; forward and
reverse additive friction factors for the hydraulics, the capability to choose to input Darcy
K factors for the additive friction, the capability to choose to input cell centered
elevations instead of the old gravity parameters at cell interfaces, and sophisticated input
checking; consistent generation of steady-state conditions for initializing transients so
that the same T/H models and numerics are used in both the steady state and the transient;
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general orientation and magnitude of the VESSEL component for gravitational
acceleration vector; and a generalized heat-structure component to allow the user to
connect two hydro cells, resulting in increased accuracy for the modeling of steam
generators, internal vessel structures, etc.

STATUS

TRAC will run on a Cray supercomputer or on Unix workstations (currently Sun
SPARCstation, HP 9000, and IBM RISC 6000). TRAC requires a minimum of 32 MB
RAM and 100 MB disk storage for practical applications on a workstation. A source
code is provided, and Fortran 77 and ANSI standard C compilers are required for
installation.

TRAC is configured with a main driver routine and 575 subroutines. The size of the
source code is approximately 104,500 lines of which 70,000 are Fortran statements,
30,000 are comment lines, and 4,500 are precompile directives such as "include"
statements and coding for platform dependencies.

At present, TRAC's grind effort is 10,000-20,000 floating point operations per fluid cell
per cycle. This number includes the conduction solution for the heat structures. The
range in the grind effort is associated with several factors, including the complexity of the
closure models being exercised in a given calculation, the number of 3D nodes in the
particular model, etc.

A graphical user interface (GUI) for TRAC has been developed at Knolls Atomic Power
Laboratory (KAPL).1! This X Window base GUI, named TOOKUIL, supports the
design and analysis process, acting as a preprocessor, runtime editor, help system, and
postprocessor to TRAC. The preprocessor is an icon-based interface that allows the user
to create a TRAC model. When the model is complete, the run-time editor provides the
capability to execute and monitor TRAC runs on the workstation or supercomputer.
After runs are made, the output processor allows the user to extract and format data from
the TRAC graphics file. Users may become functional in creating, running, and
interpreting results from TRAC without having to know Unix commands and the detailed
format of any of the data files. This reduces model development, debug time, and
increases quality control.
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At stages in its development, the various TRAC releases have been assessed against a
broad spectrum of fundamental, separate-effect-test, integral-effect-test, and plant data. It
is not possible to provide a complete list of the assessments in this paper; however, a
sampling of the facilities for which TRAC assessments have been performed is provided
without citation in Table I. These assessments are not repeated for each code version. In
fact, we have conducted relatively few assessment efforts with recent code versions.
Therefore, we offer the cautionary note that the previous assessment history will not fully
apply to the present code versions. We do acknowledge that too few fundamental
assessments have been performed throughout the TRAC development effort. Early in
TRAC's development history, this was due primarily to the lack of the needed
fundamental data. In later years (1989-1995), the code was placed in a maintenance
mode and little fundamental closure model development or assessment was pursued.
Even today, however, we are concerned that there are serious deficiencies in the
fundamental data base, especially data related modeling processes at the liquid-vapor
interface in our two-fluid models. We note that a significant development and
assessment effort for the TRAC constitutive package as it applies to the AP600 LBLOCA
is currentlv underway. This development and assessment effort is discussed in a
subsequent section of this paper.

TRAC has been used to develop insights regarding nuclear power plant performance for a
number of scenarios, including operational events or accidents initiated by reactor trips,
loss-of-offsite power, LBLOCAs, SBLOCA, and steam-generator tube ruptures. It has
been used in studies of unresolved safety issues including pressurized thermal shock and
decay heat removal options. TRAC's adaptability for nonstandard reactor applications
was recently demonstrated when it was used to support the preapplication review of the
PIUS reactor.!2 Using a fully 1D model, a spectrum of initiating events was evaluated
for both design basis accidents and severe off-normal conditions having a very low
probability of occurrence. TRAC is currently being used for AP600 safety analyses. The
primary focus is LBLOCA analysis, but it is also being used for SBLOCA analyses.

LIMITATIONS
Although TRAC has these many capabilities and features, it also has limitations. In fact,

it is the very limitations in TRAC and other T/H codes of its generation that are the focus
of present OECD/CSNI Workshop on Transient Thermal-Hydraulic and Neutronic Code
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TABLE 1
LIST OF FACILITIES/PLANTS/DATA THAT HAVE BEEN USED FOR TRAC

ASSESSMENT
Fundamental Separate Effect Integral
. Analytical Solution for 19-Tube Once-Through Davis-Besse Loss-of-
Steady-State Conduction Steam Generator Test Feedwater Event
Analytical Solution for U-, ATLE tests Ginna Steam Generator
Tube Tube Rupture event
Analytical Solutions for | Babcock & Willcox (B&W) Jose Cabrera Plant
Stratified Flow Annular Flow Distribution Inadvertant Pressurizer
(AFD) Experiments Spray Event
Bennett Tube Experiments | B&W Mark 22 Assembly Loop Blowdown
Facility Investigation Test Facility
(LOBI)
Berkeley Reflood Test CISE Pressurizer Flooding | Loss-of-Fluid Test Facility
Facility (LOFT)

Condensation Test Facility
Cylindrical Core Test Multi-Loop Integral System

Facility (CCTF) Test (MIST)
CREARE Countercurrent Edwards Blowdown Primarkreislaufe facility
Flow Experiments Experiment (PKL)
FLECHT Forced-Flooding | Rig of Safety Assessment
Dartmouth College Air- Experiments (ROSA)
Water Countercurrent Flow
Tests
Direct Contact Marviken Tests Ringhals 2 Inadvertant

Condensation Experiments Steam Line Isolation Valve

Closure Event

Northwestern University NEPTUNUS Pressurizer Ringhals 4 Loss of Grid
Perforated Countercurrent Test Facility Event
Flow Limitation Tests

Safety Valve ATWS Savannah River Laboratory | Savannah River Plant 1985
Separate-Effect Experiment | A-Tank Single-Assembly | L-Area Process Flow Test

Flow Tests Series
Whatley Bladder Valve Savannah River SPRIHTE | Savannah River Plant L-
Experiments and FA Rig Experiments Area DC Tests
Slab Core Test Facility Semiscale Facility
(SCTF)
Upper Plenum Test Facility |  Vandellos I Plant Load
(UPTF) Rejection Transient

Requirements. As described in the background and purpose statement of the workshop
notice: "The T/H codes that are currently being used were developed to study LOCAs in
the 1970's. Over time, improvements have been made to the codes in a somewhat ad hoc
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basis to include new capabilities and to analyze technical issues that some of these codes
were not specifically designed to handle. Although these codes are being used to assess
reactor safety issues and we are confident of the results obtained using them, these codes
no longer provide the best estimate to T/H phenomena." The background and purpose
statement continues: "In addition, the computer technology is changing at an ever
accelerating rate and it is necessary to almost continually modify the codes in order to
keep up with the advances. Past efforts to convert the existing codes to new computer
environments did not make the codes more robust or reliable because of outdated coding
and numerical methods inherent in the fundamental structure of some codes. Also, PRA
requirements and the need to analyze beyond design basis accident (DBA) events impose
new requirements on the codes compared with those that were used previously for DBA
and would require code validation in new regimes and much faster codes."

We acknowledge that each of these statements applies, in some measure, to the present
TRAC code. Development of the TRAC code series began in the 1970s. The
architecture of the code was designed to efficiently utilize the best computational
platforms of the time, but that same architecture is the root cause of some of the present
deficiencies of the code. Among the most important is the use of a container array and
"pointers." The container array was important in the original construct of the code
because it facilitated the general modeling capability of the code, e.g., a small
experimental facility for one application and a current-generation nuclear power plant for
the next application. This innovative structure, so important for the early computational
platforms with small-capacity, high-speed central processing units, now acts as a barrier
to efficient computation on current computational platforms.

TRAC executes at approximately 6 million floating point operations per second
(MFLOPs) on a Cray Y-MP. Typical rates are 70 MFLOPS for other complex scientific
application codes. We have found that the container array approach obstructs compiler
optimization and is one factor in the code running slower than needed for some
applications, e.g., PRA analyses and simulators. Maintainability is also affected as the
container array and pointers make the code difficult to learn and understand. Plans for
addressing the container array deficiency are well advanced, as discussed in the next
section.

Other important limitations are associated with the evolution of programming languages,
the long-term development of the code, and the involvement of ~20 developers over the
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years. The present code utilizes Fortran 77, which has led to overly complex protocols
because of Fortran 77 limitations. Some of the coding is old and illogical, and there are
multiple maintenance points. Extensive effort is required to implement changes. Plans
for addressing issues related to the programming language, old and illogical coding, and
multiple maintenance points are well advanced, as discussed in the next section.

As shown in Fig. 1, a full adequacy assessment consists of conducting reviews of both the
code closure relations (bottom-up review) and the integrated code (top-down review).
The code limitations previously discussed in this section, namely issues related to the
container array, pointers, programming language, and old code, are not explicitly shown
in Fig. 1. However, the code architecture and programming language form the
fundamental code structure in which the T/H models are implemented. To the extent that
these issues relate to the adequacy assessment envisioned in Fig. 1, they do so in the area
of operability. We mentioned previously the impact of the container array on run time.
Similarly, the use of nonstandard programming practices to compensate for the
limitations of Fortran 77 also results in computational overhead that increases run time.

There are other limitations that directly affect code adequacy, as shown in Fig. 1. TRAC
is currently being used to support the NRC's LBLOCA certification review for the AP600
reactor. Although the initial peak cladding temperature responses predicted by
WCOBRA/TRAC and TRAC were similar, submittals by the vendor based upon more
recent WCOBRA/TRAC calculations are markedly different.> This has called the
adequacy of the TRAC blowdown rewet and reflood models into question. As discussed
in the next.section, a development activity is now under way to address this issue.

With the rapid advancement of computer platforms, the analyst-machine interface is
rapidly becoming an important limiting factor. The TOOKUIL GUI® previously
discussed is one element of the TRAC-related effort to address this limitation in the
important areas of model creation, run-time management, and output extraction and
formatting. However, we are still limited in our ability to process the voluminous data
generated by TRAC. As discussed in the next section, a development activity is presently
under way to address this issue.
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DEVELOPMENT ACTIVITIES AND PLANS

The limitations discussed in the previous section have resulted in the NRC sponsoring
several development activities. In addition, plans are well advanced for a significant
TRAC modernization effort jointly sponsored by the NRC and the U. S. Department of
Energy (DOE). Finally, at the request of the NRC, plans have been developed for
consolidation of TRAC-P, TRAC-B, and the multidimensional kinetics modeling
capabilities of the RAMONA code. Initiation of the consolidation effort is currently
delayed, but it will be reported for completeness.

We first report on a recently completed activity, a developmental assessment plan for
TRAC focused on the AP600 LBLOCA application.]3 This effort has defined a
developmental assessment plan for TRAC to support its application to the AP600
LBLOCA transient. As a part of this effort, we reviewed (1) the AP600 and its safety
systems, (2) testing done in support of the design certification, and (3) a calculation of an
AP600 LBLOCA transient. We used the AP600 LBLOCA PIRT,” which rates the
importance of processes and phenomena to the LBLOCA transient. We identified the
code models corresponding to the processes and phenomena in the PIRT, and we
combined the PIRT priorities with the adequacy of the code models to generate the
developmental assessment priorities. Based on these assessment priorities and on the
fluid conditions existing during the various phases of the transient, we identified separate-
effects tests that can be used for developmental assessment. The nature of the PIRT leads
to a concentration on separate-effects tests, and these tests seldom lead to comprehensive
testing of the overall code performance. Therefore, we also identified integral tests for
inclusion in the develobrnental assessment plan to check the overall quality of the code
and to support enhancements to the robust nature of the code (the ability of the code to
perform calculations without code failures). The resultant developmental assessment
matrix is summarized in Table II.

We next report on three development activities currently in progress. The first is an
adequacy assessment of TRAC closure and special models.5 In effect, we are nearing
completion of the bottom-up review described in Fig. 1. As previously described, the
pedigree (physical basis, assumptions and limitations, and original adequacy
characterization), applicability (consistency with pedigree or other demonstrations of
applicability), and fidelity (validation or comparison to data) and benchmarking
(comparisons to other correlations) are evaluated. An example of the detailed
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TABLE 11
TRAC DEVELOPMENTAL ASSESSMENT MATRIX FOR THE AP600 LBLOCA

LBLOCA Phase [ Separate-Effects Tests Integral Tests
Blowdown General Electric (GE) Level LOFT LP-02-6
Swell LOFT L2-3
1004-3 Semiscale S-06-3
5801-15
Idago National Engineering
Laboratory (INEL) post-

critical heat flux (CHF) data
T-Junction Test Facility
THETIS
Boildown test T2L095
Winfrith steady-state
post-CHF data

Refill GE Level Swell LOFT LP-02-6
1004-3 LOFT L2-3
5801-15 Semiscale S-06-3

INEL post-CHF data

THETIS
Boildown test T2L095

UPTF
5B, 6, 21A, 21B, 25B,
21D, and 27A

Winfrith steady-state
post-CHF data

Reflood CCTF LOFT LP-02-6
Runs 14, 54, ... LOFT L2-3
FLECHT-SEASET Semiscale S-06-3
31504
31701
33436
INEL post-CHF data
Lehigh
SCTF
(total of 8 tests between
CCTF and SCTF)
Winfrith steady-state
post-CHF data

information tabulated for each closure model is provided in Fig. 3 for the bubbly flow
interfacial area model in TRAC. Summary findings are tabulated for each closure model,
e.g., interfacial area. Information from the adequacy assessment effort, when coupled
with the conclusions of the AP600 LBLOCA PIRT,7 laid the foundation for decisions
regarding the needed model development and developmental assessment.
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ADEQUACY ASSESSMENT — BUBBLY SLUG FLOW INTERFACIAL AREA

Pedigree Physical basis: Ishii and Mishima (Ref. 5.88) assumed an idealized flow pattern in bubbly
slug flow and developed an equation for the interfacial area concentration based on the
geometrically idealized shapes. Over repeated lengths L, the following two distinct
regions are assumed to exist within L.

1) A region occupied by a liquid-bubble mixture.

2) A region occupied by a vapor slug and surrounding liquid. The slugs convert to cap
bubbles if the channel diameter exceeds a critical diameter. From geometrical
arguments, the area of cap bubbles is greater than slugs.

Assumptions and limitations: Interfacial area models are mostly based on steady-state and

fully developed flow data. In addition, almost all data are obtained from adiabatic air-

water experiments, at or near atmospheric pressure.

1) The bubble portion of bubbly slug flow can be represented as a population of spherical
bubbles that are characterized by the Sauter mean diameter, Dp. Dy is evaluated using
a simple expression by Ishii (Ref. 5.31). Bubble size and shape probability
distributions are not considercd. The upper and lower limits for bubble diameter are
given by 0.1 mm s Dp s 0.9DH.

2) Slugs or cap bubbles form depending on the diameter of the flow channel. Slugs form
when the channel diameter is less than a critical diameter. Slugs form if a > 0.3 and
the mass flux is <2700 kg/mz-s (see flow map review). Cap bubbles form if the D >
S0Lg where Lo is the Laplace coefficient (MOD2/Eq. 4-13) . The idealized cap
bubbie of Ishii and Mishima (Rcf. 5.88) assumes a wake angle ~ 550,

Qriginal adequacy characterization:

1) Ishii's expression for the Sauter mean diameter, Dp, was stated to be an approximate
arithmetic average of minimum and maximum bubble diameters observed
experimentally.

2) Kataoka and Ishii (Ref. 5.12) state that slug bubbles cannot be sustained for channels
with a diameter much larger than 40Lg. The TRAC specification that cap bubbles
form for D > 50Lq is similar. Ishii and Mishima (Ref. 5.88) state that the observed

wake angles range from 46 to 5s°. Specification for slug to cap bubble transition is

consistent with the data of Grace et al. (Ref. 5.13).

Applicability | Consistent with pedigree: Yes, except when quasi-steady and local equilibrium
assumptions are violated.

Otherwise demonstrated: A mathematical treatment of the interfacial area for bubbly flow
(spherical bubbles, no vapor slugs) is shown to be equivalent to the code’s model for
like conditions.

Fidelity Validation:

1) Model assessment studies were conducted using the data of Shilimkan and Stepanek
(Ref. 5.14), Kasturi and Stepanck (Ref. 5.15), and DeJesus and Kawaji (Ref. 5.16).
Each experiment was for upflow in a long vertical tube. Tube internal diameters
varied from 0.6 to 2.54-cm i.d. With respect to the data of Delesus and Kawaji,
TRAC-PF1/MOD?2 overpredicts the interfacial area concentration in the bubbly slug
regime (MOD2/Sec. 4.1.11, Fig. 4-30). After back-calculating the Sauter mean
diameter from the data, it was concluded that the available interfacial area data are not
directly applicable for reactor safety analysis because the experimental setup does not
allow a breakup mechanism.into dispersed bubbles at the measured flow rates. The
comparison with the data of Kasturi and Stepanek and Shilimkan and Stepanek is
reported to have exhibited similar patterns during assessment.

2) None explicitly cited in MOD2 Theory Manual.

Benchmarking: None explicitly cited in MOD2 Theory Manual.

Fig. 3. Example of TRAC closure model adequacy assessment detailed information.
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The adequacy standards for pedigree are that the model pedigree is known, documented,
and acceptable. The adequacy standard for applicability is that the model application is
acceptable. The adequacy standard for fidelity is that the model predicts the appropriate
data with acceptable accuracy. The term "acceptable” is invoked repeatedly, and this
implies judgment based upon documented information. The most concrete measure is
fidelity. For fidelity assessments we use standardized fidelity criteria that characterize
the agreement as excellent, reasonable, minimal, or insufficient. Reasonable agreement is
the minimum standard for adequacy.

The second activity is the integrated TRAC development of LBLOCA closure packages
for AP600 applications. Some background is provided for this effort. In the late 1980s,
the NRC undertook to have its contractors improve the documented basis for the T/H
systems analysis codes. The TRAC-PFI/MOD1 (MOD1) Correlations and Models
Document!4 was prepared to provide detailed descriptions of the various constitutive
models used for closure of the field equations. This documentation was reviewed by
several groups, specifically the Advisory Committee on Reactor Safeguards (ACRS) and
the Technical Program Group (TPG) engaged in developing the Code Scaling,
Applicability, and Uncertainty!5 evaluation methodology. The following summarizes the
key issues at that time.

The major criticism of TRAC based on [ACRS] review of the Q/A
[TRAC-PF1/MOD1 Correlations and Models Document] document, was
that many of its basic physical models were not based on a sufficient set of
basic data. Since TRAC appears to achieve a reasonable representation of
experimental data, LANL must have accomplished this by 'tuning' these
basic models to integral system test data, rather than using basic data to
obtain the necessary two-fluid constitutive relations. Therefore, use of the
code beyond its integral system data base could lead to large uncertainties
in the results.16

Although not stated in the above,!6 a related concern of the reviewers was that a
significant number of the closure relationships in MOD1 were of an ad hoc nature. These
concerns were verified by LANL which, for example, reported " . . . the vertical flow map
was basically invented to fulfill a need, no original reference exists for this map. .. This
map was originally based on physical intuition . . ."14
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ACRS, TPG, and NRC criticisms played a significant role in the development of the next
major code version, MOD2. The TRAC code-development team adopted an approach
that will henceforth be identified as the "absolute" pedigree approach; this approach
required that only closure models with an acceptable pedigree could be entered into the
code. Further, these models could only be incorporated in their pedigreed or unmodified
form.” Where it was deemed necessary, models affecting the blowdown and refill phases
of a LBLOCA transient were implemented in MOD2, which satisfied this constraint.

MOD?2 also included a new reflood model that used a modification of the "absolute"
pedigree approach.17-19 The logic behind the generation of this modified approach is
summarized as follows:

Whenever possible, correlations known to apply to a given regime for a particular
closure quantity were used. Frequently, however, the original correlation could not
be applied directly but had to be modified. For those cases, we tried to use the
‘kernel” or ‘functional’ dependence of the original correlation and modify only its
magnitude by use of a multiplier. When no correlations were available for given
regimes, we tried to define known bounding regimes and use a weighting function
between the known regimes to represent the unknown quantities.!?

This approach will henceforth be identified as the "conditional" pedigree approach. The
approach was built primarily upon the use of basic data from simple tube experiments.
We know that limits exist on the current MOD?2 reflood model, i.e., the coefficients were
modified based primarily on only single-tube data. Extension of the work to fuel rod
bundles was terminated when MOD2 was placed into a maintenance mode.

The NRC is currently sponsoring work at LANL to provide a code of demonstrated
adequacy for AP600 LBLOCA confirmatory analyses. Of the various approaches
possible for closure package development, we wish to discuss only the two approaches
previously identified: the absolute pedigree and conditional pedigree approaches.
Selection of these two approaches for further examination arises from a consideration of
the interconnected inputs related to modeling concepts, constitutive equations sets, and
data sets (Fig. 4).

Even the “absolute pedigree” approach must be adapted somewhat because of
discontinuities that will sometimes exist from correlation to correlation. The
technique more frequently used in this case is interpolation from one correlation to
the other over some region.
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Fig. 4. Approaches to integrated closure package and accident phase modeling.

For the absolute pedigree approach, constitutive equations are selected on the basis of
pedigree, applicability, and fidelity to basic data. The pedigreed constitutive equations
are introduced into the code in their absolute (pure) form; no modifications are permitted.
A basic premise underlies the absolute pedigree approach, namely, that the selected
constitutive equations contain all the necessary phenomenological information for the
modeled phenomena. This includes the various phenomenological couplings that may
not have been measured in the experiments that produced the data sets used for creating
the constitutive equation. For example, it is assumed that within the absolute pedigree
that the wall and interfacial heat transfer and wall and interfacial drag have been properly
coupled in the development of the constitutive equation. When this assumption is valid,
and given correct implementation of each constitutive equation in the code, a positive
outcome of this approach is that divergence between the code-calculated results and data
provides a direct indication of the degree to which the physics are understood and
captured in the constitutive relationships.
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LANL has concluded that the absolute pedigree approach (Fig. 4) will have an
undesirable outcome, namely that the difference between the code-calculated results and
data for key parameters will be unacceptably large. As TRAC-PF1/MOD?2 evolved from
TRAC-PF1/MODI1, the absolute pedigree approach was followed. In the process,
extensive information embedded in TRAC-PF1/MOD1 constitutive packages was lost as
the code was broadly assessed against multiple integral test programs over many years.

The results obtained during a LANL-conducted investigation of various state-of-the-art
models lead us to the conclusion that the conditional pedigree approach is the correct
approach. For the conditional pedigree approach, constitutive equations are selected in
the same manner as for the absolute pedigree approach. It is likely, in fact, that the same
constitutive relationships would be used for either approach. The pedigreed constitutive
equations are introduced into the code, but with a single, important difference.
Moadifications are permitted to a single part of the constitutive relationships, namely the
coefficients.” These are adjusted so that reasonable code-data comparisons are obtained
for a selected set of basic data and data from scaled integral experiments (Fig. 4). Thus,
additional phenomenological information becomes embedded in the constitutive set as
the relationship coefficients are adjusted to improve the code-data comparisons. A basic
premise underlies the conditional pedigree approach, namely, that the form or kernel of
the constitutive equation is appropriate,\ but that all necessary phenomenological
couplings have not been included in the constitutive equations for the previously stated
reasons. As additional fundamental data having ranges of applicability covering the
spectrum of LWR operation become available, the conditional pedigree approach will
merge with the absolute pedigree approach. This development activity, as presently
planned, will provide results for both the absolute and conditional pedigree approaches.

The integrated development of closure packages will utilize nonlinear optimization
techniques to “recorrelate” the model coefficients. Nonlinear optimization techniques are
well established and have been used as part of complex system design for a number of
years. The effort with integrated closure models will use the computer itself to
accomplish the coupling and recorrelation within the closure packages.

A visualization and plotting tool for TRAC, X-TRAC-View (XTV), uses the platform-
independent X Windowing System to create its GUL. XTV was originally designed to aid

* This might be thought of as a recorrelation of the model within the framework of the
code.
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in visualizing complex phenomena that result from LOCAs or other similar incidents,
where line plots of critical variables do not easily indicate all of the interactions within a
component and between components. XTV has been expanded to include line plot
capabilities and is scheduled to eventually replace EXCON and TRAP, the current TRAC
plotting features.

XTV allows the user to view up to 18 2D representations of components simultaneously.
These visuals can be either static at a given time interval, or animated throughout time.
Three dimensional components can be viewed in either Cartsian or cylindrical
coordinates with any one of the three axes fixed at a particular value. For the
multidimensional Vessel component, the additional capability exists to optionally plot
either liquid or vapor flow vectors, as well as wall temperatures, in addition to any other
scalar value at each cell. By placing adjoining components in neighboring viewpanes,
one can visualize how the two components interact with respect to a certain variable;
conversely, two different variables can be examined for the same component.

XTV is currently being expanded to improve its online plot capabilities as well as being
able to perform calculations on any of the variable arrays. Additionally, capabilities to
visualize any and all of the data generated in TRAC are being added. Its inherently
modular data structure allows calculated values to be added as if they were produced in
TRAC, which should also help XTV to function as an interactive controller for TRAC,
allowing visualization as the results become available (a feature planned for
implementation in late 1996).

We next report on the TRAC modernization effort. Both the NRC and DOE are
sponsoring elements of this activity. Our overall objective is to provide a
coniputationally efficient, portable, standard code in Fortran 90. We also seek significant
improvements in extensibility by providing data structures required for new methods,
models, and maintainability. The specific goals of the TRAC modernization effort are as
follows:

* apply modern software engineering principles,

* achieve full portability to all single-processor Unix-basd platforms,

* significantly improve the maintainability of the code,

 achieve a factor of 10 improvement in run time on current single-processor

platforms,
* 