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ABSTRACT

This six-volume report contains 140 papers out of the 164 that were

presented at the Fifteenth Water Reactor Safety Information Meeting held at
the National Bureau of Standards, Gaithersburg, '4aryland, during the week of
October 26-29, 1987. The papers are printed in the order of their presenta-

tion in each session and describe progress and results of programs in nuclear

safet's research conducted in this country and abroad. Foreign participation

in the meeting included twenty-two different papers presented by researchers

from Belgium, Czechoslovakia, Germany, Italy, Japan, Russia, Spain, Sweden,
The '*etherlands and the United Kingdom. The titles of the papers and the
names of the authors have been updated and nay differ from those that appeared
in the final program of the meeting.
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PROCEEDINGS OF THE
15th WATER REACTOR SAFETY INFORMATION MEETING

October 26-29, 1987

Published in Six Volumes

CENERAL INDEI

VOLUME 1
Plenary Sessions-

- Reactor Licensing Topics
NUREG-1150-

- Risk Analysis /PRA Applications
Innovative Concepts for Increased Safety of Advanced Power Reactors-

- Severe Accident Modeling and Analysis

VOLUME 2
- Materials Engineering / Pressure Vessel Research
- lbterials Engineering / Radiation and Degraded Piping Ef fects

Non-Destructive Evaluation-

Environ = ental Ef fects in Primary Systems-

VOLUME 3
Aging and Life Extension-

Structural and Seismic Research-

Mechanical Research-

VOLUME 4
- Separate Ef fects/Experi=ents and Analyses

Source Ters Uncertainty Analysis-

- Integral Syste=s Testing
2D/3D Research-

VOLUME 5
- Industry Safety Research

International Code Assessment Program-

VOLUME 6
Deconta=ination and Decatsissioning-

- Accident Manage:ent
TMI-2-
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NUCLEAR SAFETY RESEARCH

RESPONSIVE INDUSTRY RESULTS

Prepared by

Abdon Rubio
Walter 8. Loewenstein

Richard Oehlberg
Nuclear Power Division

Electric Power Research Institute

ABSTRACT

Nuclear power is completing another momentous year.

The U.S. has 108 licensed reactors which should supply -18% of all U.S.
electric power. New initiatives were undertaken in the U.S. nuclear industry
with the formation of the Nuclear Management and Resources Council (NUMARC),
the reorganization of nuclear industry associations, the American Nuclear
Energy Council (ANEC) and the U.S. Committee for Energy Awareness (USCEA) and
the disappearance of the Atomic Industrial Forum (AIF). The intention was to
take actions to be "more effective in meeting the challenges of tomorrow".
EPRI technical support of NUMARC is and will be a challenge to focus technical
results to address ischnical and policy issues which the nuclear industryfaces.

EPRI's nuclear safety research program made a number of technical advancesthis past year. EPRI has completed a study of common cause failure, developed
software for plant reliability and safety, studied reliability-centered
maintenance, studied the consequences of steam generator tube rupture,
completed the study of eastern seismic activity, looked at piping design
improvements, qualified RETRAN for simulator applications, conducted
intermediate-scale molten corium-concrete interaction tests and completed a
mechanistic code to calculate core melt.

A major owner's group experimental effort on hydrogen combustion has been
completed, characterizing hydrogen combustion behavior in BWR6 Mark III
containments.

Within the United States, EPRI is involved in many national and international
collaborative efforts such as the TREAT STEP and the MIST B&W tests, the OECD
LOFT program and the LACE, ACE, and Marviken aerosol-behavior experimental
programs. Also, EPRI is participating the NRC's important Severe Fuel DamageProgram.

This paper raviews EPRI's nuclear safety research program in the context of
this new transitional phase and how it is meeting the everyday challenges ofcommercial nuclear power.

1

.
..

---



. . . - . -

i

A. INTRODUCTION |

Nuclear power is completing another momentous year.

The United States has 108 licensed reactors which should supply -18% of all '

U.S. electric power. New initiatives were undertaken in the U.S. nuclear
industry with the formation of the Nuclear Management and Resources Council4 '

(NUMARC), the reorganizations of nuclear industry associations, the American"

Nuclear Energy Council (ANEC) and the U.S. Committee for Energy Awareness
(USCEA), and the disappearance of the Atomic Industrial Forum (AIF). The
intention was to take actions to be "more effective in meeting the challenges
of tomorrow". EPRI technical support of NUMARC is and will be a challenge to
focus technical results to address technical and policy issues which the
nuclear industry faces.

EPRI's nuclear safety research program made a number of technical advances
this past year. EPRI has completed a study of common cause failure, developed,

software for plant reliability and safety, studied reliability-centered main-
tenance, studied the consequences of steam generator tube rupture, completed
the study of eastern United States seismic activity, looked at piping design .

improvements, qualified RETRAN for simulator applications, conducted inter-
mediate scale molten corium-concrete interaction (MCCI) tests, and completed a ,

mechanistic code to calculate core melt +

A major owner's group experimental effort on hydrogen combustion has been
,

completed, characterizing hydrogen combustion behavior in BWR6 Mark.III
containments. |

' Within the United States, EPRI is involved in many national and international
collaborative efforts, such as the TREAT STEP and MIST B&W tests, the OECD
LOFT program, and the LACE, ACE, and Marviken aerosol behavior experimental
programs. The LACE program successfully completed its experiments and is well

; on its way to comoleting all associated work shedding important light on
aerosol behavior in containment and release from containment. Also, EPRI is
participating in NRC's important Severe Fuel Damage Program.

,

*

i

e A.1 Nuclear Management and Resources Council (NUMARC)

Late last year, leaders of the nuclear electric power industry endorsed a,

! reorganization of U.S. nuclear industry associations. The goal was to improve
i the coordination of the activities of these associations and concentrate their
i efforts on efficiently assuring the continued contribution of nuclear power.
|J The challenges of the future--operating excellence of nuclear plants and the

use of nuclear power as one way to meet the growing demand for electricity--
j will be taken up by NUMARC.
4

The changes were officially brought into being on July 1,1987.

The realignment eliminated the old Atomic Industrial Forum (AIF), assigning*

its duties to NUMARC and to a reorganizated U.S. Committee for Energy
Awareness (USCEA). The Utility Nuclear Power Oversight Committee (UNP0C) was

,

l

:

2

|
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constituted in 1979 following the TMI-2 accident to guide the utility efforts
necessary following that event. UNPOC will become NP0C (Nuclear Power
Oversight Committee) with the addition of nonutility organizations and will
serve as a formally constituted coordianting and oversight organization for
all nuclear industry association activities.

NUMARC will concentrate its efforts on regulation and technical support. It
is made up of senior utility executives (one from each of he U.S. utilities
with nuclear power plants in operation or under construction) and nonvoting
members consisting of selected supplier industry executives. It will work
within the industry and with the U.S. Nuclear Regulatory Commission (NRC) to
develop nonregulatory solutions to nuclear operational issues--management,
philosophy, policies, responsibiliies, organization, and training. It will
coordinate the work of all nuclear utilities in solving problems in these
areas and helps assure corrective actions are taken. EPRI and INP0 will
provide important direct support to NUMARC in their areas of expertise.

The USCEA will provide the communicatiens and education aimed at a broader
public understanding that a strong and expanding American economy requiring an
adequate supply of electric energy from a diversity of energy sources. The
American Nuclear Energy Council (ANEC) will be involved with governmental
affairs.

The new initiatives in our industry bring vitality and excitement for the
future, as James O' Conner of Commonwealth Edison stated: "By focusing our
attention more precisely on the key issues facing us in the future we should
be all the more effective in maintaining nuclear power as a major s,ource of
our electric power supply."

8. LWR SYSTEMS ANALYSIS AND APPLICATION

B.1 Introduction

The Reactor Safety Study (RSS) (B-1) showed that judgment alone is not an
adequate guide to those design and operational features of a plant that are
most important to safety. The licensing process before RSS focused on large
loss of-coolant accidents (LOCAs) and single failures. In contrast, the RSS
showed that small LOCAs, transients, maintenance, operator error, and
dependent failures dominated risk (B-2). Such an analysis, a "Level 1"
Probability Risk Assessment [PRA; (B-3)|, is the most comprehesnive type of
analysis in the nuclear power industry. Its usual objectives are to:
(1) delineate accident sequences that contribute most to the probability of
causing severely damaged cores; (2) assess this probability; and, (3) deduce
the key components, equipment, systems and procedures that are most signifi-
cant in initiating and/or mitigating these sequences. The bulk of the effort
in a level 1 PRA involves Probabilistic Systems Analysis (PSAs).

Recent NRC plans for seeking individual plant evaluations for operating plants
and full-scale PRAs for new plant applications constitute increasing adoptionof PSA techniques. PSA is also becoming increasingly important in day-to-dayrunning of plants. Attention to day-to-day activities is essential to ensure
that a currently safe and economical operation is retained over the long term.

3



. . . - _ . - . - _ _ . _ _ _ -_. _ .

!

1 i

EPRI's objective in this area are to both assure the availability of adeque.te .

PSA tools and, once available, help to assure the tools are applied-utefully,

'

to response to industry strategic needs. These needs are: :
,

1. Identification and resolution of safety issues.
'

2. Plant investment risk estimation considering individual plants
having selectively higher accident risk potential. |

] 3. Operational safety and enhanced plant operating availability.

The specific working objective of the PSA effort at EPRI is to make its use an
-

effective process that can be employed by utilities to address their strategic
needs. To do this, the program develops:

1. Credible methodology. :

'

2. Procedures, computer codes, and technology transfer to ensure
efficient and cost-effective implementation.

3. Appropriate applications addressing the strategic industry |,

needs and within the capabilities of the methodology. |'

s

iHighlights of the progress in these areas are described below,4

B.2 Progress in PRA Methodology
|
' A credible PRA study requires scientifically defensible methods and data that
| are sufficiently comprehensive in scope and amenable to peer review. PRA

methodology is currently undergoing the early stages of standardization that>

is necessary for it to become a mature discipline using "proven" methods and3

'

] data. This effort has been hampered by the lag in the development of the key
| technicalareaofcommoncausefailureanalysis(CCFA), ;

! 8.2.1 The Issue of Connon Cause Failures. Those responsible for the safe-
j design and operation of nuclear power plants have for a long time recognized

the vulnerability of engineered systems, and the credibility of their reli-
ability analysis, to dependent events. The vulnerability of systems to single
failures was addressed in the United States by the inclusion of the single

! failure criterion in the General Design Criteria (B-4). However, redundant
I systems can be defeated by a special class of events that affect many similar

components at the same time. The theoretical high reliability of very redun-
dant systems was always open to question. Further, historical experience has

1 shown a high incidence of common cause f ailures (CCFs) in events which
challenge reactor safety systems. Finally, many probabilistic risk assess-

;

i ments (PRAs) have found CCFs to contribute significantly to risk (B-5). This
has led to our current awareness of CCFs as significant contributors to the
residual risk from nuclear plant operation.

,

2

|

,
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Notwithstanding the importance of these events, our attempts to treat them in
safety analysis have in the past been incomplete and of variable quality.
EPRI's reviews of PRAs (B-6, B_-7) have shown a receated lack of consistent CCF
treatment for important systems and a wide variation in parameter values used
to quantify such events. The worldwide nuclear industry has lacked a database
that could be used with confidence despite pioneering efforts by Edwards and

with data da)me from incompTeteness of failure event reports, the relative
Watson (B-8 and Atwood (B-9, B-10) among many others. Much of the difficulty

-

complexity of multiple failure events and the ways in which they can occur,
and the number of assumptions, usually unstated, that underlie their analysis.

In 1961 EPRI initiated a research project to address these issues. The
original objective was to provide guidance on data interpretation to bring
some uniformity to how failure event reports were analyzed and used for
parameter estimation. During the process of evaluating and refining a
proposed data classification system (B-11), a preliminary CCF database was
prepared (B-12). The work was subsequently widened to include improvements to
modeling methods (B-13) with a much greater emphasis on qualitative engi-
neering evaluation of plant-specific features and vastly improved parameter
estimation procedures. A further objective was to find information from both
data analysis and industry experience on the tactics available in design and
operation, to make redundancy not only a defense against the impact of single
failures but also effective against multiple failures from a shared cause.

These objectives have all been achieved. The data classification system and
modeling guidelines have been extremely successful, thanks to the contribution
of many organizations and individuals within the United States and abroad.
The database is useful but is only a beginning. The preparation of a large
definitive database was never a part of EPRI research project but should be a
target for future development. The technical basis for a defensive strategy
and tactical guidelines has also been successful, but is arguably still at an
early stage. It was always recognized that the work on defenses was the more
speculative part of the project requiring the most infusion of analysts' and
industry judgments. The remarkable thing is that it appears to be possible to
do it at all. Nevertheless, practical applications of the defenses con-
clusions are yet to be implemented and also form a target for the future.
Some issues remain to be resolved in the modeling areas and are listed later
as subjects for research. It is now possible to see fairly clearly the
requirements for future data reporting so that quality CCF informetion will be
available on a continuing basis. The process of changing existing data
recording and collection systems, e.g., NPROS (B-14), has not yet begun.

B.2.2 A_pproach. This section will briefly describe the procedure followed to
achieve the above objectives, including the roles of the principal
collaborating organizations.

EPRI's research project was initially oriented by a peer input group,
including Westinghouse, Pickard, Lowe and Garrick (PLG), UKAEA Systems
Reliability Service, USNRC, Battelle Columbus Laboratories, and Los Alamos
Technical Associates. The general conclusion was that work on data
interpretation should be followed by efforts on modeling methods. The data

5
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classification system that was subsequently proposed (8-11) by Los Alamos
Technical Associates carefully distinguished between component failure
requiring repair and component unavailability due to other causes. Th(s
distinction broadly separates events likely to need implicit CCF modeling from
those likely to be already modeled in system logic models, e.g., fault
trees. Secondly, it distinguished between component faults having other
component faults as causes and those with other "root" causes, e.g., human
error. This distinguished between sequential or cascading events that do not,
in fact, share a common cause and those where a shared root cause produces
multiple components faults, in a sense, "in parallel." This scheme was tested
in a benchmark comparison experiment in which Duke Power, General Electric,
JBF Associates, NUS TVA, and the UKAEA analyzed a set of LER reports to
identify and categorize common cause failures. The results were very
encouraging and a larger-scale evaluation was conducted by PLG (8-12) that
resulted in a preliminary database using nuclear power experience reports of
LERs. This database, although limited in size, is probably the most self-
consistent CCF dataMse that exists for the use of PRA specialists at the
present time. Unfortunately, because it was produced while evaluating an
interim version of the classification sysems, there are some minor differences
between the way data is classified in this database and the final scheme
subsequently published by EPRI (8-14, B-15) after appropriate refinements. To
further ensure its coherence and the clarity of the instructions, the refined
classification scheme was benchmarked by a second multinational peer
evaluation process, including the Central Electricity Generating Board of the
United Kingdom, the CEC Joint Research Center of Italy, Electricite de France,
INPO, R130 National Laboratory of Denmark; the Swedish Nuclear Power
Inspectorate, and the Technical Research Center of Finland, before being
finalized. Further review comments were sought from the CEGB, USNRC, EG&G
Idaho Falls, and Yankee Atomic Electric Company.

Improvements to modeling approaches followed two major directions. One
emphasized the importance of interpreting each event in the database in order
to prepare a "pseudo database" relevant to the plant being modeled. The idea
was to use as many events in the database as possible (plant-specific data
being too scarce to be useful on its own) but to "customize" the events in
relation to system and operational characteristics of the plant being
modeled. The second approach was to integrate (i) the data interpretation
process, (ii) plant modeling, (iii) the definition of groups of components to
be analyzed for common cause impacts, (iv) model selection and definition, and
(b) parameter estimation, into a systematic multistep procedure that can be
followed by systems analysts with a moderate level of experience. This
approach neither advances a particular method or technique, nor does it
rigidly constrain the analyst to a prescribed recipe for common cause
analysis. The purpose of the procedural framework is to allow the analyst to
make intelligent choices along the way, while obliging him to consider the
issues involved, the consequences of his decisions, and the need to document
the process very carefully.

Preliminary ideas used by PLG in the Seabrook Risk Assessment (8-5, 8-12) were
used in the U.S. team's participation under the auspices of EPRT and USNRC in
the Reliability Benchmark Exercise on Common Cause Failures (CCF-RBE)

6
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organized by the Joint Research Center of the CEC at Ispra, Italy. The
CCF-RBE had a major impact on the methodology development in the EPRI
project. First, it exposed the proposed methods and the preliminary database
to the critical evaluation of 10 teams representing 8 countries: Belgium,
Denmark, Frnace, Federal Republic of West Germany (FRG) Italy, Sweden.
United Kingdom, and the United States. Second, the findings of the CCF-RBE,
reported in the CEC report (B-16), represent significant advances and became
central to the development program, although some of these were issues raised
originally in the U.S. methodology. Details of these findings can be found in
a paper by Poucet et al. (B-17). Third, there were important specific issues
raised by various participaats: for example, (1) the need for adjustment of
the number of independent events appearing in the pseudo database as a result
of extrapolating redundancy levels between historic events and the plant being
modeled (FRG) and (ii) the need for thorough, systematic qualitative analysis
that addresses plant design and operational defenses against CCF, when
formulating the pseudo database (UK).

.

EPRI has collaborated closely with the Office of Research at the USNRC in
integrating the above findings into the systematic procedural framework that
is the main product (B-13) of this phase of our research project. USNRC has
supported NUS, JBF Associates, and Sandia Laboratories in this collaboration,
and a joint EPRI/NUREG report will be published in 1987 containing the
results. The EPRI contractor, PLG, is reporting the work in a paper by
Fleming et al. (B-18). A list of some of the issues dealth with in the proce-
dure gives an idea of its scope and depth: qualitative analysis of component
groups; quantitative screening of component groups; definition of common cause
basic events; inclusion of basic events in system logic models; screening of
common cause cut sets; selection of probability models; database selection for
independent events and common cause events; data classification and screening;
definition of impact vectors for historic events and plant being modeled;
redundancy extrapolation up and down; normalization of independent events to
account for redundancy extrapolation; normalization of independent events and
exposures to account for historic events rejected from database; parameter
estimation; system quantification; uncertainty analysis; sensitivity analysis
and reporting.

The work on defenses by Saratoga Engineering Consultants (formerly los Alamos
Technical Associateas) has also produce a database. This database (B-19)
contains over 2000 events classified as before but with additional information
concerning applied defensive tactics, methods of discovery and corrective
actions. The events contain about 250 common cause events and were obtained
from LERs on Auxiliary Feedwater, Reactor Protection and Emergency Electric
Power Systems. These data has been interpreted in several ways, (i) event-
by-event evaluation of effectiveness of various defensive tactics,
(ii) evaluation of the spectrum of causes, subsequently used with judgments of
the effectiveness of the tactics for each cause, (iii) formulation of a survey
of industry judgments on defenses with participation from nine U.S. utilities,
PLG, and the UKAEA. These judgments have been applied to operating power
plants and to new plant designs. The former application implies greater use
of tactics involving maintenance, design review, surveillance testing and
training, than the application to new designs where there is more

7
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cost-effective scope for hardware changes involving barriers, separation,
! redundancy, and diversity. It is generally agreed that redundancy alone is a

poor defense against CCF and that many other ingredients can and must be added
to the range of defenses. Although this conclusion confirms our prior
beliefs, it is satisfying to see this message emerging very clearly from the
analysis of data. Details of the work on defenses can be found in a paper by
Crellin et al. (B-20) and in an EPRI report (B-19).

B.2.3 Conclusion. The most importance advance in the last five years has
been realization of a universal consensus that common cause failures can be a
significant contributor to risk, that they represent complex phenomena
requiring considerable resources and attention in a safety system reliability
or risk analysis. Their credible treatment requires consideration of plant-
specific design, operational characteristics, and defenses in a systematic
framework. The means to do this are available and the remaining large
uncertainties do not invalidate the analysis.

The second most important advance has been the drawing together, at an
international level, of many disparate but valid views and approaches to
modeling CCF into a coherent conceptual and practical framework for systematic
analysis. That this consensus should integrate qualitative and quantitative |

aspects of generic industry and plant-specific operating history, and design
and operating characteristics, is both remarkable but inevitable if real
progress is being made. We believe that EPRI and JRC lspra have played
leading roles in obtaining this consensus.

Clearly, data reporting deficiencies need to be addressed at utilities and
within national data systems such as NPROS. Judgments on the effectiveness of
specific defenses must be incorporated in an increasingly quantitative way,
perhaps by use of techniques such as the partial-8 factor (B-13, B-21).
Several issues relating to parameter estimation need further illumination from
additional applications.

However, the structured approach developed in EPRI research project will
'undoubtedly help to make future CCF contributions to risk and reliability

studies, (i) more tractable from the point of view of the analyst, (ii) more
consistent and scrutable to peer and industry reviewers, (iii) more ,

realisticfrom the point of view of plant operators, and (iv) more defensible |
by study sponsors. Implementation of design and operation movements as a i

Iresult of more credible risk analysis and the application of the most
effective defenses will ultimately lead to safer and more reliable plants.

B.3 Development and Use of Control Room Tools for Improving Nuclear Power
Plant Safety and Operations

EPRI conducts research related to the development of nuclear plant control and
information systems. This effort focuses on mission-oriented development of
computerized hardware and software systems and their implementation in
operating power plants (usually with specific utility involvement). The 1987
effort has seen notable deployment and use of such systems in existing plants.

;
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The primary goals of this EPRI effort are to develop systems to:

1. Meet the need of sponsoring utility companies to safety and
economically upgrade the reliability and performance of plant
systems, i.e., to operate at maximum allowable optimun
conditions, while making systems simpler and easier to operate.

2. Prevent and control nuclear power plant accidents.

B.3.1 The RAPID Software Environment for Plant Reliability and Safety
Analysis

EPRI has developed a software tool whose primary functions are: (1) to
maintain a living PRA, (2) to improve efficiency in execution of reliability
and risk calculations, (3) to provide a permanent audit trail for such
activities, and (4) to facilitate the exchange and update of data derived from
station information management computer systems and destined for use in PRA or
reliability trending or monitoring projects. The name of the computer code is
Reliability Analysis Program with In-Plant Data (RAPID). RAPIO also has on.
Tine functions that are not the subject of this report.

Many nuclear utility companies have now performed plant-specific system
reliability assessments (SRAs) for a variety of applications, such as
determination of alternative system design modifications, assessment of
testing and maintenance strategies, examination of procedural changes,
responding to regulatory inquiries, etc. Manually updating the SRA logic
models and component reliability data to keep them up-to-date is a tedious,
time-consuming, ranpower-intenstive and, sometimes, impractical task. The
amount of information as well as the lack of adequate computer software for
automated updating makes it difficult to keep the SRAs current. RAPID's RAM
and UM software, which are part of EPRI's RAPIO (B-22) software development
effort under the Risk Assessment Program of the Nuclear Power Division, are
designed to overcome many of these difficulties and to provide a productive
environment for performing varicus system reliability engineering
activ; ties. The following sunmarizes the development and demonstration of the
RAPID /R+M-UM software at ANPP's (Arizona Nuclear Power Project) Palo Verde
Nuclear Generation Station.

The RAPID / RAM software procides a computer environment to perform reliability
tasks. The najor functions of RAPID / RAM include:

Conduct topical system modeling and data analyses;-

Maintain and upkeep system models and data; and,*

Ensure traceability and quality control.*

The software is menu-driven and transparent to the user. Figure B-1 is a
brief description of the RAM's major functions. As an example of RAPID / RAM
operation, a user may wish to update, quantify, and review the results of the
system model.

9
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The user would first invoke the elements 1, 2, 3, 4, 7, 10, 11, 12, 13, 11, '

10, 2, 3 and 5 in figure B-1 to retrieve an existing system model to the
user's workstation for model editing. Following model editing, the user could
employ elements 2, 3, 4, 7, 10, 11, 12, 14, 13, 17, and 16 to send the model '

back to the mainframe for execution, storage, and documentation. Finally, the
,

user could use elements 2, 3, 4, 7, 10, 11, 12, 17, 11, 10, and 6 to view the
results on the workstation. RAM software automates these operations. A user

,

is only required to interactively select and respond to the prompts and menus :

on the workstation, with assistance from the help-menus, if needed, t

The RAPID /UM software interfaces and extracts plant-specific data from the
plant information management system. The data are then aggregated, periodi-
cally updated, and documented in support of RAPID / RAM and other application .

modules. The UM software has automated the data handling. Figure B-2
outlines the data tables available to the RAPID /UM users for accumulating
plant-specific information. The combined use of RAPIO/ RAM and RAPIO/UM has
created an automated environment for maintaining and modifying logic models
and associated reliability data with the support of documentation.

The RAM and UM sof tware have been developed under a cooperative agreement
between ANPP and EPRI. The software is developed in a generic fashion to
operate in a wide variety of computer environments. Currently, it is
installed on an IBM 3084 mainframe computer using the MVS/XA operating system;
IBM AT microcomputers are used as the. engineering workstations. Both RAM and
UM software are nperational at ANPP's computer service center.

The ANPP's Palo Verde plant-specific information has been used in this
demonstration. The PRA engineering staff at ANPP are using RAM and UM soft-
ware for developing systems fault tree models and event tree sequences to
describe a small LOCA scenario, constructing several G0 (B-23) system models '

for the plant availability study, and compiling plant-specTfIc data from
Palo Verde's station information management system. The functions of RAPID /
RAM and RAPID /UM are being tested as these activities progress.

RAPID / RAM-VM activities are now focused on refining its application. The
plant component failure rate data compiled by the UM can be used with INPO and
other industry failure data information to identify adverse failure data
trends. Actual plant failure rates can be compared to industry average
failure rates to automatically initiate root cause analysis where necessary.
Failure data are being applied to improve preventative maintenance activities
and spart parts programs. ANPP is also evaluating the addition of new data
tables to facilitate INP0's safety system unavailability performance indicator
program (B-24). In this program, safety system models are updated with *

component unavailability information from the plant to track system
unavailability with service life.

In summary, RAPID / RAM-UM provides an integrated environment for performing '

systems reliability analysis activities using logic models, generic and plant *

data and evaluation codes. It couples these required resources by providing i

automaticity, consistency, auditability, continuity, and accessibility.
|

|

|

I
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Thus, costs to develop and dynamically maintain PSA reliability models and
PRAs are reduced, the ability of utility engineers to assess proposed changes
is improved, and a capability to apply reliability techniques to O&M issues is
provided where it was difficult or impossible to apply them before.

B.4 Reliability-Centered Maintenance Studies

Reliability-centered maintenance (RCM) is a systematic methodology for
identifying applicable and effective preventive maintenance tasks. With the
application of RCH at Turkey Point (B-25) and McGuire (B-26), EPRI demon-
strated the validity and usefulness of the traditional RCM methodology in
nuclear plants. EPRI initiated a third RCH pilot application on the
San Onofre auxiliary feeasater system, which would serve to customize the RCH
progress to better reflect the unique aspects of the commercial nuclear power
industry. In particular, two objectives were defined for this study:

To apply RCM to a standby safety system..

To utilize within the RCM process several of the quantitative-

reliability analysis techniques that are in widespread use in
the nuclear industry.

Standby safety systems pose several unique challenges for an RCM
application. These systems stress safety rather than process functions and,
in general, are governed by more stringent design and operating criteria.
These systems are only infrequently run and are typically deenergized and
depressurized during standby periods. Therefore, limited operating experience
is available and system failures are often not obvious to the plant staff
until a demand for the system occurs.

In this course of performing this study, several modifications were made to
the traditional RCM methodology. The modifications were made to incorporate
quantitative reliability analysis techniques as an alternative to a failure
modes and effects analysis (FMEA) and to redefine the logic tree
analysis (LTA) process to reflect the results of the quantitative analyses and
to better address hidden failures.

The auxiliary feedwater (AFW) system at San Onofre unit 2 was selected for
this study because it is an important system needed for the mitigation of
routine and nonroutine transients and because it was believed that a reevalu-
ation of the existing PM program, using the RCM methodology, could result in a
reduction in the preventive maintenance requirements currently imposed upon
this system. In addition, both fault tree and G0 logic models had been
previously prepared for the system; hence, several analytical techniques could
be simultaneously applied as part of the RCM evaluation.

System boundaries were defined and five major subsystems were identified:
condensate supply, pump motive poaer, pumps, flow control, and containment
isolation. A review of the operating experience of the system was then
performed to identify significant operating and maintenance characteristics.
A quick review of the current PM program was also performed in order to
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| identify all the AFU components currently subjected to PM and surveillance
requirements.

,

f A functional failure analysis (FFA) was then performed for the entire system
! and for each of the subsystems. The objective of the FFA is to identify each

function which the system (or subsystem) is expected to perform, as well asa

! the top-level failures that could prevent this function from being adequately
| fulfilled.

i. Following the completion of the FFA, an appropriate evaluation method was
i selected to determine the most signficant failures that could cause loss of
i each specified function. A number of functions were evaluated using

quantitative reliability analysis techniques instead of functional FMEA's
utilized in the traditional RCM process.

In order to determine an optimal PM program for the "high" and "medium"
criticality component failures, a series of detailed interviews were conducted)

with plant maintenance personnel. Emphasis during the intervew process was
placed upon known equipment problems, why those problems exists, and what

] might be done to eliminate them.
!

, The RCM-based PM and surveillance program recommendations were then compared
j to the current programs, and a basis fer differences from the current programs
; was identified. A key difference of the RCH surveillance program recommenda-
i tions is the expanded use of data collection and trending of the currently
: performed monthly pump operability test results. The RCM PM program
i recommendations supported the deletion of a number of PM tasks or the
] replacement of routine overhaul tasks with specific condition-directed
i maintenance actions. The results of the comparisons are summarized in
j table B-1.
1
i

Table B-1

i RCH IMPACTS UPON CURRENT SURVEltLANCE AND PM PROGRAMS
)
j Surveillance Programs (26 Current Tasks)
i Retain 21 tasks "as-is"*

i Add 3 tasks*

j Reduce scope or frequency of 2 tasks*

Expand 6 tasks1 -

j Delete 1 task*

J

i PM Program (21 Current Tasks)

Retain 3 tasks "as-is"*

Add 7 condition-directed tasks*

i Reduce scope of 4 tasks*

I Condition-direct 6 existing time-directed tasks*

) Delete 8 tasks*

4 Consider elimination of one existing time-directed*

| task through design change,
i
J

|
| v.

!
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This study has demonstrated the usefulness of the RCH methodology for standby
systems. The study also developed a number of refinements to the RCH process
that better tailor the process to these standby systems and take advantage of
the quantitative analysis tools that many utilities already have. This
streamlining of the process makes it more cost.offective to apply RCH to a
wide variety of plant systems, thereby permitting greater use of this valuable
methodology.

B5 Evaluation of Utility Experiences and NRC Perceptions in the Application
of PRA

There has been increasing interest in the use of probabilistic methods,
including probabilistic risk analysis (PRA), reliability models, and related
techniques to address nuclear plant design, operation, and regulatory issues
and decisions. This interest has come from both utilities and NRC. Motivated
by the apparent benefits gained by some utilities from the performance of PRAs
and other applications of probabilistic techniques, other utilities are
planning programs of their own to employ such techniques and resulting
models. However, at the same time, still other utilities have been reluctant
to initiate programs on their own because of perceptions that the NRC would
not accept arguments supported by risk analysis or, for other reasons, the
benefits of PRA would not justify the costs. Some of these perceptions are
based on knowledge of utility experiences with risk techniques in which either
the desired regulatory acceptance was not received or results inconsistent
with the realities of plant design and operation were generated by nonutility
personnel.

A pending EPRI report (B-27) objectively documents and analyzes (1) the U.S.
utilities' track record in the development and application of PRA and (ii) the
perceptions of NRC managers towards utilities' use of PRA in support of
regulatory interactions. The database was derived from personal interviews
with dozens of personnel on the staff of ten utilities which have been
involved with significant PRA programs and with fifteen NRC personnel with
similar experience.

At each utility, three fundamental questions were addressed: what was done,
what benefits were received, what program characteristics enhanced or
inhibited success? The utilities concerned had performed some level of PRA
for 26 plants, ranging from individual systems to Level 3 PRAs. All reported
that the accrued benefits were worth the development cost. However, the
extent of benefits varied widely. Some utilities, which had performed their
PRAS primarily to satisfy some NRC need, had received few benefits beyond
achieving their original objective. Others, which had continuously applied
their PRAs in a variety of ways, continued to accrue benefits. The general
benefits can be categorized as follows:

Specific direct beneficial impacts on design and operation.*

Improved design control process.*

Improved staff capabilities.*

Improved ability to interact with NRC.*

15
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A few utilities cited some detrimental impacts as follows:

Er*oneous identification of a safety problem.
'

*

Providing to NRC new issues with little safety importance.-

| All utilities, citing the above concerns, also stated that their PRA also
! provided the means of effective resolution.

Information gathered from over 50 experienced PRA managers and engineers ;

indicates that utilities can best ensure success by:

Viewing the PRA as a legitimate engineering investigation-

expected to provide new and valuable information about design
and operation of the plant.

Assigning experience and respected Jtility engineers to.

contribute to the assessment. Personnel with experience in
operations and having good communication skills and credibility
within their companies are especially important.

Having senior management advocacy and commitment to appropriate*

cost-beneficial changes to design or operation indicated by
PRA.

Identifying specific objectives that are visibly important*

within the utility for safe and economic operation of the'
,

| plant.
!
'

The perceptions of the NRC staff were gauged by posing to each of :
15 interviewees a set of hypotheses about the value of RPA to the NRC and
utilities. These hypotheses were statements, beliefs, or opinions that are4

| often heard in utility discussions concerning the use of PRA. Interviewees
were asked to express their (dis) agreement or lack of opinion, and to commenti

| with examples, if possible. The primary conclusions from the NRC interviews
,

are: <

1. A trend has been developing for several years in which the c

insights from and safety perspective associated with PRA are
becoming increasingly important in NRC decision making,

,

t

2. While nearly all NRC interviewees identified several areas in
w'.11ch PRA methodology could be improved, there was virtually
unanimous agreement that PRA methodology, as it stands today,
can be used as an effective decision support tool at NRC.

|

|

:

i
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3. The more frequent concerns expressed by NRC staff about PRA
methodology and applications were:

--Treatment of operator performance.

--lhe inability (or difficulty) in characterizing the effect of
management environment and corporate culture on both the
operator's effectiveness and the readiness state of the plant
at any point in time.

--Erosion of safety margins. Utilities only use their PRAs to )
justify some relaxation of requirements and not to enhance
safety.

4. The factors identified by the NRC staff as contributing to a
successful PRA program were almost identical to those
identified by utility personnel and listed above.

C. CONTROL AND DIAGNOSTICS

C.1 Boiling Water Reactor (BWR) Digital Feedwater Control System

Feedwater control system (FCS) problems are the largest contributor to
control-related plant outages in light water reactors. Current FCSs consist
of analog control loops using 20-year old technology. Electrical component
and sensor failures typically cause FCS failures, and utilities have
difficulty obtaining analog controller spare parts. Northern States Power
Company (NSP) engineers determined that analog controller component failures
were a major cause of FCS-related outages at Monticello Nuclear Power
Station. Given recent developments in microprocessors and applications of
fault-tolerant computer systems in other industries, NSP realized that digital
technology could improve FCS reliability and operation.

Under RP2126-2 and 2448-3 and 5. EPRI, NPS, and Science Applications,

International Corp. jointly funded the dtsign, implementation, and testing of
a prototype high-reliability digital FCS. This system replaces and upgrades
the main and statup analog controllers at Monticello. It features automatic,

control, on-line signal validation, controller self-diagnostics, and fault
tolerance. The dual-redundant hardware configuration minimizes spare parts
availability problems. At a control room panel, operators select each feed-
tater valve's operating mode (three element control, manual, and so on) or set
bias inputs for individual feedwater-valve demand. These and other features
permit more exact FCS tuning, improving feedwater control in all modes of
plant operation. During a recent recirculation pump trip at Monticello, the
system precisely controlled the vessel water level. Parity-space and
(analytic) redundancy techniques isolate failed sensors and permit system
switching to accurate sensors, thus avoiding outages. The digital design also
facilitates operator training. This microprocessor-based desgin will improve
the reliability of the old FCS by at least a factor of three,

i I
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8enefits:

NSP estimates that the dual-redundant digital system will*

reduce FSC-related outages.

The new system increases plant reliability and safety by*

reducing challenges to safety systems.

The system enables more precise control of BWR feedwater..

C.2 Signal Validation for Safety Parameter Display System (SPOS)

Since the Three Mile Island accident, nuclear plant owners have conducted an
accelerated effort to improve instrumentation. One of the most significant
systems required is SPOS, which helps operating staff determine the safety
status of the reactor and plant critical systems. Sensors that measure and
transmit process variables are subject to instrument calibration drift,
sensing line problems, and sensor failures. Engineers at Northeast Utilities
Service Company (NUSCO) knew that these deviations can cause inaccurate sensor
information, and as operating experience shows, they contribute to nuclear
unit unavailability. NUSCO also recognized that a computer implementation
such as SPOS can present useful daily information under nonemergency condi-
tions. The challenge for NUSCO was to develop and implement an improved SPDS
that provides accVrate and unambiguous on-line information to operators and
meets regulatory requirements--all at a reasonable cost to the utility.

:

| In an EPRI project (RP2292-1) on sensor signal validation, researchers
developed the basic technology to solve the on-line information problem.!

Software methods developed in this project improve the accuracy and reli-
J

ability of SPDS information. The software uses parity-space algorithms to'

validate signals, and anaiytic redundancy techniques further enhance this
process when an inadequate number of sensors are present. NUSCO extended this
EPRI approach to include off-line, daily analyses by developing the Off-site
facility Information System (0FIS). An integral part of the Emergency
Response Facility for NUSCO's Millstone 3 unit, OFlS runs on existing
corporate mtinframe computers. 0FIS stores and retrieves plant operational
data in preselected formats, such as custom-scaled trend plots of up to four
points or parameter-versus-parameter plots, which yield sensor correlation
information. Sensor-to-sensor comparisons are also possible, potentially

|
reducing unnecessary sensor calibrations. 0FIS helps NUSCO engineers analyze

; plant normal and off-normal conditions and aids in-depth plant engineer
]

training.

Benefits:
I

By using the enhanced SPDS, including 0FIS, NUSCO expects to-

increase plant availability and reduce manpower requirements
;

and exposure. I

i

Ready access to accurate plant operation data will benefit |
i

*
'

NUSCO by impruving plant operation.
1
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C.3 Expert Systems

Expert systems, a major essence of the artificial intelligence (AI)
technology, are referred to as computer software and hardware systems, which
are designed to capture and emulate the knowledge, reasoning, judgment, and to
store the expertise of humans. EPRI_has launched a broad-based exploration of
potential applications intended to augment the diagnostic and decision-making
capabilities of' utility personnel for the goal of enhancing utility
productivity and performance.

Two parallel efforts are being performed at the Electric Power Research,

Institute (EPRI) to help the electric utility industry take advantage of the
expert system technology. The first effort is the development'of expert
system building tools which are tailored to electric utility industry appli-
cations. The second effort is the development of expert system application
prototypes. These two efforts complement each other. The application i

development tests the tools and identifies additional tool capabilities which
are required. The tool development helps define the applications which can be

|successfully developed. The AI technology, as demonstrated by the
applications to operations and maintenance, is being established as a credible
technological tool for the electric utility industry.

A challenge to transferring the expert systems technology to the utility
industry is to gain utility users' acceptance of this modern information
technology. To achieve successful technology transfer, the technology
developers need to (1) understand the problems which can be addressed

i

successfully using AI technology, (2) involve with users throughout the
i

development and testing phases, and (3) demonstrate the berefits of the
technology by the users.

3

0. SAFETY MARGINS AND TESTING

D.1 Water Hamer

Although not perceived as a serious safety risk, water hammer incurs damage in
plant systems and components, resulting in large financial losses. Water
hammer keeps recurring, and a comprehensive, coherent effort to tackle the
problem fundamentally is beginning at EPRI. A utility workshop on water
hammer was attended by approximately 90 participants, representing 25
utilities, universities, U.S. NRC, INP0, consulting companies, vendors and
architect engineers. Recent water hammer events brought a renewed interest
and attention. Summary of the workshop (0-1) recommendations are given below:

D.1.1 Prevention.

Plant operation should be reviewed (and improved) periodically-

from the standpoint of water hammer relative to operating
experiences, especially in view of recent increased number and
severity of events;

. <

|

|
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Maintenance; procedures need additional attention. Training of-

j maintenance engineers / technicians should be intensified;
*

Improvement of valve operability testing methods (use of-

acoustic monitoring) should be more aggressively pursued;
I

Individual plant design reviews and improvements to prevent| *

| hydrodynamic event recurrence should be-encouraged (at Hanford,
7 out of 8 water hammer events resulted in design changes);

Plant operating personnel should be trained to understand water*

hammer phenomena, to be sensitive to the various system
manipulations that cause it, and to evaluate and review unusual
plant configurations that may result in water hammer.-

0.1.2 H_i_tigation

Water hammer events evolve very quickly. Therefore, it is difficult to

mitigate all events. However, the following additiorial aids'should be
considered:

Train operators to assure that mitigation systems are-

reliable and available (e.g., operable keep-fill
systems);.

Designimprovementstosystemconfigurations(driplegs,-

dump valves, surge tanks, sloping lines);

Plant valve closure time relaxation to preclude flow--

induced hammering;

Installation of system void detectors.*

0.1.3 Acconunodation.
,

The classic plant' water hammer events probably can be accomodated (first-line
defense) without a significant impact on plant safety. However, they will
result in plant damage, damage:that is certainly costly. There are.some
things that may be done to "soften" these events. These include:

Thoroughly understanding water huser potential ramifications*

in degraded equipment (e.g., aged components, IGSCG piping
systems,etc.);

Developing methodology / analysis techniques to evaluate, power*

plant configurations, so as to avoid agitated failure modes;

Understanding proposed nonrestraint piping system performance.

relative to water hammer;

20
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Investigating potential impacts of large-scale condensation*

v,aterhammer events.

D.1.4 R&D Recomendations.
4

The following recommendations were developed:

Develop a water hammer "handbook" which would include simple*

methods for evaluating design configurations, component- i
'

performance and reliability, testing guidelines, maintenance
and operation guidelines, training guidelines, available data ,

base of water hammer events,-post-mortem evaluations, etc. It !

would improve water hammer prevention, mitigation and accommo-
dation for operators and engineers by providing tools and
methodology necessary to perform self-evaluation of events and
pre-event situations;

Perform testing to investigate physical processes under various-

water hammer initiating events. Compart expected to measured
loadings;

Develop a method to analyze sensitive system configuration from-

the viewpoint of their ability to generate and withstand
waterhammer events;

Further improve the science, methods and applications of fluid--

structure interaction analyses;
'

Perform economic evaluation of water hammer impact (e.g.,*

equipment repair, engineering time, interfacing with federal
agencies, local and state agencies, press and public; modifying
design, procedures; lost credibility, etc.).

4

0.1.5 Addi,tional Considerations. Water hammer events are a frequent nuisance
for the plant operators. Fifty-eight events have been reported between 1981
and 1985 (over 11 events / years) but these are only the so-called "macro-
events". That is, events of consequence large enough to be written up in
plant License Event Reports (LERs). Scores of other minor "micro-events",
unreported, occur frequently in the nonsafety 80P systems and are thus not
subject to Tech. Spec. violation reporting or control. However, these events
many times cause significant unscheduled shutdowns, sometimes involve costly
repairs and always results in some degree of economic loss. Everytime, the
"wheel must be reinvented" to fix the problem in order to quickly get back
on-line. Thus, the concept of a handbook (and the R&D work required to
support it) is so appealing to virtually everyone who participated in the
workshop. It is an operation self-help aid to water hammer avoidance,
evaluation, and treatment.

!

I
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0.1.6 Sumary. The conclusions of the workshop (03 ) identified needed
specific R&D areas to prevent, mitigate, and accommodate water hammer.

EPRI is currently making headway in meeting this important challenge. We have
formed a Water Hammer Advisory Committee consisting of utility representatives
and EPRI staff, which will interact with utilities, review' progress of the
project, and provide advice and guidelines to complete the project success-
fully.

The ultimate product of this project will be a h'andbook of water hammer that
can be conveniently used by engineers and plant operators on routine basis.

D.2 Two-Phase Pump Model Development
,

0.2.1 Introduction. Head and torque degradation of the pump operating under
two-phase flow conditions is well-known and experienced in many applications
such as the recirculating coolant pump of pressurized water reactor (PWR) (see
the review paper by Kim (D-2) on this subject). 'Many experiments were con-
ducted to date for both air / water and steam / water two-phase flow media with
various types of pumps. These include the papers and reports of Aerojet(0-3),
Babcock & Wilcox (D-4), Ccmbustion Engineering (D-5), and Creare (0-6).
However, the characteristics of the head and torque degradation obtained there
varied so widely, depending upon the pump geometry, physical and mechanical
conditions of experiments. Thus, even empirical correlations could not be
used reliably. Furthermore, the thermohydraulic phenomena causing the drastic
head and torque degradation were not identified despite the effort of various
researchers.

An analytical tool was developed for predicting the performance of pumps
operating under noncondensable two-phase flow media with the assumption of

~

incompressibility [see the report and paper by Furuya (D-7) and (0-8)]. The
method seemed to predict the head and torque degradation well over an entire
range of the inlet void fraction. Furthermore, it has been discovered that
the head degradation of the two-phase flow pump is attributable to the slip
between two phases. The liquid is accelerated much faster than the single-
phase flow case whereas the gas phase is decelerated. It is obvious, from the

formula of Euler's head or the velocity triangle at the pump outlet c
(figure 0-1 from the paper of Furuya (0-8)], that if the flow relative
velocity increases at the outlet, the head should degrade. This is analogous
to the head degradation of the cavity-choking pump. It has also been found
that a drastic head degradation for larger inlet void fractions stems from the
transition of two-phase flow condition, i.e., from bubbly flow to churn

turbulent flow. In the latter condition, the interfacial drag force between
two phases becomes so small that the extent of slip becomes much larger, thus
resulting in a larger head degradation. ,

From the viewpoint of primary coolant pump in the pressurized water reactor, I

the condensable one-component, two-phase flow through pump is of prime
interest rather than the noncondensable/ incompressible two-phase flow. The
basic theory developed is now extended for such cases by incorporating the
energy equation into the basic mathematical formulation.

22
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Figure 0-1 shows a typical comparison between prediction' based'on the present
analytical model and test data.

D.2.2 Conclusions. Based on the findings made above, the following
conclusions can be drawn.

,

1. The mathematical model developed for prediction of the
performance of condensable, compressible, one-component, two-I

phase flow compares well with experimental data.

.2. The effects of condensation and compressibility work favorably.
in rcducing the head degradation, eve.n. increasing the head
higher than that of single-phase flow for_small inlet void
fraction cases.

3. For some small inlet void fraction cases, the gas bubbles were
found completely condensed before reaching the pump exit.

4. For large inlet void fraction cases, however, the head
degradation is drastic since the slip between the two phases
and thus the void fraction increase is very large (i.e., the
condensation effect can have little impact on the overall head
degradation).

5. The head degradation for the radial-flow pump is much more
severe than that the mixed-flow pump since the two-phase slip
effect for the former is much larger. This fact was reported

,

in the first phase of the pump project for the noncondensable
and incompressible cases [see the report of Furuya (0-7)] and

,

remains the same even for the condensable and incompressible i

pump flow cases.

6. It has been found that a mixed-flow pump provides a much better
head characteristic, i.e., less head degradation than a radial
pump under two-phase flow conditions.

1

7. For flow conditions at which the effects of centrifugal force
are dominant (i.e., for the case of radial-flow pump or for the
case of mixed-flow pump at low u/aN values), there existed gas-
phase stagnation phenomena where the gas bubble lost its
momentum completely against the static pressure gradient built
up in the pump.

is substantially8. For the off-design conditions where v/ N
different from unity, the present results did not compare well
with experiments. However, the present theory provides a
powerful tool for the performance prediction of the primary
coolant pump for the practical purposes since the most
important area of performance of interest is still v/aN * 1*
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D.3 Core Barrel Heating and Coolant Recirculation During Severe Accidents

Two models and corresponding computer codes were developed, which are intended
to codefy our understanding of the complex processes taking place in a PWR ,

core under simulated, severe accident conditions (D-11)._ The. knowledge should |
lead to more~ realistic computer system models for simulating loss of coolant '

accidents which result in severe undercooling transient and degraded cores.
The primary attention is on the thermal hydraulics of the uncovered core
rather than on the primary cooling system. This focus greatly simplifies the
modeling and computational needs through elimination, as either irrelevgant ar- )
unresolvable, of specific models for the balance of the primary and of the
secondary reactor loop.

The first model is intended to predict the transient temperature distribution
in the core barrel. Failure of the core barrel can greatly alter the postu-
lated accident scenarios. To this end, the temperature distributions in the
uncovered reactor core, core barrel, thermal shield, and reactor pressure
vessel are also predicted during an undercooling transient. In the model, the

reactor is considered to be a porous medium, and the core is cooled by once-
through, one-dimensional coolant flow in the axial direction. The fuel rods
are assumed to be in "thermal equilibrium" with the coolant. The core baffle,
core barrel, thermal shield, and reactor pressure vessel are coupled through a
boundary condition at the core baffle. The steaming rate from the covered
portion of the core is calculated on the basis of axial and radial radioactive
heat decay. The instantaneous two-phase mixture (froth) level and the
temperature distributions in the core as well as the four structural
components are predicted.

A number of numerical simulations of the core uncovery of the TMI-2 reactor
and the subsequent heat-up of the core have been performed. The results of
the calculations show that the exothermic heat release due to Zircaloy i

oxidation contributes to the sharp rise in its temperature. However, the core i

barrel temperature rise which is driven by the temperature increase of the
edge of the core (i.e., the core baffle) is much more modest (see figure 0-2). !
The maximum temperature of the core barrel never exceed 610 K (at a system
pressure of 68 bar) after 75 min. simulation following the start of core-
uncovering. The results of simulations also show that water makeup flow rate ,

into the core and porosity of the core are important model parameters and need I
'

to be known accurately for realistic predictions. Neglect of steam
dissociation results in conservative maximum core temperatures.

The second model is inteded to assess the importance of the coolant
recirculation on the thermal hydraulics in the uncovered part of a PWR core.
The attention is focused only on the core. The core is treated as a hete- ;

rogeneous porous medium with different permeabilities and effective thermal; ,

conductivities in the radial and axial directions. The flow in the core is
modeled as a porous medium by the Brinkman-Forchheimer extended Darcy
equation. Buoyancy effects due to both temperature and concentration
(hydrogen) gradients are accounted for in the Darcy equation.

25
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The dependence of the thermophysical properties of the coolant (steam-hydrogen
mixture) and of the fuel rods on the temperature is accounted for. Oxidation
of Zircaloy is also modeled, and transport of hydrogen in the uncovered
portion of the core is considered in the analysis.

Numerical simulations are reported for typical TMI-2 reactor conditions by
assuming that the water level in the core remains constant during a '

simulation. The results of the calculations show that strong recirculating i

flow is established between the upper plenum and the uncovered core (see |

figure D-3 ). Colder coolant from the upper plenum is entrained into the
core. The entrainment greatly reduces the core heat-up and the course of the
accident. This mitigates the the core heat-up, slows down Zircaloy oxidation,
and is expected to reduce the core damage as well as release of radioactive
nuclides into tSe coolant.

0.4 BWR Dynamic Stability Model
1

0.4.1 Introduction. The analyses of dynamic instability and frequency |

response characteristics of boiling flow systems based on an unequal velocity, |
unequal temperature two-fluid model of such flow (0-12) were incorporated into
a sequence of three computer codes, viz., 01-01 (steady state, or equilibrium
point analysis), 01-02 (linear stability analysis), and 01-03 (nonlinear
analysis). The frequency response analysis is incorporated into the computer
code FREQ-1.

,

|

Oynamic instability experiments were carried out in a Refrigerant-113 boiling ,

flow rig. I

l

Descriptions of the model, the computational techniques, the computer codes I

and the experiments are divided into a four-volume report (0-13): |

Volume 1: Theoretical Model, Computational Formulation, and+

Results

Volume 2: Coding Description-

Volume 3: User's Manual-

Volume 4: Experiments and Model Comparison-

The governing conservation equations and constitutive equations of the model
are described in volume 1 of this report. Also described are the
computational techniques used. The Stability Analysis Method for Twn-Fluid
Dynamic Application (SATYA) code has both time domain and frequency domain
options. !

Option 1: Full-time domain (nonlinear) analysis-

Option 2: Frequency domain (dervied from time domain linear*

port) analysis.

|

,

,
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0.4.2 Sumary. The two-fluid model of boiling flow and the numerical
solution schemes was adopted for analysis of the dynamic instability and
frequency response characteristics of systems in which such flow' occurs. The
particular instability of interest is a low-frequency oscillatory flow
instability of the limit cycle type termed "density-wave oscillations _(0W0)."
The two-fluid model phase conservation equations are time-dependent and quasi-
one-dimensional (in the sense that the local questions have been averaged over
the flow cross section). In our dynamic instability model, the central
feature is that both a linear stability analysis and a direct nonlinear simu-
lation of the instability are carried out. This approach is facilitated by
the fact that the linear analysis is performed in the time domain also (rather
than in the frequency domain as has been the usual _ approach). Furthermore,
obtaining frequency responses of a system to various input perturbetions
becomes a simple procedure via the state vector method.

Computational results from each of the four solution steps, viz., steady-state
analysis, linear stability analysis, nonlinear analysis, and frequency
response analysis, have been compared to experimental data from various
sources (see table 0-1). All the experiment systems feature joule-heated test
channels and either water or Refrigerant-ll3 as the test fluid (see
figure 0-4).

A simple linear reactivity feedback description has been incorporated into the
time domain portion of the model to enable a simplified analysis of boiling
water reactor (BWR) core channel dynamic instability. The feedback model
features a single delayed neutron group which is considered to be infinitely
delayed and linear reactivity feedback for coolant density and fuel
temperature.

,

0.5 TRAC-BWR Model Development

The boiling water reactor (BWR) version of TRAC was first developed in
cooperation with the Idaho National Engineering Laboratory (INEL) under the
Refill /Reflood (R/R) Program. Under that program, the main emphasis was on
the development of models for the controlling basic phenomena in a loss-of-
coolant accident (LOCA) in the BWR and for specific BWR components (0-16,
0-17). TRAC-BWR was developed to be a best-estimate computer code for the
thermal-hydraulic conditions in a BWR LOCA. At the end of the R/R program,
TRAC-BWR was extensively assessed. It was found that TRAC-BWR predicted the
BWR phenomena very well, but that the computation costs were high.

One purpose of the FIST program (0-18) has been to reduce the cost of
executing TRAC and to extend its applicability to other transients. The first
task was addressed by developing more implicit numerics for TRAC, whereby the
Courant limitation on the time step size was removed, and by significantly
improving the reliability of the code (0-2 ). This task is described in
volume 1 of this document and hcs led tc r significant reduction in the cost
of executing TRAC both in terms of computer time as well as engineering time.

|
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Table D-1

COMPARISON OF DYNAM CODE (0-15) PREDICTED DWO THRESH 0LD INPUT POWERS
AND OSCILLATION PERIODS WITH EXPERIMENTAL DATA (0-14) AND THE PRESENT MODEL

Expt. Present Model DYNAM

L in K * " " " U
Expt. No. inlet2

(Pa) (kg/m fs (g)
(kW) (s) (kW) (s) (kW) (s)

128-07 4.255 x 10 318. 425.1 250 92.5 6.0 88.5 6.5 77.2 6.36

1008-06 4.255 x 10 298. 417.1 250 86.1 6.5 86.1 7.1 78.8 6.76

1125-22 4.083 x 10 220. 419.1 250 63.6 9.0 62.3 9.2 59.4 8.06

122-05 4.053 x 10 220. 422.1 260 61.9 9.0 62.3 9.0 53.6 8.66

8
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The second task of extending the applicability of TRAC involved implementation
of a noncondensible gas (air) field, a boron transport model accounting for
stratification and mixing, a model for the two-phase level, generalized heat
transfer between the components and component models for the containment, l

turbine, and heat exchanger. These models are described in volume 2 of this
document. Figure 0-5 shows the evolution of various versions of TRAC, the GE
and INEL developments, and the interactions between various versions of TRAC.

During the development of the improved numerical methods and new models for ,

'

TRAC, the models were individually tested. This developmental assessment is
reported together with the respective models in volumes 1 and 2 of
ref. (0-17). The purpose was to describe the assessment of TRAC for BWR plant >

cases. This not only tests the phenomena and component interactions in TRAC
but also provides valuable information on the performance of the BWR (0-20).
For this purpose, calculations have been performed fer a BWR/2 and a BWR/4
plant.

The assessment calculation for the BWR/2 plant is a large break (DBA) LOCA
with containment response. In this case, both the reactor assembly and the
containment are modeled. The main objectives of this calculation are to test
new models such as the air field and containment, to assess the effects of
containment feedback, and to provide best-estimate BWR/2 DBA calculational
results.

The assessment calculation for the BWR/4 plant is also a large break (OBA)
LOCA. In this case, the low-pressure coolant injection (LPCI) water is
injected in to the lower plenum through the recirculation drive line and the
core is reflooded from the refilling of the lower plenum. The objectives of
this calculation was to test the code numerics and reliability, and to provide
best-estimate BWR/4 DBA calculational results.

0.6 Retention of Radionuclides in a U-Tube Steam Generator During Steam
Generator Tube Rupture Events

Steam generator tube rupture events may occur in pressurized water reactors
and c 1 lead to the release of radioactive species to the environment. During
this event, the primary coolant flows into the secondary side through the

'ruptured tubes, thus contaminating *he secondary side of the steam generator.
A fraction of the released material will be retained on the secondary side,
and the rest will be released in the form of vapor and entrained aerosols.

In order to determine the system response and quantify tt amount of releases
during an SGTR, it is essential that a validated predictive tool be developed ;

which simulates the key physical phenomena involved. It is, therefore, the '

objective of this work to (a) develop a thermal-hydraulic model simulating the
primary and secondary sides of a U-tube steam generator, (b) develop a radio
activity transport and retention model for the secondary side of a U-tube
steam generator, (3) validate the developed models using available experi-
mental data, and (4) perform sensitivity and parametric calculations for a PWR
plant to determine the system response and identify the key parameters
involved.
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0.6.1 Solution. Under EPRI research project RP2453, the computer code STARRS
(Secondary-Side Transport And Retention of Radioactive Species) was
developed. The STARRS computer code simulates the U-tube steam generator
during an STGR event. It contains a stand-alone reactivity transport and
release module (0-21) and a thermal-hydraulic module which utilizes the
modular modeling system (MMS) routines (0-22). -Stand-alone thermal-hydraulic
or transport calculations (0-23), or coupled thermal-hydraulic and transport
calculations can be performed.

The thermal-hydraulic module simulates the dynamic response of both the
primary and secondary sides. The secondary side can be full, partially full,
or completely dry. The reactivity transport and release module simulates the
coupled heat and mass transfer processes, and aerosol scrubbing on the
secondary side. The transport module simulates (1) flashing and atomization
of the break flow, (2) rise of a swarm of bubbles, (3) entrainment at the two- ,

phase swell level, and (4) removal in separator, dryer and vapor space. j

0.6.2 Validation and Sensitivity Calculations. The developed modules have
been validated using available experimental data. The thermal-hydraulic model
was validated using data generated at the MB-2 and Semiscale M00-28 facilities
(10 cases) (0-24). The transport and retention module was validated using the
MB-2 radioactivity and dry secondary side experiments (14 cases). Sensitivity
calculations were also performed assessing the effects of break location,
iodine partition coefficient, primary and seconddry side iodine mass
fractions, and aerosol droplet size distribution on the decontamination

;

factors. Coupled transient thermal-hydraulic and transport calculations were !

also performed for a Westinghouse plant.

Good agreement with the experimental data has been achieved.

I0.6.3 Benefits.

The model provides a powerful tool for evaluating the SG-

transient response during tube rupture events.

The model can be readily modified to simulate any U-tube steam+

generator.

Coupled transient thermal-hydraulic and transport calculations* "

can be performed.

The transport and retention module can be coupled to general-

purpose thermal-hydraulic computer codes such as RELAP and
TRAC.

0.7 Steam Generator Tube Rupture Consequence, Prototypical Simulation
in MB-2

The steam generator tubes in PWRs can be damaged by a variety of reasons
(e.g., corrosion, mechanical wear) during the life of its normal operation.!

The tube degradation can cause leak or rupture which can result in the direct
,
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release of radioactive fission products due to venting of steam to
atmosphere. Therefore, full double-ended guillotine break of a single steam
generator tube is corisidered a design basis fault by the Nuclear Regulatory
Commission (NRC) and the activity release limites are specified in 10CFR100.

In any SGTR fault, the amount of activity released will depend on the cegree
of active species retention in the steam generator, as well as on the activity
levels in the primary coolant. For primary coolant (. hat has mixed fully with
the bulk steam generator, the retention is assumed to be similar to that which
exists under normal operating conditions. Thus, it is assumed that there is
no retention of noble gases, 1% carry-over by mass of iodine with the steam,
and 0.1% carry-over by mass of cesium (and similar nonvolatile fission
products).

In addition to the release of fission products from the bulk steam generator
water, there exists the possibility that some primary coolant may be released
without having first mixed with the bulk water. Here, it is postulated that
the primary coolant will flash as it leaves the tube break and in so doing it
will form very fine droplets which may be carried in steam bubbles through the
bulk water to the separators. A fraction of these droplets may be small
enough to pass through the separators to be released to tt atmosphere. Such
uncertainties cannot be quantified because of lack of experimental data, and
as a Consequence no retention may occur in SGTR faults. NRC is evaluating
status of SGTR issue (NUREG-0844) for assessing the current regulation.

0.7.1 EPRI Response. EPRI project on steam generator transient response
(RP1845) focused efforts in assessing the retention mechanism by experimental
data under prototypical conditions and by developing mechanistic model for ,

predicting the SGTR consequences. Based on significant industry interest,
EPRI initiated a joint cooperation and cofunded program with Westinghouse (W)
and NRC, and later Central Electricity Generating Board (CEGB), UK, joined
this major testing program (0-25, 0-26, 0-27).

The first-phase efforts were focused on the thermal-hydraulic system response
characteristics due to a range of SGTR transients (0-28). The follow-on
phase II testing was performed simulating activity transport phenomena under
the prototypical pressure and temperature (e.g., primary =2250 psia, =620*F,
secondary =1000 psia, =545*F) conditions in a large-scale (= full height) model
boiler facility. The strategy was to quantify retention of nonvolatile
activity during the various phases of the transient (i.e., high pressure to
low pressure) of both the design bases and beyond design base accident
conditions. The appraach also included assessing the sensitivity on operating
conditions, such as dcuncemer levels. The moisture carry-over is the major
factor which will carry nonvolatile radioactive fission products (e.g., cesium
and iodine). Therefore, carry-over from the primary and secondary sides was
separately monitored, including the associated phenomenon of bypassing without
mixing in the secondary side.

,

|
In addition, small-scale support testing at full pressure and temperature was
also performed as cooperative, cofunded projects with NRC in order to confirm

I some of the assumptions (e.g., partition coefficient) in assessing the I
activity transport during SGTR (0-28, 0-29).

I 1
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0.7.2 Research Results. The key research results include:

The release of radioactive fission products by moisture carry-*
|

I over or entrainment of liquid droplets is not a significant
factor for both a design base or.beyond design base (i.e.,

!

stuck open relief valves following SGTR) accident conditions.'

A significant mixing and scrubbing of primary activity takes*;

|
place and therefore very little evidence of primary coolant
bypassing under steady-state levels is present.

The data supports the existence of greater safety margins than*

those used in current prescription for licensing calculations
and safety analysis reports.

The principal observation made during the test program was that very little
or no primary coolant bypassing was detected under steady-state SGTR/SORV
fault conditions, either at normal water level or when the break location was
exposed. Under all test conditions, both at low power or at 100% power,
moisture carry-over was very low, and under steady-state SGTR/SORV fault
conditions, no significant increase in moisture carry-over was detected.
However, following short-term perturbations, various types of transient
releases were identified which could be the equivalent of steady-state
releases over many hours.

Ic is anticipated that the data provided by these programs will have a
significant impact on the design and on the operational and inspection '

requirements needed to meet regulatory requirements for activity release. In
particular, they may determine the importance placed on maintaining very low
primary coolant activity levels, the economic consequences for fuel integrity, ,

the assumed frequencies of SGTR and SORV events, and, finally, the costs and !
'

operational exposure incurred in maintenance and inspection if iether the SGTR
frequency (unresolved issues A-3, A-4, and A-5) or SORV frequency needs to be
reduced.

|

D.7.3 Using the Research Results. This research has provided the database
which industry can use not only to meet the requirements for activity release
but also to identify enhanced safety margins for relieving other operational
and inspection requirements.

Westinghouse, Inc. (W), for example, is using the result to validate their
best-estimate method for industry application. EPRI has initiated a parallel

effort to develop predictive tool for calculating retention of activity in the
secondary side following SGTR. The EPRI method called STARRS (Secondary Side
Transport And Retention of Radioactive Species) has been validated using the
selected database from this test program. The NRC, as a result of this data-
base, reevaluated their regulatory requirements and closed the unresolved
safety issues (A-3, A-4, and A-5).

The primary use of these results is to demonstrate the degree of conservatism
in the current requirements, to form a basis for best-estimate analysis tool'

for the industry, and to enhance operational flexibility by utilizing margins.
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) In addition, the test results.ex' tend its application to beyond current design ;

base requirements. A specific use of these results (beyond U.S. design base l
4

|requirement) was made by CEGB in UK in showing the assumption of no retention
"in the Sizewell B safety case for SGTR with SORV is conservative. This is'the

unique large-scale database and it should provide significant economic payoff j
for operating reactors in specific applications by utilizing the large margins '

indicated.

0.8 Small-Break Critical Flow Model (0artsmouth)

It is expected that in the course of a loss-of-coolant accident,.the reactor ,

coolant pumps will be shut off and natural circulation will be established |

between the reactor vessel and the steam generator. Thus, low-fluid flow
'

rates will prevail and stratified flow will probably be present in the
horizontal piping of the primary loop.

In the considerations, here, a small break is of particular concern, since ;

stratification of water and vapor, and therefore, break orientation with
respect to the fluid interface will determine the amount of water and vapor
escaping through the break. If computer safety codes like TRAC or RELAP could i
predict fluid inventory loss in the system during such a small-break loss-of- j,

4 coolant accident (SBLOCA), the control room personnel could plan for timely :

]' action. But according to 0-30, both TRAC and RELAP currently overestimate the 1

fluid loss by an order of magnitude in the initial phase of such an accident.
!

ITherefore, the flow regime and break orientation has to be considered when
calculating discharge rates. If the small break is at the bottom of a hori- |
zontal pipe and stratified flow is present, the fluid loss will be initially i

similar to the draining of a bath tub. If the liquid level is high enough, <
.

only liquid will eder the break. With decreasing liquid level, the liqud |
.

| vapor interface will dip down toward the break and eventually a water-vapor
mixture will escape through the break. This phenomenon is called "vapor pull-'

through." If the break is located above the fluid interface, high vapori

velocities in the vicinity of the break (close to the break), might create
,

i roll waves, and droplets might be entrained from the crest into the steam
' flow.

Another important phenomenon to be considered is that the two-p'hase flow
through the break is choked. This means that, like in single-phase
compressible flow, there is a maximum or critical flow out of a valve or break
of a vessel during depressurization, which cannot be exceeded when the down-

.
stream pressure is lower than a certain critical fraction of the pressura

4 vessel. In the EPRI report (0-31), several critical two-phase models are ;

discussed in detail.

A third phenomenon to be considered in all modeling efforts is the size and'

j physical property scale. Experiments of large-break diameters were performed
in the Marviken test facility (0-31) with break diameters up to 0.5 mm at
pressures up to 5 MPa. A guillotine break of a main pipe in a 100-MW reactor

! would represent a break diameter of about 0.1 m (0-32). The initial pressure
' in a reactor system is about 15 MPa. However, there are no small break

|
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experiments in a similar size test facility and pressure range as the Marviken
experiments. To fill this gap, the Idaho National. Engineering Laboratory
performed in 1984 the "TPFL Tee / Critical Flow Experiments" (0-30), which are
the basis for the model developed in ref. (D-33). r

i

It is always desirable to base the analytical effort of developing a model on
the physical processes at hand. This will give more credibility to use the
developed correlation scheme for other geometries, pressures, or other
fluids. For example, the phenomenon of vapor pull-through is such a case and
was studied extensively by several authors (D-34), (D-35), and (D-36). From
dimensional analysis, the onset of vapor pull-through, as described above, can
be modeled with a very simple correlation of the type :

Fr( ) =A( ),

where h is the liquid height above the break at onset of entrainment, d isbthe break diameter, A and n are constants, and Fr is the Froude number based
on the break dimater and the fluid velocity in the break. Schrock
et al. (D-37) found that the published data for A vary in the range from 0.2
to 3.2, and n from 1.5 to 2.5. This indicates that multidimensional effects
might be of important as well as fluid properties.like surface
tension (D- 37). It is feasible to develop a three-dimensional solution for
the vapor pull-through phenomenon using potential theory. |

The above vapor pull-through correlation and critical flow models are used to
predict the experimental results of the studies performed by the Idaho '

National Engineering Laboratory (D-30). Typical comparisons of the model
against experimental data are shown in figures D-6 and 0-7 for bottom and side
breaks, respectively.#

.

E. EARTHQUAKE HAZARD AND DESIGN RESEARCH AT EPRI
1

E.1 Introduction

Nuclear power plants are required by regulation to be designed and built to
withstand earthquakes. Seismic design is a major factor in the cost of
constructing and licensing the plants; some authorities (Ed ) have estimated

,

that seismic costs are now 9% to 15% or more of the total for a typical plant <

in either the Eastern United States (EUS--east of the Rockies) or the West )Coast plants, respectively. These cost percentages assume that the engi- i

neering and installation is done only once. More typically in recent years,
the instability of the licensing process has caused changes to occur during

,

design, construction, and preoperation periods. Earthquake protection costs'

| for these units are probably more than doubled. Finally, for operating
; plants, there are recurrent concerns (E_-2, E_-3) about their seismic adequacy

and expensive evaluations, and retrofits are being done.

|

|
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Recognizing the importance of the seismic issue, EPRI formed a Seismic Center
in 1983 as a focal point for EPRI research supporting the resolution of
seismic issues and the development of advanced technology and enhanced j
criteria for nuclear-related facilities. The Seismic Center has both a '

Technical Advisory Panel of seven distinguished earthquake specialists and an
Advisory Group of ten utility engineers, and the center also works closely |

with NUMARC working groups. I

Through interactions with utility engineers and their consultants, the Seismic !
Center staff have identified nine seismic issues facing utilities, as shown in j
table E.1. Issues needing near-term (before 1988) resolution are dis-
tinguished from others with farther horizons and/or requiring long-term
researr.h. At this time, EPRI research is focused on all issues except
procurement of fragility data. The ongoing seismic research work is discussed
below.

Table E-1

SEISMIC ISSUES FACING UTILITIES

Through 1988 Post 1987

1. Seismic Hazard in EUS (SOG)---------------------------Ground Motion Input
2. -----_-----__------------Soil-Structure Interaction-----------------------

3. -------------------------Seismic Adequacy of Equipment--------------------

4. Seismic Margins for EUS Plants------------------------------Fragility Data

S. -------------------------Startup Criteria Following an OBE----------------

6. -------------------------Piping Design Improvement------------------------

(Snubber Removal)
7.-------------------------------------------------------Design of future LWRs

|

E.2 Reassessment of Seismic Hazard Within the Eastern United States

Past practice in siting most existing EUS nuclear plants has involved an
assumption of geographic stationarity of large earthquakes. Since issuing the
NRC siting regulation, 10 CFR 100, Appendix A, in 1974, a demonstration that
such large earthquakes are associated with local tectoric structure has been
required. However, the historical record of earthquake occurences centinued
to strongly influece regulatory decisions. If an area had experienced a large
earthquake (e.g., Charleston, South Carolina, in 1886), it was assumed that
some local tectonic structure was the cause, even when the structure was

unknown. Increased understanding of earthquake processes has weakened the
assumption of stationarity and reliance on historical record; and, in a recent
letter (E-4), the USGS removed its support of the more traditional practice of
assuming that large earthquakes would reoccur only in their historic
locations.
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As a result, NRC is reassessing the seismic hazard at every nuclear site in
the eastern United States. An interim report (E_-5) has examined ten sites. |
In 1983, NRC described their program and suggested that industry should |

organize a parallel assessment. EPRI prepared a program plan and the i

utilities organized the Seismicity Owners Group in August 1983 to jointly
sponsor the EPRI research. The program has been completed and a Topical
Report (E-6) was submitted to NRC in July 1986. Completion of the NRC Safety
Evaluation Report is scheduled for the end of 1987.

Major products of this effort are: (1) a comprehensive interpretation
structure for all necessary inputs; (2) a computational package, EQHAZARD; and
(3) the maps of seismic sources, one of which is shown in figure E-1.

Verification and validation of the computational package EQHAZARD has been
completed and a quality assurance audit was conducted to meet the requirements
of 10 CFR 50, Appendix 8. The entire computational package will be released
as an EPRI production code following completion of the NRC's review.

Seismic wave attenuation and the selection of a lower bound earthquake
magnitude are two key parameters for seismic hazard computation. EPRI held
state-of-the-art workshops on these two topics early in 1987. The workshops
resulted in compilation and evaluation of the results of relevant EPRI,
government, and university research. The proceedings of these workshops are
scheduled for publication during the last quarter of 1987. From these state-
of-the-art results. EPRI is forming technical bases to support industry
technical positions on seismic wave attenuation in the eastern United States
and the proper lower bound magnitude for seismic hazard and computation for
nuclear plants. These positions are scheduled for completion in the last

!quarter of 1987. '

i

E.3 Ground Motion Input for Seismic Design

The response spectrum specified by NRC Regulatory Guide 1.60 is designed to ;

envelope spectral shapes corresponding to a range of different soil conditions
and thus, for a given site condition, is unnecessarily conservative over some
frequency band. Notwithstanding the excessive conservatism in the Reg. Guide ,

spectrum, small but very close earthquakes can generate high-frequency, short-
duration ground motions which have little or no damage potential but may
exceed the spectrum at high frequencies. In order to reduce excessive conser-
vatism and to stabilize the licensing process, actual time histories must be
obtained during strong ground shaking, under various source site conditions.

EPRI has implemented a ground motion experiment near the Parkfield segment of
the San Andreas fault in central California. During the past 150 years, the
Parkfield segment has ruptured on the average of every 22 years causing an
earthquake of Richter magnitude 5 or greater. The last earthquake was in
1966, so one is estimated in January 1988. EPRI has designed a dense array of
13 surface and 8 downhole accelerometers which is located about 7 km from the
San Andreas fault, as shown in figure E-2. The array is designed to measure
the coherency (i.e., spatial variability) of ground motion over distances

1
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Figure E-1 Map of seismic source zones in EUSAC. The numbers refer to the table in Appendix C
which gives the 'a' and 'b' values as well as an identifying name for each of the seismic source
zones.
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Fi,gure E-2 eekI/USGS Experiments at Parkfield

-

Parkfield Strong Motion Array: Waiting for the Next One
An area of the San Andreas Fautt near Parkfield in centralCalifornia has regularfy experienced earthquakes of Richter tv.;nitude 5-6 about
eery 22 years; the last one,in June 1966, e as a magnitude of 51 Regression anatysis indicates the next one is due arounc 1968. Researchers
from USGS, EPRI, and several univers4 ties are planning two major expenments to study soilliquef action and the spatial variatulity of seismic
waves along the expected break between PaAfield and Chdeme,

in the dense seismic array experiment, surf ace and dow' hole accelerometers wi!! measure the coherency of earthquake ground motion over
short distances and, acting like a directional antenna,witt permit accurate mapping of the location of seismic energy sources. A second array
will measure (for the first time) seismic motion in a saturated soil to assess the dynamics of liquefaction during an actual earthquake,

San Francisco 2000 19887

e
1966

M
,,,, ..

- -
1881

. )

1857I 335o
1 2 3 4 5 6 7

Earthquake number

k
l %,.

. Monterey %,

. .

' 50 m '

$ .
%1

O Epicenter,1966 af
9 e Surface.

acco'orometer.

a Downhole
accelerometer * PaAfie4d

Parkfield O g
Ez;ected break,19687 h

Cho4arneh
Strong-motion

,',, dense arrey N |

%9

Sdl dynamics experiment sne O N - '

50 m

i

,

44
1

:



comparable to the dimensions of a nuclear power plant. Reduction in
structural response due to incoherency of input motion has been postulated .
past licensing applications, but a high-quality data set to test the phenom-
enon has been lacking. Free-field measurements of incoherency on firm ground
have never been made over the distances of interest here.

Data from this array will serve the important additional function of
permitting a detailed analysis of the fault rupture during the earthquake. To i

strengthen the value of the data for this analysis, the California Strong
Motion Instrumentation Program (SMIP) is installir.g instruments to extend the i
EPRI array about 1 km in each direction. Recordings from this extended array I

will permit detailed analysis of the earthquake rupture process and the !
testing of source motion modeling procedures. l

In cooperation with the USGS, EPRI is conducting a soil dynamics experiments
at a site 0.5 km from the San Andreas fault (figure E-2), where water-
saturated cohesionless soil layers are near the surface. The objective is to
measure simultaneously, at various depths, the buildup of pore-water pressure
and the time history of ground acceleration--data critical for validating
predictive models of soil response to strong ground shaking. The data from
this experiment will be used to conduct testing of site response computational
models and the nonlinear behavior of soils under strong earthquake loading.

E.4 Soil-Structure Interaction Research

During a strong-motion earthquake, the dynamic coupling between massive plant
buildings and their underlying soil significantly influences the responses of
structures and hence components such as piping. In design analyses, free-
field ground accelerations determine motions of building foundations through
soil-structure interaction (SSI) models. NRC's Standard Review Plan
(SRP) 3.7.2 specifies a conservative enveloping of existing models since there
is a lack of data to support a more realistic approach. The objective of
EPRI's SSI research is to be able to support a revision of SRP 3.7.3 through
the generation of an experimental database to validate SSI models encompassing
nonlinear behavior under strong ground motion.

EPRI has sponsored two series of strong-motion SSI experiments using buried
explosives. The first series of tests (E-7, E-8 , also called SIMQUAKE I and
SIMQUAKE II tests, was conducted on a soft sot 1 s)ite near Albuquerque,
New Mexico; the second series of tests, cosponsored by Niagara Mohawk Power
Corporation, was performed on a rock site near the Nine Mile Point (NMP)
nuclear power station.

These experiments used 1/43- to 1/8-scale cylindrical containment models with
various foundation and embedment conditions. The models were initially
subjected to low-level vibratory tests in order to measure their natural
rocking frequency. During the actual experiments, the waves induced by the
detonation of explosives propagate through thE soil to the model structures.
The motions of the surrounding soil and of the structures were recorded.
Although the explosive-generated wave characteristics are different from those
uader actual earthquakes, the SSI observed during the ringdown phase of the I

l
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excitation should qualitatively represent the actual earthquake-induced
responses.

In the SIMQUAKE experiments with soft soil, the models experienced peak,

accelerations in the range of 1 to 4 g. Under a strong-motion environment,'

the structure rocking frequency significantly downshifted from that induced by
low-amplitude *,1bration, e.g., 16 Hz to about 4 Hz. But the NMP experiments
on rock, the shift in the rocking frequency was minor. These qualitative
results sugc,ast that, for soft soil sites, the current practice of extrapo-
lating lint.ar SSI response into the nonlinear range may be overly conser-
vative. The SIMQUAKE data have been used to validate EPRI's nonlinear finite-
differen'.e code STEALTH-SEISMIC (E-9, E;10).

In order to supplement these simulatee earthquakes with small models in real
eartnquakes, EPRI, with the support of Taiwan Power Company, has constructed
1/4-scale and 1/12-scale models of a PWR containment building in Lotung,
Taiwan. The location is a seismically active one, containing a large array of
strong-motion accelerometers (figure E-3). Both the containment and internal
components have been heavily instrumented. Free-field ground and downhole
motions are also monitored. NRC has sponsored low-amplitude forced vibration
tests on the scaled containment models. Since the experiment was inaugurated
in October 1985, the model has experienced four strong-motion earthquakes
giving frec-field ground motions in the neighborhood of 0.2 G. EPRI and NRC
have contracted with several A/Es, consulstants, and universities to make

i blind predictions of the model's response motions. By comparing these calcu-
lations to the measurements, conservatisms can be quantified and a more tech-
nically justified analytical approach can be derived. The Lotung site has
soft soil, which is of particular importance in view of the strong soil-
structure interaction in this environment.

E.5 Seismic Qualification of Equipment

The Seismic Qualification Utility Group (SQUG) has taken the lead, with EPRI
support, on seismic qualification and has been most effective in working with
NRC to resolve USI A-46.

EPRI's Seismic Center has initiated three new projects in support of SQUG:
(a) a relay functionality project; (2) a survey of the literature for field
experience on seismic demand; and (3) a post-earthquake investigation
project. The latter has been initiated to document experience of industrial
facilities, especially power plants, which have been exposed to strong ground

1 motion.
I
! Methods are being developed and tested to determine those critical electrical
'

relays which must chatter or change state during earthquake shaking. This
work will form the technical basis for addressing seismic relay chatter in
assessments of equipment qualification. Qualification of equipment relies on
seismic demand spectra. Ground spectra are used for equipment below 40 ft
above grade, and floor spectra are used for equipment higher in the plant.
the seismic demand project is compiling and analyzing both free-field and
within structure motions to develop realistic experienced base fi 1r spectra

46
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Large Scale Soil Structure Interaction Experiment
EPRI and Talwan Power Co, have constructed and instrumented two sca!wrm PWR concrete containmet buik$ings within an salsting
U.S. National Science Foundaten dense seismographic array at Lotung, Talman, to study the interaction of sc41 and structures during actual
earthquakea. The models, v4 and vt2 actual size, are on a soft soil site on the island, which experiences frequent, strong seistrne actMty

Data from two recent temblors of R.chter magnitude > 6.0 were recorded by instruments buried in the ground and mounted on the structures,
as well as by instruments on a mockup steam gemerator and p!pe run inside the vescale model. Es port Interpretation of the data, now under
way, will help substantiate predictive models of sc4 structure interaction and contribute to anaessment of the cynamic response of reactor
containments and components to actual earthquakWuced motion.
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; for equipment qualification. The post-earthquake investigation program is an
ongoing activity designed to augment the experience database on equipmet '

performance in earthquakes. i,

E.6 Seismic Margins for EUS Plants
i

The interim LLNL report (E-5) reassessed the seismic hazard for ten sites.
For a representative site l he new NRC methodology suggests that their
existingdesignbases(SgfeShutdownEarthquake--SSE)haveanexceedance

,

,

probabiljtyofagout10' per year. Past NRC staff positions for an SSE have;

; been 10' to 10' , and the Advisory Committee on Reactor Safeguards (AC
. beegsuggestingthatearthquakeswithaprobabilityintherangeof10'gS)hasto
j 10' per year should be considered (E-3). ,

i The ACRS (E-2, E-3) has been concerned with the degree of margin that exists'
| in nuclear power"plant seismic design, and, for the past five years, has
* requested that such a methdodology be developed. To quantify the feeling of

confidence widely held in the industry about the conservatism of nuclear plant 6.

|
seismic design EPRI initiated a seismic margins project in 1985.

| By the strictest meaning of the term margin, the objective would be to
i ascertain the level of eartnquake motion leading to unacceptable consequences '

i and to compare that level to the design basis. EPRI proposes to quantify the '

; seismic margin by: (1) defining a ground motion level based on the results of
; the EUS seismic hazard assessment; and (2) establishing the capability of the

plant to achieve a stable shutdown configuration for that earthquake. This {evaluation is intended to use state-of-the-art methods for inspection, i,

1 evaluation, and analysis. Preferred functional paths to reach shutdown are '

i defined; and those systems and components in that path are evaluated for the .

; larger earthquake. This path is conceptually determined and ultimately chosen
j based on walkdowns of important components and systems in the plant.

,

! The EPRI Seismic Margins project has interacted with the NRC Margins program '

j for information exchange and has coordinated heavily with SQUG for use of
! ruggedness data, for consistency in criteria and procedures, and for a measure
j of utility peer review.

1

J Both the EPRI and NRC programs were organized in three phases: methods
) development, a trial evaluation of a PWR plant, and finally a second trial

evaluations of a BWR plant. The EPRI methodology and trial PWR evaluation
were both completed in the first half of 1987. The evaluation was performed,

! on the Duke Power Catawba unit 2 plant. A similar evaluation by HRC was done i
j for the Maine Yankee plant and resulted in an SER closing the remaining out-
; standing seismic issues for the plant. The EPRI and NRC programs have

;

i recently been merged. Under this arrangement, NRC Sas sponsored a Peer Review
| Panel to evaluate the EPRI methodology, and EPRI will perform the trial BWR

evaluation on Georgia Power's Hatch unit 1 plant. NRC will also sponsor ai

parallel Peer Group to interact with and review the Hatch evaluation. This
phase of the program will be completed in the fall of 1988 after which EPRI
will modify the methodology based on the trial evaluation results and submit a
Topical Report for formal NRC approval through NUMARC. Margin review are

1 48
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expected to be used to resolve issues raised by the Eastern Seismicity
Reevaluation and the NRC Severe Accident Policy. |

,

E.7 Piping Design Improvement.

A typical LWR contains 45 miles of piping and 550 miles of cable, all of which
are supported by about 6000 hangers, snubbers, and trays. Each of these ,

supports is seismically engineered at least once and often several times due
to changes and retrofits. The resulting congested configuration and the

!requirement for frequent maintenance of this support hardware have impacted
piping system reliability during normal operating thermal cycles. Plant shut-
downs for in-service inspection, maintenance, and repair of seismic hardware

"
have also contributed to both loss of availability and increasing occupational '

,

radiation exposure.

It is widely believed within the technical community that the resulting piping
systems are overly stiff and that more flexible systems would be more
conducive to safety. Surveys of field experience (referred to earlier) have
never found a piping failure due to inertial loads in flexible systems.

EPRI has been conducting piping research since 1977. The objectives are:
(1) generation of an experimental database; (2) development of a sophisticated
nonlinear finite-element computer code ABAQUS (E-11) [which adequately
represents piping behavior beyond the elastic regimel; (3) development of a ;

simplified method for designers to account for nonlinear piping behavior; '
"

(4) improvement of piping design rules; and (5) the development and qualifica- i

tion of alternative piping support systems. These products will help support
modification of ASME code and NRC requirements resulting in more realistic

'

dynamic behavior of piping systems. This should facilitate removal or
deactivation of a substantial number of snubbers from existing plants and use
of fewer snubbers in new construction,

i

.

As part of this effort EPRI, in collaboration with Consolidated Edison4 ;

Company, sponsored a series of dynamic tests on a 110-ft long, 8-in. diameter;

j feedwater line at the Indian Point 1 plant. Over 200 forced vibration and
l transient snapback tests were conducted (E-12). The damping data obtained

from the experiment was provided to the Pressure Vessel Research Committee as-
part of a database in formulating the ASME code case N411 (E-13) on improved

i damping values. On the basis of the ASME code case, several utilities are
assessing the potential for removing many existing snubbers. EPRI is
continuing its research support in the areas of snubber reduction and damping
improvement.

The existing ASME code bases its stress limits on plastic collapse under
statically applied loads without recognizing the margin is often much greater,

i for a dynamic load than for a static load of equal magnitude. Also, the ASME
code assumes that seismic loads are primary and requires them to be combined.

'

with dead weight, thermal loads, and others. It is now recognized that the
i likely or primary failure mode induced by seismic loads will be fatigue

ratcheting. In order to more thoroughly support modification of the ASME code
and to allow larger and more realistic stress limits, additional experimental
data are being obtained.
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EPRI has sponsored large amplitude dynamic tests on a series of piping
I systems. The first system (E-14) was a simple 22-ft, 4-in. diameter Z-shaped

pipe which was internally pressurized to 1000 psig and supported at three
locations. The second and third systems (E-15) were complex three-dimensional
systems of 3-in. and 6-in, piping which were fabricated in compliance with i

|

ASME Class 2 specifications and were internally pressurized to about :

I 1150 psig. All piping systems were dynamically loaded to three to five times
j their level D stress allowances without failure or even leakage. Concurrent

itests of mechonical snubbers showed that their capcity was about two to four
:

times larger than their level D loads. |*

To provide further technical basis in developing realistic and improved piping
design rules for seismic and dynamic loads, in 1985 EPRI initiated with NRC's
participation a three-year effort (E_1_@) to systematically demonstrate and *

evaluate the piping dynamic capacity and fatigue-ratcheting failure
behavior. The test matrix consists of 40 component tests, 3 system tests, and
110 material specimen tests. To fail the pipe, the dynamic energy input to
this test series is much higher than that used in the earlier high-amplitude
testing. Component testing is under way on a specially designed high-power3

shake table. The test matrix includes nominal 6-in, fittings (elbows, tees,,

reducers, etc.) with ' parametric variations in pipe schedule, material,
internal pressure, and loading type. Results from elbow tests have shown that
fatigue ratcheting (viz., swelling and through-wall cracking) occurred,
instead of plastic collapse, after two to three applications of a 20-sec
seismic loading with peak input acceiration of about 20 g (10 to 24 times
level D stresses). The measured peak dynamic moment at the elbow reached |

!twice the static collapse moment and the apparent damping was as high as
34%. The component tests will be completed in early 198E. System tests ';o ;

demonstrate fatigue ratcheting failure mode and quantify seismic margin are i

also under way and will be completed in 1988. Using the test results,
,

I improved experimentally based piping design rules will be recommended for
inclusion in the ASME code. A code case considering removal of operating
basis earthquake (OBE) stress from the primary stress category for class 1

;
piping systems for interim application has been submitted to and accepted by
ASME.

,

EPRI's research effort in the area of alternative piping support systems
includes: (1) the development of a passive support system using seismic
stoppers, and (2) further qualification of a ductile energy-absorbing
device. EPRI is participating in the HDR test program in West Germany to
demonstrate both system's effectiveness in replacing snubbers.4

F. Analysis Development and Validation

F.1 Qualificattor,of RETRAN for Simulator Applications

) The use of full-scope control room replica simulators has increased
' substantially in the years following the accident at Three Mile Island

unit 2 (TMI-2). In most simulators purchased since the TMI-2 accident, the
; technical capability required to represent severe events has been included in

varying degrees. Also, the ability of the instructor to create a large'

:
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Variety of combinations of malfunctions has also greatly expanded in recent
years.

The nuclear industry has developed a standard which establishes the minimum
functional requirements for full-scope nuclear control room simulators used
for operator training. This standard, ANSI /ANS-3.5, was first issued in 1981
and has been revised and reissued in 1985 (F-1, F-2). Section 3.1.2 and 4.2.1
of the ANSI /ANS-3.5 calls for the simulator to be compared to actual plant
response or best-estimate plant response.

EPRI has been working with the nuclear utility industry to develop improved
methods for the qualification of nuclear power control room simulators. The
EPRI report, NP-4243, "Analytical Simulator Qualification Methodology," (F-3)
presents approaches for developing qualification criteria based on training '

requirements, and documents the development and testing of the use of an :

engineering code to provide the required reference "best-estimate response"
information for the qualification process. This EPRI work also presents an
approach for developing a matrix of simulator test transients that may be
used to qualify a simulator.

The use of actual plant data is always the best way to qualify the capability
of a power plant training simulator. However, plant data for the entire
spectrum of plant transients which must be covered in training exercises is !

; not available. The use of an analytical model to establish reference
!

information for simulator qualification is a logical and necessary step in |order to cover all possible modes and accident scenarios. ANSI /ANS-3.5 allows '

for the use of analytical models to provide "best-estimate" information to be
!used in the qualification process.

The extent to which RETRAN has been qualified with actual data is generally '

important in establishing the capabilities of the code for all applications in ;
the design, licensing, and analysis of nuclear power plants (F-4 The extentof qualification to actual data is a particularly significant eTe) ment in
establishing its capabilities for use in the qualification of power plant

,

training simulators. Realistic responses to complex and severe scenarios are !

necessary for training reactor operators to experience and handle events that I
<

normally will never occur. Some of the situations they must be completely
capable of handling will occur only once, if ever, in their professionalI

lives. It is difficult, if not impossible, to evaluate the performance of the
simulator models without developing reference (comparative) best-estimate 7

;
information with a computer code.

The question is, how is the capability of that computer code established. The
capability of the reference code can be assessed by examining the physical,

models on which the code is based, by comparing it to other codes that may'

i have established capabilities, and by comparing the code to actual plant or ;
system test data. The best method to qualify the computer code is by |'

examining the performance of the code as compared to actual data from power
plant tests, events that may have been recorded at power plants, or tests at a [
wide variety of facilities that have been designed to test power plant design '

features. Although the documentuion of the qualification of RETRAN occurs in
|

|

!
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a wide variety of papers, documents, and reports, a large number of the ;
analyses are included in ref. (F-1) and reft '(F-5) - F-8).

In order to evaluate the extent to which RETRAN has been exposed to the
complete spectrum of possible thermal-hydraulic conditions that may be j

J required for training during expected and severe events, the Electric Power 4

Research Institute is funding the preparation of a report that summarizes the !

analyses that have been performed since 1977, when the prerelease activities

on RETRAN-01 began ( A )).
F-9 In addition to the plant and system tests that are

, a substantial amount of RETRAN analysis work has i

summarized in ref. ( liETRAN was compared to other codes, small separatebeen performed where !
effects tests and analytical solutions. This work is documented through EPRI
publications, professional society transactions, topical reports, etc.'

<

Ref. (F-9) focuses on the RETRAN analyses that have been performed' where the
~

,

results ire compared to plant or test facility data. The report summarizes !
'

- each model, the event, and evaluates the results of the analysis that was j

performed. The analysis are summarized with respect to the variety of
different thermal-hydraulic conditions that have been experienced by the code
and a rating scheme provides a measure of the quality of the results. I

F.2 Licensing Application of RETRAN-02 and VIPRE-01

F.2.1 RETRAN-02. Since the beginning of its development in 1976, the RETRAN
system transient thermal-hydraulic analysis computer code (F-10, F-11) has
been used both domestically and internationally to analyze a broad spectrum of
operating plant events. For the last several years, domestic _ utilities have

C used RETRAN analyses of their nuclear power plants to further their under-
'

standing of plant behavior during anticipated operational occurrences, to |
i support technical staff training, to provide benchmarks for simulator qualifi- 1

j cation, and to evaluate specific plant safety considerations independent from

allows its application to BWii an)d PW G u) clear power plants and also to testtheir NSSS or fuel vendors (F-5 - (F-8 . The flexible structure of RETRANa

facilities and separate plant components.

One of the primary objectives of the RETRAN development effort is to provide ai

tool that can be used to perform plant safety analysis in support of core
1 reload licensing. To pave the way for utility licensing applications of
| RETRAN, EPRI has performed rigorous verification and validation of the code
; and conducted a design review to demonstrate RETRAN applicability. The NRC

issued a safety evaluation report (SER) for the RETRAN-02 code in 1984 (F-12),

1 and approved its sue for licensing applications subject to certain
! conditions. The NRC SER concludes that RETRAN".... is an acceptable computer
| code for calculating tha transients described in chapter 15 of NUREG-0880, and

other transients and enats as appropriate and necessary for nuclear power:

j plant operation." Technical evaluation reports (TER) for reviewed versions of
| RETRAN summarize the review findings and indicate areas where model

limitations have been identified and where user-specific models and topical:

reports will be examined in detail.

;

i
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Several domestic utilities have applied RETRAN to licensing analysis or are I

developing RETRAN models and topical reports, based upon the NRC RETRAN SER
and TER, for application to reload fuel licensing. The experiences of some of
these utilities is summarized below.

Tennessee Valley Authority (TVA), Virginia Electric Power Company (VEPC0), and |

Yankee Atomic Electric Company (YAEC) have all used RETRAN for licensing |
applications (F-13). TVA began formal submittals of topical reports
describing their RETRAN models for the Browns Ferry plant (BWR) in 1981 and
began performing reload licensing analyses with RETRAN in 1984. VEPC0 began
submittals of topical reports of their RETRAN models for the North Anna plants
(PWR) in 1981 and has received an SER for limited RETRAN licensing
application. YAEC has prepared a topical report for RETRAN analysis of the
PWR main steamline break accident and received an SER from the NRC.

Baltimore Gas and Electric and Florida Power and Light have prepared topical
reports of their RETRAN plant models and submitted them for NRC review. Duke
Power Company and Pennsylvania Power and Light are preparing RETRAN topical
reports for application to their plants.

GPU Nuclear Corporaticn (GPUNC) is using the methodology and guidelines of the
EPRI Reactor Analysis Support Package (F-14) to develop a licensing analysis
capability. GPUNC is in the process of preparing topical reports for their
reload licensing analysis including a topical report on RETRAN application.

These and other utilities have long-term plans to perform much or all of their
reload fuel licensing analysis in-house. Plant-specific RETRAN models are

,

planned for the transient thermal-hydraulic analyses, j

F.2.2 VIPRE-01. EPRI developed the VIPRE computer code (F-15) for the
utility industry use in the area of thermal-hydraulic analysis of LWR cores
for safety analyses and licensing applications. The VIPRE-01, M00-01 code
received a safety evaluation report (SER) form to NRC in May 1986 accepting it
for PWR licensing calculations. The utility industry is using VIPRE for
licensing applications, CHF correlation development, reload safety analyses,
Tech. Spec limit improvement, etc. (F-16).

Northern States Power Co. (NSP) used VIPRE-01 analyses of their Prairie Island
nuclear plant in preparating a topical report on reload safety evaluation
methodology which received NRC approval in May 1986 (F-17). NSP used VIPRE-01
for thermal margin analysis after Prairie Island reactor along with the WRB-1
CHF correlation (F-18).

Work is in progress with VIPRE-01 application at other utilities (e.g.,
Commonwealth Edison Co., Duke Power Co., TVA, GPU, TU Electric Co., MSU,
System Services, Houston Light & Power Co., Wisconsin Public Service Co., and
WPPSS) in the area of CHF correlation development, statistical analysis,
sensitivity studies, Tech. Spec. improvement analyses, thermal limit calcu-
lations, etc. Some of these utilities are preparing topical reports on their
work for submittals to NRC approval.
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F.3 Verification and Validation of FREY for Application to CILC

In a few BWRs, unexpected fuel failures have been encountered. They were
found to be associated with the crud-induced localized corrosion (CILC) i

mechanism. The failure of the CILC-affected rods may be attributed to the
pellet-clad-interaction (PCI) phenomenon. ,

A diagnostic analysis of this problem requires a fuel rod behavior code I
capable of correct simulation of the PCI failure mechanism. Although PCI has
been known for some 15 years, it is perceived differently by different ;

people. Thus, the simulation of PCI in fuel rod codes varies widely, and in
~

.

many codes such as COMETH, this simulation is "hardwired" in the code to ;

provide agreement with observed clad ridging. This simplistic treatment of ai

very complex phenomenon is incapable of diagnosing PCI failure phenomena not.

considered in the "hardwiring.";

The protagonists of the PCI phenomenon, namely, the fuel pellets and the>

cladding, respond to the heat load as a system of master and slave. Upon
initial contact at low power, the pellet acts as the master and drives the
cladding with a strong force. At higher power, however, this driving force
begins to unload the cladding through its own relaxation. At very high power.

' the pellet virtually loses all of its driving force and can be contained by,

]
the cladding with little or no effort. [

For PCI to lead to premature cladding failure, two conditions must be
satisfied: (1) fuel-clad contact must be established at low power levels

.

(<3KW/ft); and (2) this contact must be "hard", i.e. the cracked configuration |
of the pellet must be non-compliant under compression. Cracking in CILC
failures have been observed at burnup levels in excess of 10 GWD/T. This
burnup level happens to be near the saturation limit for fuel relocation, and ,

Lthus a rate of 0.11 kW/ft/hr as recommended by some fuel vendors would not be
adequate to counteract the stress rise rate in the thinned regions of the-

cladding. It appears that the CILC problem involves the following parameters:
,

i clad thinning, ramp rate, and power threshold to begin power ramp rate
restrictions. Unlike ridging which is an r-z deformation mode, simulation of

1 this mechanism requires an r-e modeling capability. GE's SAFE-20 (F-19) code
i and EPRI's FREY (F-20) code are the only codes known to treat both modes of
| deformation and to have the necessary physical and material models needed for
j PCI analysis.

The geometric modeling that is appropriate for this PCI simulation is based on
i an r-e model as shown in figure F-1. The physical and material models needed
: are the following:

(a) Thermal properties of the fuel and cladding
1

(b) Mechanical properties of the fuel and cladding ;

(c) Fission gas

j (d) Power generation
:

;

!

i
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(e) Gap conductance

(f) Pellet-clad mechanical interaction model

(g) Cladding failure criterion

(h) Gadolinia fuel properties and power generation

(i) Barrier properties

In FREY, the MATPR0 material properties package (F-21) is fully utilized. The
fission-gas release model is that specified by ANSS.4 The gap conductance
model is the Ross-Stout model, and the power generation makes use of the RADAR
flux depression mode. The parameters of the ISCC failure criterion came
originally from Bettis.

Gadolinia fuel properties and the barrier properties are not present in
FREY. These, however, are not important issues for the case at hand since

1. Gadolinium will have already been burned at the burnup level
when PCI becomes an issue, and

2. We are using a failure criterion for barrier rods based on
strain limit in the Zircaloy cladding, which is little affected
by the presence of the barrier. ]

EPRI's initial charter for the FREY code was to develop a state-of-the-art
code for the analysis of the transient behavior of fuel rods. The code's
capabilities for analyzing PCI problems under steady state conditions evolved 1

as a natural consequence of developing the r-e modeling capability. Several i

steady-state problems were included in FREY's verification report (F-22).
,

These analyses exercise all the physical and material models that are needed |
for the PCI/CILC problems. Table F-1 summarizes the results of these early
verifications. The FREY steady-state initialization capability has also been
benchmarked by comparison with data from 47 plant irradiated rods. More |

recent analyses include comparing FREY calculated gas pressure and centerline
temperature with those of Halden rods (F-22). These comparisons show that
FREY results match well with the test data. (figure F-2).

The real test of FREY's capabilities for PCI analysis is shown in figure F-3,
which presents results of an R2 ramp failure experiment. This analysis has
been done recently to support FREY's application to the CILC problem. As can
be seen from figure F-3, failure power is accurately predicted by FREY.

A similar analysis was conducted for a typical BWR rod using a power history
of the type used by GE in their GETR test reactor in the 1970s to establish
the failure threshold for BWR fuel. The results are depicted in figure F-4.
As can be seen from the figure, FREY analysis confirms what is already
accepted in the industry and what has been established experimentally.
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Table F-1

FREY VERIFICATION AND QUALIFICATION

Panasr4 MODELS OR EFFECTS COMPARISONS PARAfETERS COMPARED QUALITY
'

Vertical Upflow in 4 - Saturated Nucleate Boiling AERE-R Experiment - Wall Surface Temp. Good
Round Tube - Stable Film Boiling and RETRAN Code Dryout Prediction Good

Vertical Upflow in an - Forced Convection AERE-R Experiment Wall Surface Temp. Good
Annulus Vaporization and RETRAN Code - Flow Pressure

Steady State Power - Gap Conductar.ce Model Halden Experiment - Fuel Centerline Temp. Good
Ramp for Helium-Filled - Relocated Fuel (HPR-80) Gap Conductance Good
Relocated fuel . Gas Thereal Conductivity - Gap Closure Prediction Good

Steady State Power Same as Above Halden Experiment . Fuel Centerline Temp. Good
Ramp for Xenon-Filled (IFA-431) Fuel-Clad Gap Fair
Relocated fuel - Fuel-Clad Lockup Fair

Transient Power Drop Same as Above Halden Experiment Fuel Centerline Temp. Good
for Helium-Yenen Mix- (IFA-513) Gap Conductance Fair
ture Relocated Fuel

Zircaloy High Temp. Material Creep under Ther- MATPRO-11 and - Diametral Strain Good
Inelastic Behavior mal & Mechanical Loading Hardy's Experiments

Zircaloy Failure . Material Creep under Ther- MATPRO-11 and - Circumferential Strain Good,

i mal & Mechanical Loading Tube Rupture at Failure
. Failure Model Measurements - Damage Index Good

Fission Gas Release - ANS-5.4 Model B&W Data and . Fractional Release Good
. MATPRO FGASRL Model MATPRO Calculations . Fractional Release Good

'

LOCA for PWR - Overall Effects FRAP-T4 Code - Fuel Centerline Temp. Fair ,

- Cladding Surface Temp. Good
Cladding Hoop Strain Disagree

'Fuel Rod failure - Overall Effects TREAT Experiment . Cladding Surface Temp. Good
in TREAT - Transient - Rod Internal Pressure Fair
Reactor Test Facility - Clad Swelling Fair j

Clad Rupture Good

|

|
,
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|

1

h
i

i Three analyses were carried out for two remaining cladding thickness and power' |

: ramp rates to demonstrate FREY's applicability to the evaluation of the CILC
problem. Although no-barrier rods were analyzed, the results can be applied ;

j to barrier fuel provided a ductility-limit criterion is used as the failure 1

'.
measure instead of the stress corrosion cracking criterion. The results and
conclusions from these analyses are summarized below. We should caution that
these results and conclusions must be applied statistically, namely, within
the same failure probability limits as already exists for BWR fuel.i

F.3.1 Standard Fuel. Heavily corroded (remaining thickness <10 mils) is
susceptible to failure at power level below 9 kW/ft. This is illustrated in
figure F-5. As shown in this figure,-the failure criterion value of unity is i

exhausted almost immediately upon starting ramp. This implies that the

8.4 kW/ft unrestricted threshold is already too high. Reducing the ramp rate
by 50% offers no advantage for the 6-mil case nor for the 10-mil case.

F.3.2 Barrier Fuel. Using the 2% ductility limit, the analysis shows that
very heavily corroded rods (remaining thickness <6 mils) will fail mechani-
cally during both ramps, 0.11 kW/ft/hr and 0.055 kW/ft/hr, at 35 hours and t

65 hours, respectively, when the local strain, averaged through the thickness,
exceeds 2% which corresponds to about 12 kW/ft power level for both ramps (see
figures F-6 and F-7).

Under the same conditions, rods corroded down to 10-mils thick are borderline
cases. This is illustrated in figure F-8, which shows that cladding strain
has just begun to exceed the 2% ductility limit at the end of the ramp
(element 128). However, the average strain across the thickness remains belowa

the 2% limit (element 73).,

3

F.3.3 Sumary. In conclusion, FREY s capability of analyzing CILC-related
PCI phenomena has been established through validation with test results. Its

i (r-e) modeling capability makes FREY an effective and appropriate tool for ,

analyzing both transient fuel behavior and PCI problems under steady-state
conditions, j

a

- ,

G. HYOR0 GEN CONTROL RESEARCH [

The hydrogen burn that occurred during the TMI-2 accident led to a requirement |-

ifor U.S. nuclear power plants to control the potential impact of hydrogen
produced during an in-vessel recoverable degraded core accident. Specifi- :

,

| cally, it was necessary to show that the plants could accommodate an amount of ,

hydrogen equivalent to that which would be produced from the oxidation of 75% !'

l of the fuel rod Zircaloy cladding in the active core region--known as the 75% |

metal-water reaction (75% MWR), a condition representing very severe core
: degradation. Accommodating the effects of 75% MWR hydrogen refers to: )
| (1) the ability to maintain adequate accident response safety system
! capabilities during and after such an event, and (2) assurance that

containment integrity during any in-vessel recoverable degraded core accident
will not be threatened should a hydrogen deflagration occur.

|
'
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G.1 EPRI's Hydrogen Control Program

Over the past four years EPRI has managed several major research programs
directed at improving the state of knowledge both in the areas of hydrogen
mixing and combustion and the capabilities of specific safety-related
equipment to withstand such combustion. A generic hydrogen research program
has been completed at EPRI (G-1) to G-4), which includes: >

1. Hydrogen ignition limit testing over a wide range of hydrogen,
air, and steam nixtures;

2. Intermediate-scale hydrogen mixing experiments in a scale model
of the PWR ice condenser lower compartment; and

3. Large-scale hydrogen mixing / combustion and equipment
survivability testing in a 15.9-m diameter sphere.

Portions of this program were cosponsored by EPRI. NRC, Ontario Hydro,
Electricit6 de France, Taiwan Power Company, and the West German Federal
Ministry for Research and Technology.

In addition, the BWRt/ Mark Ill Containment Hydrogen Control Owner's Group
(HCOG) has been the primary sponsor (in conjunction with EPRI) of a research
program directed at defining both the unique hydrogen mixing and combustion
phenomena in a Mark III contairment during a recoverable degraded core
accident and the resulting heat loading to required safety-related
equipment. This test program, which is focused on experiments performed in a
1/4-scale model of a Mark I!! centainment building was completed in early
1987. A final report (nonproprietary version) will be completed by December
1987.

G.2 U.S. LWR Containment Design Featury

! Commercial nuclear units in the United States employ containment designs of
two basic types: "large dry" and "pressure suppression."

6 3

Thelargg)drycontainmentsarecharacterizedbylargevolumes(-2x10
ft or

-60,000M and high design features (-60 psia or -0.4 MPa). These units were
designed to have large size and strength tc contain the effects of steam and

| hydrogen release during a LOCA.

The pressure suppression containments use either a large pool of water (BWR
Mark I, !!, and !!!) or ice (PWR ice condenser) to condense the steam released
during a LOCA to limit containment pressurization. Someoftgese"" S ##*

3

designedg)ithrelativelysmallercontainmentvolumes(-1x10
ft or

-30,000 M Various design pressures were realized, with some as low as.

-30 psia or -0.2 MPa.

The ultimate failure pressure of all these units is much higher than their
design pressure by a factor of 2-3.

|
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G.3 Hydrogen Control Methods Currently in Use

Since the THI-2 accident, actions have been taken to provide improved hydrogen
control for the smaller or lower design pressure units. BWR Mark I's and !!'s
were inerted with nitrogen. BWR Mark III's and PWR ice condensers installed
hydrogen control systems. The chosen systems employ glow plug igniters
distributed throughout the containment building. These systems are designed
to deliberately burn hydrogen as it is released to limit the accumulation of
hydrogen to concentrations well below levels at which rapid combustion could
threaten containment integrity.

G.4 Research Supporting Hydrogen Control Methods

G.4.1 PWR Large Dry Units. Typical large dry containment buildings for U.S.
PWRs have ultimate pressure capabilities of the order of two to 3 times the
nominal -60 psia (-0.4 MPa) design pressure. A release of hydrogen into such
containments without any combustion resulting from a 75% metal-water reaction
would bring the hydrogen concentration to -13% by volume.

Tests performed in the large 15.0-m diameter spnere located in Nevada at
hydrogen concentrations consistent with large dry containments (-13% volume
fractions) resulted in pressure increases of less than 45 psi er
0.31 MPa (G_3). Therefore, large dry containments do not feature special

_

hydrogen control systems to control overpressure.

These tests also demonstrated that critical safety-related equipment will
withstand the thermal environment imposed by 13% hydrogen burns (GJ ).
Therefore, large dry units also are adequately protected with respect to
functioning of needed equipment.

G.4.2 PWR Ice Condenser Units. Testing performed in a scale model of the
lower compartment of an icde condenser containment demonstrated excellent
mixing (G-2). Subsequent analyses of combustion phenomena in these units
indicates that with the distributed ignition system operational, containment
integrity will not be challenged by hydrogen combustion (G-5). Similarly,
analyses of equipment thermal response to such burns indicates that critical
equipment will function (G-6).

G.4.3 BWR Mark I and II Units. These units are currently inerted with
nitrogen which precludes combustion resulting from hydrogen release.

G.4.4 BWR Mark Ill Units. The 1/4-scale testing performed in the HC0G-
sponsored program indicates that the distributed ignition system is extremely
efficient in limiting the accumulation of hydrogen in the containment.

t

Therefore, with an operational distributed ignition system, hydrogen i

combustion does not pose a significant challenge to containment integrity.
Analyses of the thermal response of critical equipment ti, hydrogen combustion
for Mark III units is currently in progress.

|

|

j
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H. SEVERE ACCl0ENT SAFETY

The EPRI Source Term Program has a number of active projects. This year the
LACE (LWR Aerosol Containment Experiments), and the in-reactor Source Term
Experimental Program (STEP) tests have been completed and these programs are
reaching a conclusion. The EPRI Molten Corium-Concrete Interaction (MCCI)
work is expected to be focused in another emerging international consortium
ACE (Aerosol Containment Experiments). The EPRI analytical work in ATWS TC
sequence in BWRs has resulted in a scenario of oscillating power and
temperature with a partially uncovered core and no cladding oxidation during
the oscillation phase. Finally, a report on integration of an RCS code, an
aerosol code, and a core response code provides first principles insight.

H.1 LACE Objectives

! The LWR aerosol containment experiments (LACE) program is investigating
aerosol behavior for postulated high consequence accident situations where
data is needed and which are not being studied by other test programs. These

,

; accident situations are where either the containment is bypassed altogether,
the containment function in impaired early in the accident, or delayed |
contaiment f ailure occurs simultaneously with a large fission-product i

j

release. Significant cerosol retention would reduce the consequences
presently calculated for these postulated accident situations. Therefore, the

r

results of the LACE program are of special interest to LWR risk assessment and
emergency planning. The LACE program is sponsored by an international4

consortium, organized by EPRI, consisting of fourteen sponsors. The lead
organizations of the LACE consortium are: Commission of the European
Communities (CEC); Va' tion Teknillen Tutkimuskeskus (VTT), Finland; Ontario-
Hydro (OH), Cane.da; C:ntre d' Etudes Nucleaires de Fontenay-aux-Roses (CEA),
France; Bundesministerium fur Forschung und Technology (BMFT), Germany;
Comitato Nazionale per la Ricerca e per lo Sviluppo dell'Energia Nucleare e
delle Energie Alternative (ENEA), Italy; Japan Atomic Energy Research
Institute (JAER!), Japan; N.V. Tot Keuring Van Electrotechische Materialen
(KEMA) The Netherlands; Unidad Electrica, S.A. (UNESA) Spain; Karnkraft-
inspektion (SKI), Sweden; Eidgenossisches Institut (Or Reaktorforschung (EIR),
Switzerland; Atomic Energy Establishment Winfrith (AEA), United Kingdom; and
Electric Power Research Institute (EPRI), Department of Energy (00E), and
Nuclear Regulatory Commission (NRC), United States.

The LACE program consists of three main tasks.

Large-Scale T_ests: These tests experimentally investigate-

inherent aerosol retention behavior for conditions which
simulate selected high-consequence accident conditions. They
provide a database for validation of containment aerosol and

,

related thermal-hydraulic computer codes.1

Computer Code Validation: Both pretest and blind posttest*

calculations using aerosol behavior and thermal-hydraulic
_

computer codes are being compared to experimental data.'
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Support Program: The support program provide direct support*

needed to perform or interpret the large-scale experiments.
The support program also included separate effects tests needed
to clarify individual phenomena.

The computer code validation efforts and support program are being conducted
by many groups within the sponsoring organizations.

H.l.1 LACE Test Matrix. The LACE Program consists of six large-scale tests :
in the Containment Systems Test Facility (CSTF) located at the Hanford
Engineering Development Laboratory (HEDL). The six tests focused on three
postulated accident situations: the containment bypass or so-called
V-sequence, failure to isolate containment, and delayed containment failure.
The LACE test matrix is suntarized in table H-1.

Table H-1

LACE PROGRAM TEST MATRIX

Test
Number Title and Simulated Accident Situation

LAl Containment Bypass, focuses on the pipe and downstream building
LA2 Failure to Isolate Containment
LA3 Containment Bypass, focuses on pipe flow only
LA4 Late Containment failure With Overlapping Aerosol Injection Periods
LA5 Rapid Depressurization With Spiked Pool
LA6 Rapid Depressurization With Aerosol Injection

H.l.2 Results of Tests LA2 and LA4. The experimental results from test LA1
and LA3 are presented in a previous paper (H;l) dealing with aerosol behavior '

in LWR primary systems. The results from test LA2, "Failure to isolate
Containment," and test LA4, "Late Containment failure," are presented below.
Although tests LA5 and LA6, the rapid depressurization experiments, have been
successfully performed in early 1987, the data have not been analyzed jcompletely enough to allow presentation at this time.

H l.2.1 Failure to isolate containment - test LA2. The objective of test j
LA2 was to simulate a postulated accident situation where a failure to
isolate containment occurs. In addition to measuring the quantity and
particle size spectrum of the leaked fission products, a major test goal j
was to determine the effect of leak path location. If the aerosol in the |

containment is well mixed, the aerosol release would be independent of
leak location. On the other hand, if stratification of the containment !
atmosphere occurs due to a temperature inversion or other phenomena,

69
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aerosols would not necessarily be well mixed and leak location might be
important. Since evidence existed from the DEMONA experiments that
stratification could occur under some particular conditions, test LA2
attempted to clarify the conditions under which stratification might
exist.

A short 200-mm diameter pipe ran between the aerosol generator and
containment vessel, and aerosols were fed through this pipe at low
velocities. Little aerosol deposition in this pipe was expected or
observed. While most of the steam /Hp aerosol carrier gas entered at
roughly mid-height of the containment, a smaller quantity of steam (only)
was injected near the containment bottom directed upward along the center
line. This was done to simulate the steam which would rise upward into
the containment during accidents of practical interest. The major
facility modification was the installation of a second leakage path near
the containment bottom to evaluate stratification effects, figure H-1
illustrates the setup and shows some of the instrumentation used in test
LA2. The LA2 mass balance was excellent, with 98% of the aerosol material
recovered.

No significant difference was found in the mass of aerosol leaked through
the upper and lower leak paths. This is a result of the similar geometry
of the two paths and the good mixing in the containment atmosphere between
the leak path locations.

It was observed that it is possible to stratify the containment under
special circumstances. For instance, it appears that the small region in
the containment below the lower steam injection point was not well
mixed. This is not surprising since a similar effect was observed in some
of the Harviken tests. It is of interest to note that about half of the
leaked material was found in the short duct between the leak opening and

; the final scrubber. However, there was considerably less Cs0H in the
lower leak path duct than the upper one (table H-2). It is beileved that
water was condensed in both ducts. In the lower duct, because of its
downward slope, the highly soluble Cs0H was carried with the water into
the scr M ber, where it was found, while Mn0 remained in the duct.

H.1.2.2 Late containment failure - test LA4. The test LA4 objective was
to perform an integral experiment to determine aerosol behavior with
multiple species, overlapping aerosol i'njection periods and a late
containment failure. The experimental configuration was similar to test
LA2, except for additional instrumentation and the removal of the lower

l leak path.

Significant differences in this test from LA2 include the overlapping
injection of aerosols and late venting. In test LA4, Cs0H injection
lasted 50 minutes, 30 minutes alone and 20 minutes with Hn0. Then the
Cs0H injection stopped and Mn0 injection continued alone another
30 minutes. During this time, pressure in the containment increased to
-3 bar and was maintained constant for 200 minutes after which the
containtrent was vented.
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Table H-2

AEROSOL DEPOSITION IN LEAK PATH OUCTS - LA2

Fraction of Mass Entering Found in Duct
Cs0H Mn0 Cs0H + Mn0

Upper Path Duct 0.66 0.48 0.56

Lower Path Duct 0.06* 0.63 0.39*

<

* Missing Cs0H was found in scrubber.

Posttest examination of the aerosols by SEM/EDXA techniques revealed that
agglomerates were approximately spherical, made up of primary particlesi

with mostly hexagonal, but some cubic shapes. The agglomerates ranged in
size from 0.5 to 4.0 um, and contained from 3 to over 100 primary
particles. The hexagonal particles were most Mn, with approximately
2% Cs, while'the cubic particles contained only Mn, probably in the
chemical form Mn0.

,

Data was also obtained on the amount of liquid water suspended in the
containment vessel, as well as the gas velocities at six locations.
Optical spectrometer and turbidity / photometer data were also obtained.

, The atmosphere of the containment vessel was not as well mixed as in
test LA2. Over 90% of the injected Cs0H was recovered as was 84% of the
Mn0. Small but measurable quantities of aerosol vented from the
containment vessel were observed.

H.2 STEP Results

The four STEP in-reactor tests, designed to provide characterization data on i

materials that would be released during severe core damage accidents, were ;

successfully performed in 1984 and 1985. Since then, extensive posttest '

examination and analysis work has been done to establish the thermal-hydraulic
performance of each test, to identify the chemical elements that were released
and transported away from the fuel rods, and to determine the properties of
the aerosol populations and vapor deposits that were formed. This work is now
complete and the principal observations and conclusions arising from the |
analyses of these experiments may be summarized as follows.

'

1

The thermal hydraulic response was quite different between the+

low-pressure tests (STEP-1, -2) and the high-pressure tests
(STEP-3,-4). The former were characterized by much faster
fuel heatup rates, higher peak temperatures, and different
temperature profiles in the capsules than the latter. It was
determined that forced convection (once-through) gas flow was

|

!
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,

dominant in the low-pressure tests, and the gas phase did not
serve as a major sink for the heat generated in the fuel
rods. On the other hand, natural circulation flows (between
the fuel rod and plenum regions of the capsules) were dominant :

in the high-pressure tests, and the reservoir of relatively
dense steam became a signific?nt heat sink in these tests.
Conventional heat transfer moce's (with or without a natural
circulation driving force) were Ale to produce good estimates
of the recorded temperatures and the measured hydrogen
generation (cladding oxidation) rates in each of t% tests.

Instrumental analysis of deposition samples recovered from the*

| four tests exhibited the presence of a variety of chemical
elements. Those from STEP-1, -2 were abundant in certain
fission products (cesium, molybdenum, rubidium) and cladding
material (tin) elements. Those recovered from STEP-3, -4 were ,

much less heavy and consisted primarily of structural
components (iron, silicon, aluminum) with some fission product
(cesium). The deposits from all tests included small fragments
of cladding and fuel material. Some fission product iodine
along with silver from sample coupons were identified in
deposits from the higher heatup rate tests (STEP-1, -2).
Fission product tellurium was detected only in samples from
STEP-1 which is the only test in which nearly complete cladding !

oxidation occurred. Additional analyses suggested compound
.

formation took place between fission product cesium (and '

presumably rubidium) and each of the other fission products
|

(molybdenum, iodine and tellurium). The principal species were '

likely cesium molybdate, cesium iodide, and cesium telluride.
;

Particle size distribution measurements showed that somewhat*

larger aerosol particles were formed and transported in the
high-pressure tests than in the low-pressure tests. The mass ;

concentrations of the aerosol suspended in the flowing gas were '

found to vary both during each test and between the four
tests. An example of a mass distribution function (MDF) and a
corresponding cumulative mass plot (with approximate lognormal
function fit) obtained from analysis of scanning electron
microscope images of aerosols deposited on impactor wires and a
settling plate taken from the STEP-1 test are shown in
figure H-2. The legnormal parameters derived for this
particular distribution indicate an aerosol mass median
diameter of 1.05 micrometers and a geometric standard deviation
of 1.84 Additional data for STEP-1 and the other tests and a
more complete discussion of results and conclusions are
presented in a project summary report that should be published
by the end of the year.

1
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H.3 Molten Corium-Concrete Interactions (MCCI)

The magnitude, the content, and the physical and chemical character of the
MCCI aerosol source are important in estimating the source term from postu- '

lated accidents. In addition to these parameters, the timing of the MCCI
aerosol release, relative to that of the fission-product aerosol release from
the primary system, and to that of the containment failure, is of importance.
If the timing is opportunine, the relatively ccpious MCCI aerosol will help {
scrub the relatively dilute aerosol that may be discharged from the vessel on ;

revolatization of the fission products deposited on the primary system
surfaces. Similarly, if containment failure does not follow soon after the
start of the MCCI, there is little danger of having a large airborne source in
the containment at the time containment failure, since natura*l processes of
aerosol removal from the containment atmosphere would have been active for a
sufficiently long time.

The EPRI program on MCCI has been focused on accurate modeling of the release
of fission products during MCCI. To this end, the analysis development work
was the first to be put in place at Hassachusetts Institute of Technology
(MIT) and University of Wisconsin and has produced important results.
The MIT work has investigated the heat transfer from corium to the concrete
and to the containment and proposed models for these. A semiempirical
correlation was developed to describe the heat transfer at the horizontal
core / concrete interface. The model assumes periodic contact between corium
and ccncrete at low gas evoluation rates, and separation of a stable film at
high gas generation rates. The model was incorporated in the C0RCON-2 code,
with the revised code named as CORCON/MIT. This code has been applied to the
analysis of the Sandia tests and, more significantly, the series of tests
performed at the German BETA facility. The proposed model is capable of
predicting erosion results of the BERA experiments with a mean error of 5% and
a standard deviation of 27%. Sensitivity studies performed with CORCON/MIT
indicated that the initial debris temperature was the most significant
parameter affecting release of the refractory fission products, e.g., Ba, La
during MCCI.

Work at Wisconsin University has extended the CORCON code to represent a much
larger set of chemical reactions than originally incorporated in CORCON-2.
This work is being completed presently. Its feature of fully coupled chemical
and thermal-hydraulic treatment will be useful in checking the results of
sequential CORCON-2 and VANESA calculations for the MCCI source term.

The Wisconsin work has also developed a model for mixing of different density
immiscible layers with gas injection from bottom surface. The model is based
on experiments performed with simulant fluids. The important effects of i

| density differences, density ratio, surface tension, and viscosity have been |

| delineated. A set of correlations has been obtained for mixing of layers and
| implemented in the CORCON code. The current calculations indicate that mixing |
| between the oxidic and metallic phases will occur during the early part of

MCCI. The effect of layer mixing on the fission-product vaporization
estimates is currently being evaluated. It appears that zirconium metal may
react with the iron oxides and U02 contained in the oxide layer, before
reacting with the steam generated on concrete dissolution.
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Experimental work on MCCI was started two years ago at Argonns Nc*lonal
Laboratory (ANL).

Real reactor materials are utilized in a long-term interaction with'an
underlying slab of concrete. Sustained internal heat generation is provided
by the method of direct electrical heating (DEH) to simulate decay heat or to
control the corium temperature at a. prescribed quasi-static level. The tests
are evolving from small scale (5 kg corium mass) to larger scale (30 kg and
300 kg) as the experiment technique and diagnostic tools are progressively
improved. Presently, 5 kg and 30 kg size gas sparging tests have been
completed and 30 kg integral MCCI tests are under way. The corium mixtures
are either fully oxidized for tests applicable to the long-term erosion stage
or contain metallic constitcents for tests. applicable to the early, aggressive
interaction stage. The corium mixtures consist of UO , Zr0 , stainless steel2 2
oxides, plus nonradioactive fission-product mock-ups La9 3, Ba0, and Sr0; Zr.0
and metallic stainless steel are added for tests involving a metallic
constituent. Current tests utilize a limestone / common sand concrete of
specific composition matching that used at the Zion station; future tests are
also planned to examine limestone / limestone and basaltic concrete. The tests
are presently one-dimensional, designed to minimize (but measure) lateral heat
losses such that the predominant heat transport processes are vertically
upward and downward.

The experimental approach is to provide instrumentation to enable evaluations
of concrete erosion rate, melt layer temperature and heat balance measure-
ments, time variation of gas release rate and composition, and time variation
of aerosol release rate and characteristics.

The apparatus for the 30 kg size MCCI tests is illustrated in figure H-3. It

consists of a series of U-shaped brass segments, electrically insulated from
each other, that are stacked side by side to form the base and sides of the
electrical melt generator. Tungsten electrodes, supported in machined
electrical insulators, form the ends of the apparatus. The sides and ends of
the apparatus are water-cooled. Heat losses are individually monitored
through each wall. A thick layer of thermal insulation rests on the top of
the apparatus and supports the top cover, which is the base of the aerosol
collection and gas sampling system.

A carrier gas injector introduces an annular stream of inert gas around the
off-gas leaving the test cavity. This measured flow of inert gas reduces the
temperature of the off-gas and dilutes the acrosol concentration. The
sampling system contains bottles for collecting gas samples and stainless
steel coupons in the main gas stream to collect aerusol samples. The system
consists of the carrier gas injection, main flow piping and filters, a bank of
five filter and gas sample lines, an aerosol sample canister similar to that
used in the Source Term Experimental Program (STEP) in~ reactor tests, plus C0,
C0 , and Hp0 monitors. An on-line gas mass spectrometer is presently being2
added. Borosilicate glass filters located in the main gas line and the sample
gas lines had a minimum retention efficiency of 93% for 0.1 pm particles and
collected aerosols principally by impaction.
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The apparatus for an MCCI test is assembled around the concrete basemat.
Blendedcoriumpowderisloadedintoghetestcavity'atopthebasematand
tamped to a density of about 3.5 g/cm . Thermowells and tantalum starter
coils are installed at the selected elevations during the corium loading
process.

H.3.1 MCCI Test Results. Interactions of a fully oxidized core melt with a

limestone / common sand basemat has been simulated in three MCCI tests to
date. The tests differed in the power input sequence and the capabilities of
the aerosol collection and gas sampling system. j

Parameters for MCCI tests I-5, I-6, and I-7 are summarized in table H-3. The
MCCI tests were limited by electrode size to a maximum concrete ablation depth |

of 7.6 cm. The interface between the concrete and the melt, shown in
ifigure H-4 for MCCI test I-5, was smooth and flat. This was typical of the

interface in all the MCCI tests. The density of the melt layer in MCCI tests
was only 60% of that in the earlier gas sparge tests, indicating that concrete ,

'constituents were incorporated into the melt as confirmed by subsequent
chemical analyscs. Small-diameter gas passages penetrated the melt layer to |

the concrete surface.
,

|

Table H-3

CORIUM INVENTORY AND MELT LAYER CHARACTERISTICS
IN INTERMEDIATE-SCALE MCCI TESTS

1

Test

I-5 I-6 I-7 |

|
Corium inventory, kg 21 27 28.8 l

Fission products, g 8 La2 3 42 Ba0 45 Ba00
,

42 La2 3 45 La2 30 0

24 Sr0 25 Sr0

Preheat, min. 955 54 41

High power, min. 82 60 90

Depth of concrete ablation, cm 7.6 ~7 ~7.5

Melt layer thickness, cm 4,6 ~2.5 ~5.5

3Density of melt layer, g/cm 4.1 4.2 ~4.2

,
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The rate of concrete ablation was sensitive to test power input. Ablation
rates determined from the in-concrete thermocouple responses are shown in
figure H-5. They vary from a maximum of 3.9 mm/ min in tests I-6 and I-7 to a
minimum of about 0.9 mm/ min. The ablation distance as a function of time for

,

test I-7 as calculated by the code CORCON is also shown in figure H-6. 1

A total of 400 mg of aerosol was collected during test I-7. The average
aerosol transport during I-7 power operation was 4.5 mg/ min. This rate did
not remain fixed. Data from the sample-line filters indicate that during the
initial interaction of molten corium with the concrete the rate (10 min
average) was three times higher than during subsequent sample-intervals. The
concentration of aerosol in the isokinetic sample during the 10-minute
interval bounding the initial corium concrete interaction was 0.37 mg/ liter.

Peaks in the concentration of CO , CO, and moisture in the off-gas stream were2
also observed coincident with the initial contact of molten corium and
concrete. The peak CO2 concentration was 8%; corresponding peak concentration
for moisture and C0 were 1.5 and 0.09%, respectively.

1

Aerosols released during the MCCI tests were collected by gravitational |

settling, impaction, interception, and diffusion. In test I-5, sets of four l

str.inless steel coupons were positioned at two elevations in the gas system
and exposed to the off-gas flow stream for the entire test. In tests I-6 and
I-7, the STEP canister was the principal aerosol sampling device and was open
to sample gas flow for part of the power operation. Settling plates in the
step canister collected particles by gravitational settling and diffusion; the
fine wires collected particles by impaction, interception, and diffusion. The
coupons, settling plates, and wires were examined by SEM to determine particle
size, shape, extent of agglomeration, and elemental composition for atomic )
numbers > 13.

'

In MCCI test I-5, particles collected on the downward facing coupons consisted
of submicron spherical particles and irregular, stringy agglomerates composed
of submicron particles. The particles ranged from 0.1 to 1 um in diameter
with 0.4 um as the average. The deposits on gravitational settling coupons
(facing upward) consisted of large particles and large rounded agg1cmerates 2
to 3 pm in diameter. These agglomerates frequently contained a large
particfle upon which submicron particles had nucleated.

The wire impactors in MCCI test I-7 had three particle populations:
2-6 um spheres, submicron particles, and irregular agglomerates. Figure H-7
shows a platinum wire from the last stage of the STEP canister with these
three particle populations; 2-6 um spheres were also detected on the settling
plates but not in as great a concentration as that on the wires. In addition,
the deposits on the settling plates contained significant numbers of submicron
particles and some larger particles and agglomerates. Submicron particle
nucleation on larger particles and spheres was observed, as in test I-5. The
average diameter of the larger particles and agglomerates varied from 3 to
12 um with an averate of 8 um.

1
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MCCI Test I-7: CORCON-Calculated Ablation Rate and Corium
Temperatures

,

Time Ablation Rate Corium Temperatures (K)
(min) (mm/ min) Average Interface Solidus Liquidus

66.7 0.13 1649 1460 1870 2572

70.8 0.22 1778 1598 1858 2564

75.0 1.12 1822 1825 1823 2541

79.2 1.21 1766 1766 1765 2497

83.3 1.01 1727 1728 1727 2463

87.5 1.45 1727 1728 1727 2463
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Figure H-5 Ablation Distance vs. Time during MCCI Tests
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IApplication of Newton's law of resistance to the size and shape of aerosol
particles collected gave settling velocities of the order of 1-4 cm/s. The I

'

gas velocity in MCCI test I-7 through the eructation is estimated to be
61 cm/s. Thus, these particles could easily be carried from the melt through
this opening by the escaping gas. Gas velocities through the injector region
and the main gas line are about 40 cm/s and 65 cm/s, respectively, well above
the settling velocities of these large particles and spheres.

Aerosol deposits were examined by SEM for elemental composition. Deposits on
test I-5 coupon B-1 (lower sample elevation, upward facing coupon) consist i

predominantly of zirconium with smaller amounts of chlorine and a trace of i

potassium. The deposits on the impaction coupon B-2 (lower sample elevation, |

downward facing coupon), also from test I-5, contained chlorine, potassium,
silicon, and possibly some zirconium. ,

1

A number of deposits from the MCCI test I-7 were also examined by SEM. The
'

dominant elements detected include uranium, iron, silicon, calcium, potassium,- ;

and chlorine with smaller amounts of chromium, aluminum, magnesium, and '

nickel. Barium was detected in one particle. Uranium was found only in
spheres; almost all the 2-6 um spheres contained uranium. Spheres on settling ,

plates and wires were composed of uranium, silicon, and calcium, sometimes '

with smaller amounts of iron.

Spheres composed of uranium and iron, sometimes with small amounts of calcium
and chromium, were found only on wires. The spherical shape indicates that
the material comprising the spheres was molten. A number of crystalline
deposits was detected on wires and settling plates. Cubic crystals composed
of potassium and chlorine, which are most likely potassium chloride, were
frequently observed. Often these crystals comprised part of a larger )
agglomerate. A number of large particles contained silicon, and/or calcium,'

and magnesium. These may have been particulates from the concrete that was
transported by mechanical entrainment. No lanthanum or strontium was detected
in any aerosols from MCCI tests. In test I-7, no zirconium was detected but !

uranium was dominant in the spMres; whereas, in test I-5, zirconium was |

frequently found in gravitatioral settling deposits but no uranium was
detected. In both tests, silicon, potassium, and chlorine were found. An SEM
examination of the main filter revealed a heavy surface loading of aerosol.

Analysis of the measured data in the intermediate scale tests I-5, I-6, and
I-7 is currently being pursued. Further intermediate scale tests are planned
and a proposal has been made for joint sponsorship of large-scale (300 kg)
tests by an international consortium.

H.4 Detailed Analysis of BWR ATWS Severe Accidents

The BWR anticipated transient without scram (ATWS) scenario TC as analyzed by
10COR (MAAP code) and NRC (SICP code) shows core melt occurring in about
one hour with containment failure relatively close in time to core melt

time. The calculated results show substantial releases of volatile and
refractory fission products.
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In 1986, EPRI initiated work on TC sequence to establish technical feasibility
of a procedure for coping with TC type ATWS events by limiting the power
generalted to a level so low that the residual heat removal system is capable
of removing the reactor heat. The reactor power is controlled by limiting the ,

rate at which cooling water is supplied to the reactor vessel using existing
equipment. The intent is to maintain containment integrity while keeping the
fuel cool and precluding any damage to fuel or the safety relief valves.
Thus, the objective of the work was to perform detailed analysis of the phase
of the ATWS accident when the core may be partially uncovered.

The base plant selected for analysis is the Peach Bottom unit 2, a BWR/4
reactor with Mark I containment. Nuclear parameters used in neutron kinetics
calculations are specific to the end of cycle 6 core. Two significant
deviations from the base plant parameters are (a) the RHR capacity employed is
not that of Peach Bottom but of Fitzpatrick plant, which is considerably
smaller and (b) two-stage Target Rock safety / relief valves are employed,
rather than the three-stage Target Rock valves installed on Peach Bottom.

The scenario employed for analysis is shown in table H-4. The accident begins
with main steam isolation valve (MSIV) closing and failure to scram; later,
alternate rod injection (ARI) and standby liquid control system (SLCS) are
assumed to fail. The operator then follows the EPGs and lowers the water
level in the downcomer to top of active fuel (TAF). When the heat capacity
temperature limit is reached, the operator depressurizes the vessel as per the
requirements of the EPGs. Thereafter, no explicit operator actions are
assumed and the response of the plant will be as inherent to the plant and
system design.

The results of the calculations performed with the TRACG code (2 fluid model,
3-0 core, 1-0 neutron kinetics) are shown in figures H-8 through H-10 for the
reactor power, reactor pressure, and downcomer level. Some parts of the
scenario are explained in the following paragraphs.

At 1100 seconds into the event, the reactor pressure has fallen to about
2.3 MPa (330 psi) above the drywell pressure, the LPCS shutoff head. As the
vessel continues to depressurize, the LPCS pumps will generate higher flow
rates and the vessel will begin to refill when the incoming ECCS mass flow
exceeds the total S/RV mass flow. This point of. minimum vessel fluid inven-
tory occurs at about 1200 seconds and marks the beginning of the ECCS reflood
phase. Because the vessel is being refilled primarily by LPCS flow which

,

; enters the vessel above the core, this period is marked by an overall low-
frequency cycle of variation of reactor pressure, ECCS flow, and reactor
power, wherein downcomer liquid level is very steady. LPCS flow fills the
upper plenum, replacing core voids with liquid and increasing the reactort <

Ipwoer. This causes void. generation and an increase in pressure, reducing the
incoming LPCS flow. When the pressure again exceeds the LPCS shutoff pres-
sure, flow stops, the upper plenum drains, and voids shut down the core.

,

1
lPower then falls to the decay heat level until pressure drops and LPCS flow

can again fill the upper plenum. The long period (about 170 seconds) power
cycling is therefore directly related to the LPCS flow and reactor pressure

,

cycling. j
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Table H-4-

SEQUENCE OF. EVENTS FOR.TRACG SIMULATION

Event / Action Approximate Time (sec)'
i

1.. MSIV closure, scram fails 0

2. RPT and S/RVs lift 5

(3. ARI fails 30

4. Feedwater flow stops as feedwater turbines '

coast down- 90
|

5. HPCI and RCIC start 120 !;

6. SLCS fails 120 !
4

,

7. Operator reduces water level to TAF and 300
inhibits ADS

8. Operator places two loops of RHR in pool cooling 600'
t

9. Pool temperature reaches HCTL and operator blows' 900 |
down using ADS valves (operator turns off HPCI) |

10. Pressure in RPV is less than LPCS shutoff head 1100 '

: . and LPCS flow starts
'

11. Drywell pressure rises, causing relief valves to- 5700
close; pressure and valves cycle

,

i

t
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The narrow high frequency (5- to 6-second period) power excursions are due
primarily to countercurrent flow limiting (CCFL) breakdown at the fuel
assembly upper tie plate. This CCFL breakdown phenomenon allows flow to enter
the top of the core immediately from the upper plenum rather than from the
bypass region or lower plenum. The reactivity addition generates the power
spike, which is turned around by the Doppler feedback.

The cycling which is typical of the ECCS reflood phase could continue
indefinitely in the absence of additional equipment failures or operator
actions or containment influences. This is not the case, however, because of
the combination of suppression pool volume, reactor power, and RHR capacity
used in this analysis. The RHR is not large enough to reject the heat being
generated in the reactor core, and the suppression pool temperature and
drywell pressure continue to rise during the ECCS reflood period.
Because of this drywell pressure rise, the two-stage Target Rock S/RVs will
close and the longperiod pressure / flow cycling will be stopped. Pneumatic
pressure in the air actuator will be insufficient to hold open the two-stage
valve at high drywell pressures and low system pressures. For this case, the
elapsed time between the start of ECCS reflood and first valve closure is

estimated to be 4500 seconds (75 minutes). The transient analysis itself,
therefore, breaks off at 1800 seconds (af ter 600 seconds of LPCS cycling) and
picks up again at 5400 seconds. The ECCS reflood cycling behavior is observed
to still follow the same pattern as earlier, but the drywell pressure is
sufficiently high that the S/RVs being help open pneumatically begin to close
at about 5700 seconds.

The portion of the accident occurring from valve closure at 5700 seconds to ;

the end of the simulation at 600 seconds is best described as self- '

regulation. As drywell pressure continues to rise, the S/RVs cycle open and
close in response to continued steam generation in the core and the system
behavior more closely resembles the level control phase (300 to 900 seconds)
than any other mode. The core thermal power is now at an average of about.

3.5% of rated, slightly more than can be removed by the RHR used in this
evaluation. This mode of operation could continue with increasing drywell

,pressure. It is estimated that a pressure of 930 kPa (135 psia) would be i

reached at about 3.7 hours. For a plant with a larger RHR heat exchanger than
that used in this analysis, a 930-kPa drywell pressure might never be reached,
and the containment integrity never threatened. In any case, several hours

'

would be available to the operator to either vent the containment, or insert
rods or get the SLCS operational before containment integrity could be
threatened.

The RPV downcomer level shown in figure H-10 is the collapsed level and
remains close to the top of the jet pumps. The swell level in the core is
high enough to cover the core. Thus, at no time, the temperature of clad on
the fuel rods exceeds 1000 K, precluding any oxidation of Zircaloy during the4

phase of the accident when the core is partially uncovered.

The results detailed above do show that in this particular scenario, suitably
low reactor power can be achieved without unacceptably high clad
temperatures. However, because this scenario involved intermittent dump of
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water on top of the core via the spray system, power and reactvity spikes - |
would occur with unknown but probably undesirable effects.. It is believed ~ '

that suitable quantity of water additions from underneath (i.e., from lower
downcomer) will limit the power spikes and reduce the number of times the
valves have to be recycled.

H.S Severe-Accident Integrated Analysis Methodology (SIAM)

The SIAM code provides a methodology with which thermal-hydraulic and fission-
product transport and deposition calculations can be carried out simul-
taneously to predict fission-product behavior within reactor cooling systems
(RCS) during postulated degraded core accidents. The methodology involves the
coupling of the EPRI-sponsored codes CORMLT (H-17), which models the meltdown
progression of a nuclear reactor; PSAAC (H-18), which models the thermal-
hydraulic behavior within the RCS; and, RAFT (H-19), which performs the
aerosol transport and deposition computations.

This coupling of codes is required because based on the available reactor core
fission-product inventories and decay heating rates, the suspended and
deposited fission-product materials are capable of substantially increasing
gas and structure temperatures along the RCS. These increased gas and struc-
ture temperatures can potentially alter RCS flow patterns, induce local
failure of thin structural elements, redistribute previously deposited aerosol
material via revaporization and transport, and actually affect the release of
fission products from the core and from the RCS. Thus, the actual fission ;

product and thermal-hydraulic behavior during a degraded core accident may be
substantially different than that predicted by an uncoupled process.

Simulations of the TMLB' (PWM and TW (BWR) sequences nave been carried out
with SIAM (H-20). The results indicate that, for both sequences, coupling
aerosol and thermal-hydraulic calculations affects the aerosol behavior within
the RCS very minimally. The coupled thermal-hydraulic conditions for the
TMLB' case, principally the gas and structure temperatures, were, however,
significantly different from the uncoupled thermal hydraulics. For example,
the upper plenum gas phase temperature is up to 300 K higher if fission-
product heating effects are included in the calculation.

In contrast, the coupled thermal-hydraulic conditions for the TW scenario were
essentially unchanged from the uncoupled values. Coupling of the code package
has been completed and it is in the early stages of being validated against ,

experimental data obtained from the TMI-2 examination, LOFT FP-2 test, and |,

I TREAT STEP tests. Sensitivity and scenario calculations will be performed to
assess the adequacy of the coupling between the thermal-hydraulic and the
radionuclide transport processes.

I. NATIONAL AND INTERNATIONAL COLLABORATIVE SAFETY RESEARCH

In recent years, the research focus on high burden-low probability events has
placed requirements for the verification of analytical methods which predict
highly complex phenomena. Generally, their veracity is established through
the conduct of relatively large-scale experiments and tests. The conduct of

1
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such tests is generally rather expensive. To this end, major research
programs have recently taken on a highly collaborative and cooperative manner'

and spirit both within the United States and with foreign research organiza-
tions. While most of these efforts are experimenta, collaborative analytical
efforts at' growing.

In addition to expanding the available funding base resulting in enlarged
scope to enhance the databases for validating predictions, the collaborative
efforts provide a basis for mutual interchange of ideas and information. As a
result, these programs become more critically planned and evaluated, and often
produce the highest quality technical results.

The approaches to such collaborative efforts have evolved involving foreign
and domestic government agencies, EPRI, utilities, and reactor manufac-
turers. Only relatively current ones with EPRI involvement are cited below
(some have already been referred to but current participant restrictions on
use and dissemination of results precludes additional detailed reference at
this time). The Organization for Economic Cooperation and Development (0 ECD)
has recently been instrumental in facilitating nuclear safety research
testing. One extreme is the multinational-multimillion dollar thermal-
hydraulic and fission-product release and transport program in the LOFT
reactor in Idaho organized by 00E. A more modest sample is the OECD TMI-2
standard problem analysis.

The LACE (Large Aerosol Containment Experiment) aerosol transport
investigation organized by EPRI is focusing on aerosol behavior in containment ,

and ancillary structures. The newer (just organized) ACE (Advanced !

Containment Experiments) will include aerosol removal experiments and corium- i

concrete expeirments. The Marviken project, organized in Sweden, focused on
,

aerosol and volatile fission-product behavior within the primary system.

EPRI's participation in NRC's severe fuel damage consortium reflects EPRI's
and NRC's recognition of the importance of collaborative efforts for the

,

national good.
!

'

All projects noted above were sponsored by more than ten international,

partners with U.S. sponsorship from 00E, NRC, and EPRI in most cases.

Some hydrogen mixing and combustion investigations, the TREAT-STEP program and
some fission-product behavior studies at ANL were organized by EPRI and had
less extensive sponsorship.

A cooperative effort involving principally domestic sponsors is the Multiple
Integral System Test (MIST) for thermal-hydraulic studies of systems with
once-through steam generators. A prior related study called 0 TIS was
sponsored by a foreign industrial organization.'

Specific cooperative and collaborative efforts are emerging relative to the
maintenance, use, and development of major or large computer codes. Costs
here are also growing and various collaborative approaches are evolving. The
EPRI-sponsored RETRAN and HMS (Modular Modeling System) codes are currently in
the most advanced stages of such software development.
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To summarize, most of the OECD and CEC countries with nuclear programs have
been or are involved with one or more of such collaborative efforts.

J. CONCLUSION

In recent years, changes in the direction of nuclear safety research have
occurred, particularly with emphasis on work related to power plant
applications. Many research and development results are now being
beneficially used in the industry.

With the recent reorganization in the nuclear industry, a promise of more
effective operation of nuclear plants to contribute to the advancement of the
American way of life is offered. We all will need to do our part to fulfill
this promise, and EPRI is committed to making a contribution.

EPRI's research is one small part of that promise for the future. The results
from EPRI research in the safety area reported here, and outside the safety
area in maintenance, operations, materials, etc., will also have an important
role to play. The key to the application of EPRI research is the adoption of
technology by the utilities. The utilities, with EPRI support, have been.
showing leadership in accepting new technology to help them do things better.
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ABSTRACT .

In this paper, recent MAAP developments are described. In particular, the
most recent enhancements made both by EPRI and IDCOR are discussed. The sta-
tus of the independent verification and validation project is presented.
Finally, the results of a comparison between MAAP 3.0 and the Source Term Code
Package (STCP) on the Peach Bottom plant are given and discussed.

I. Introduction

The Modular Accident Analysis Program (MAAP)(1) was originally developed by
the Industry Degraded Core Rulemaking (IDCOR) Program to analyze severe acci-
dent behavior in an integrated manner. Models were developed for various
phenomena, plant systems, geometries, and for simulating various events for '

four light water reactor (LWR) designs in the United States. Each was charac-
terized by a reference plant, including Peach Bottom (Mark I BWR), Grand Gulf >

(Mark III BWR), Zion (large dry PWR) and Sequoyah (ice condenser PWR). Subse-
quently, EPRI enhanced MAAP's capabilities by developing the capability to
analyze three additional plant types, namely, Mark II BWR (Susquehanna),
Babcock & Wilcox large dry PWR (0conee), and Combustion Engineering large dry '

PWR(CalvertCliffs). Improved phenomenological modeling was also added and a
model for treating auxiliary buildings and secondary containment buildings was
added. The result is a new archived version, MAAP 3.0. A formal line-by-line
verification of this code is in progress. Additionally, sensitivity studies
are being carried out with it, in order to address key phenomenological
uncertainties and the effects of differences in sequence description.

In the remainder of this paper, the following will be discussed:

1. A brief description of the new MAAP enhancements.
,

2. Status of the verification and validation effort.
'

Results of a sensitivity study for Peach Bottom, where sequen p/ inanalyzed3.

byBattelle-CgmbuswiththeSourceTermCodePackageQCP)\|

NUREG/CR-4624 (a supporting document for NUREG-1150i ?) were run with'
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MAAP 3.0. Comparisons between MAAP 3.0 and the STCP will be made, and the
differences discussed.

II. MAAP 3.0 Enhancements

As part of still ongoing industry-NRC interactions, an issue resolution phase
was in ated to identify and resolve differences between the NRC and 10COR
models <. This resulted in further improvements in the MAAP code, including
phenomenological models covering in-vessel core meitdown progression, core-
concrete attack, and debris coolability within the containment. With active
interest by the industry to continue with the MAAP advancement program, EPRI
sponsored additional modeling development for the BWR and PWR codes which,
along with the Issue Resolution modeling changes, provided the full enhance-
ment package to produce MAAP 3.0. Tables 1 and 2 summarize the modeling chan-
ges made to MAAP as a result of the IDCOR issue resolution effort and EPRI
MAAP advancement programs, respectively.

DetaileddescrgionsofthemodelsinMAAP3.0maybefoundintheMAAPUser's Manual These models represent the various stages of severe ac-.

cident progression from the initial core uncovery to fission product release
to the environment. There are key models, however, which have significant in-
fluence in the overall accident progression and calculation of environmental
source terms. These models are briefly described below. |

A. Core Melt Progression Model

The physical and chemical processes which occur as core materials begin to '

melt and relocate are very complicated, and detailed modeling of these complex I

phenomena is difficult to implement. In the earlier version of MAAP (version
2.0), the core meltdown and relocation process was not modeled and molten core
material was simply allowed to heat up adiabatically until a user-specified
mass had collected. At that point, the molten material was assumed to slump

.

into the vessel bottom head where it could thermally attack and fail the ves- '

"

sel. This simple procedure predicted unreasonably high debris temperatures
under certain conditions; therefore, a model was added to MAAP by IOCOR during
the issue resolution process, to track the global p
andmovementofmoltenmaterialtothebottomheadtgggressionofcoremelting1

(
'

The meltdown process model assumes that the core components (UO , Zr and ZR0 )gformedaeutecticwhichmeltsatauser-specifiedtemperatureandlatentheak
of fusion (melting of undissolved Zr is not explicitly modeled). As the ma-
terials melt, they flow downward until they reach a frozen node or a node '

which is completely full. (The code calculates that once an individual node
begins to melt, the molten mass can flow downward provided that the flooding
criterion has been exceeded. This criterion states that molten core material
can be held up in the core provided that an adequate pressure exists below the
molten mass). The molten material and the previously molten but frozen (or
unmelted) nodes are homogeneously mixed, which usually freezes the molten ma-
terial. The model assumes that the convective motion within the homogeneous
pool is sufficient to prevent significant temperature differences. The calcu-3

lations of core melt progression indicate a rapid increase in molten mass once !.

the first node begins melting. This model is similar to the NRC STCP core'

i

h

i
;
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meltdown model (model "A") in the MARCH code module. .In that model, core
slumping is triggered by a user-supplied parameter defining the amount of core
mass that must be molten for core support failure.

B. Ex-Vessel Heat Transfer and Fission Product Release

The physical processes of a core meltdown progression within the vessel set
the stage for the ex-vessel physical and chemical interactions which occur
following vessel failure. Molten core material will relocate to the f ,or
directly underneath the vessel or be dispersed to other parts of the contain- ,

ment as a consequence of vessel failure. MAAP models couple the upward con-
vection and radiation heat transferred from the core debris with natural'

circulation flows in the containment. The upward heat losses control.the
corium upper crust thickness and debris bulk temperature. Downward heat
transfer models determine concrete erosion rates. Because of the coupling
employed in the integrated analysis of containment response, MAAP predicts
more upward energy loss and less erosion than the NRC STCP decoupled ap-
proach. This is in part related to the inherently more distributed core de-
bris configuration (lesser amounts, greater surface area, and smaller depth ,

than the STCP predictions). The lower core debris temperatures and lower con-
crete erosion rates would also tend to predict smaller ex-vessel fission pro-
duct releases. The fission product species present in the molten corium and
concrete mixture are released by three physical processes, the most important
of which is vapor stripping by concrete decomposition gaseous products. Off-
gas generation from concrete decomposition is determined by the rate of con-
crete thermal attack. Therefore, ex-vessel fission product releases are ex- '

'

,
pected to be sensitive to models which influence the debris temperature and

' chemical equilibria.

The release of fission products and other materials from the mixture of: core
materials as the gases are evolved assumes that they are in equilibrium with
the melt. Thus, the concrete decomposition gases bubbling through the melt

]
contain the partial pressure of each constituent of the pool. :

C. Fission Product Aerosol Transport Behavior

The MAAP models for fission product aerosol deposition in the RCS and con-
tainment use a correlation to describe the time evolution and deposition pro-
cess as fission product material is released from the core and transported
within the RCS and containment. The sedimentation correlatian was developed

. using airborne aerosol concentrations similar to those occurring in various
accident sequences in BWR and PWR reactor designs. These models are different-'

') from the NRC-developed models, which use basic representations of aerosol ag-
glomeration and deposition processes. Calculations using both models show
that substantial RCS retention could occur. Given such deposition, the in-,

fluence of containment parameters, sequence timing, or containment failure |
(its size and location) may not play significant roles in the prediction of i

environmental source terms. Note, however, that the decay energy associated
with these deposited aerosols within the RCS structure surfaces could have a
significant influence in the ultimate release since revaporization of these |

materials could occur later in time. The MAAP 3.0 aerosol numerical model
provides a significant calculational improvement upon the simplified aerosol

4

4
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;

correlation contained in the MAAP 2.0 models. Correlations of aerosol be-
havior for a number of deposition mechanisms have been developed to evaluate !

thespectrumofconditionsdurinf5pecouneofasevereacWent.
'

Correlations have been developed for sedimentation, inertial impaction, and,

turbulent deposition under steady-state or decaying conditions. Combination'

laws for more than one removal mechanism, as well as moisture accumulation for
hygroscopic aerosols, envelope the spectrum of possible conditions during a !
degraded core accident. The changes in the sedimentation correlation and
addition of deposition models could alter the distribution of-various aerosol
species, but the overall impact on previously calculated environmental<

r

releases is not' expected to be significant.
,

III. Status of MAAP Verification and Validaton

In order to assure that MAAP can credibly be used confidently by the nuclear )
industry, EPRI instituted an independent verification and validation pro-
ject. The elements of this process are listed in Table 3. The prioritization |
was necessary in order to identify those models which are most important in '

determining the principal code outputs, for example, time of containment fail-
,

ure and source terms. This enabled the early work to be concentrated on the
most important models. The priorities that resulted are shown on Table 4.
Since the original prioritization was done, several new models have been add-
ed, such as corium/concrate interactions chemistry (MET 0XA), a generalized ,

auxiliary /reactnr building treatment, and improvements in steam generator !modeling. These are also being verified and validated, j
i The line-by-line verification methodology can be illustrated by Figures 1 and

T

{2. The entire code is verified in this manner. Potential errors and other
-

questions are highlighted by numbered comments (e.g., comments 3 and 4 on the ',
i right side of cigure 2). Resolution of the comments either leads to correct- !
I ing the code, educating the independent verifier, or both. To date, priority- ;
1 items 1-5 (see Table 4) have been verified, and most of the questions raised i
I have been resolved. !

i
; To date, model validation has been carried out on the corium/ concrete inter-
1 action module and on the hydrogen combustion module. The methodology used is

to first develop stand-alone "submodels" for experiment analysis by identi-:

fying all major routines which are involved in a particular process or pheno-
menological calculation, determine all support routines required for the cal-,

culation, and combine these routines with an executive "driver" routine which,

| controls the calculation. Then, these stand-alone models are used to analyze
experiments and for comparison with detailed models. Table 5 lists the rou-

!i tines incorporated into the stand-alone model for corium/ concrete inter-
, action. In addition to the main driver, several routines had to be added to
j treat the experiments analyzed, since they are not completely prototypic of
; actual plant situations. As can be seen from Table 5, many MAAP subroutines
I were tested.
!
j The experiments analyzed with the "0ECOMP stand-alone model" included CC1,
j CC2, SWISS 1 and SWISS 2 from Sandia, and several of the Beta tests. In
: general, the agreement was very good. Total concrete erosion compared very
j well but the split between radial and axial erosion could not he predicted,

,
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because OECOMP has only a one-dimensional treatment of heat transfer from
cortum to walls and floors, and for resultant erosion. However, when a two-
dimensional treatment of these effects was added, excellent agreement
resulted. One final point should be made about this validation. When
comparing against the SWISS tests, excellent agreement resulted. MAAP also
calculates that debris would not be coolable by the overlying water under
these non-prototypic experimental conditions.

Validation of the hydrogen combustion module was done in the same fashion as
described for the corium/ concrete interaction module. Results of the FITS
tests and Nevada tests were used for the comparison. Agreement with the FITS
data was excellent. Very good agreement also resulted for the Nevada tests
where the hydrogen concentration was 8% or greater. Some manipulation of
parameters in the incomplete combustion models was necessary to achieve good
agreement for those tests where the hydrogen concentration was low.

IV. MAAP Peach Bottom Analyses and Comparison With STCP Results

In support of NUREG-1150, Battelle-Columbus Laboratories (BCL) has carried out
calculations with the STCP for five plants, including Peach Bottom. In this

''section, results of MAAP 3.0 analyses of the sequences analyzed will be com-
pared with the STCP results. The sequences considered include ATWS (TC1,' TC2,
TC3), and station blackout (TB1 and TB2). The sequence definitions appear in
Tables 6 and 7. Great care was taken to assure that the assumptions made in
the STCP analyses were also made in the MAAP analyses, even if they made

2little sense. Most noteworthy in this regard is the assumption of a 7 ft
containment failure size, occurring from overpressurization in the drywell.
Analysis by Chicago Bridge and Iron indicates that the failure would either
be:

,

1. Overpressure failure in the wetwell airspace, or
,

2. Leakage from the drywell head, and/or
"

3. Overtemperature failure in the drywell.

The event summaries obtained from the MAAP analyses are shown in Tables 8 and-
9. They agree relatively well with the BCL analyses. Agreement is not good,
however, on the source term results, as evidenced in Tables 10 and 11. Major
differences are as follows:

For the TC1 and TC2 sequences, significant differences are apparent between
the two calculations from the wide range of values shown for: 1) RCS reten-

1 tion of the volatile Cs! fission product species; 2) the suppression pool
! retention of Cs!; and 3) the reactor building versus drywell/ pedestal reten-
| tion for the Sr group. The high degree of Csl retention in the RCS predicted

by t..e STCP code models is due to the assumption of no revolatilization after
vessel breach. In MAAP, initially high deposition rates may be calculated,
but upon vessel breach, revolatilization would subsequently release the ini-

|, tially deposited aerosols into the drywell. Because of the relatively high
I drywell temperatures, most of the secondary releases (revolatilized materials)
| are not permanently captured by the containment drywell surfaces but find

1!!
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theig way into the reactor building. .The relatively high retention of aero-
sols in the reactor building ultimately reduces'the airborne fission products
available for release to the environment;.hence, the Cs! environmental source :

'

terms are comparable in the STCP code and MAAP calculations.

A secondary impact of the initial high deposition of Cs! in the RCS is noted
in TC2.= In this scenario, the ADS valves are closed (or the SRVs cycle).
Consequently, the fraction of Cs! deposited in the wetwell is observed.to be. ,

less than for the corresponding STCP code scenario. In the STCP code calcu- ;
'

lations, extremely high flow rate of high temperature steam and hydrogen gases
occurs (particularly at core slump) causing the SRVs to open, sweeping
substantial amounts of Csl into the suppression pool.

.

The calculation of Sr releases varies in both models as illustrated by the
high mass fraction of Sr retained in the fuel / debris for MAAP (a factor of at
least 2 higher than STCP predictions). Most of the released SR is deposited-

2

in the drywell for MAAP, whereas the STCP predictions show negligible amounts'

retained in the drywell. Most of the Sr aerosols are released from the con-
tainment in the latter analysis, where they are deposited on the relatively<

cold surfaces in the reactor building or released to the environment. Al-;
,

; though the retention in the reactor building is significant in the STCP cal-
culations, the volume leaked into the environment nearly equals it for TC2 and
far exceeds it for TC1. In the MAAP calculations.most of the Sr fission pro-

duct species are retained in the fuel debris. The Sr fission products release ;

which occurs during core-concrete attack is mostly deposited in the
drywell/ pedestal regions.

q

The pedestal cavity is modeled as a separate compartment volume within the
,

4 containment system in MAAP. This region, like all regions, can exchange mass
and energy (including fission product aerosols) with the reactor coolant sys-a

] tem and the drywell region. Density driven flows between the pedestal and the
drywell occur through the pedestal openings. Hot gases will rise and move in-

! to the drywell and cooler drywell gases will enter the pedestal. Fission pro-
duct transport and deposition within the two regions would occur along with'

the mass exchange. Therefore, a significant fraction of Sr aerosols released
from the corium debris is calculated to be deposited equally-between these two
regions. In the STCP code calculations, a very significant fraction of the Sr
inventory is released from the fuel debris ex-vessel into the single drywell,

volume and swept out of the containment through the reactor building to the
; environment. Therefore, a very large difference in the predicted Sr

environmental releases is noted between the two calculational models.
1

For TB1 and TB2, conclusions similar to those reached for TC apply with regard,

| to the predictions of in-vessel and ex-vessel fission product distributions

|

The Csl released early (shortly after containment failure) is*

predominantly transported as aerosols, l. ate secondary
fission product sources are released from the containment in
vapor form. These condense and form aerosols on transport
within the reactor building.

I

!
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and releases to the environment. The differences noted for the TC scenarios
(relative to Csl and Sr deposition and leakage to the environment) are also
observed for the T8 scenarios. As illustrated by the retention fractions in
the RCS, the suppression pool, and the reactor building (in Table 11), the
transport behavior of fission product aerosols as modeled between the MAAP and
STCP codes differs in many respects. Although the releases to the environment
for Cs! may be comparable (see T82), the distributions within the containment
system vary significantly such that general conclusions regarding congruence
in the source term predictions cannot be made.

For sequence TBl the time of containment failure is significantly different
between the two codes (MAAP predicts a failure time of 33 hours based on
overpressure conditions, whereas STCP calculations indicate that the con-
tainment will fail at 15 hours into the accident); therefore, predictions of
environmental releases and aerosol distribution within the containment system
would be expected to vary. This variation in results is predominant in the
calculations for the Csl fission product group. The trend noted in the Csl
release fraction to the environment between MAAP (longer containment failure
time) versus STCP (shorter containment failure time) is related to the differ-ence in the assumpti relative to revolatilization. This is contrary to
general conclusions g regarding mitigation of fission product releases for
sequences for which the containment integrity is maintained long after vessel
breach. In MAAP, the initially deposited Cs! materials in the RCS and the
drywell are re'-emitted as the temperature of the internal surfaces increase.
Therefore, when the containment fails, there is a significant inventory of
airborne volatile materials which can then be swept out as the containment is
depressurized. (This revolatilization is not modeled in the STCP calculations
after vessel breach).

For T82, the environmental release fraction of Csl is comparable in both
codes. Fiowever, as noted above, the distribution in the plant is very dif-
ferent. In the MAAP calculations, Csl retained within the containment system
is mostly deposited within the reactor building (75% of the core inventory), a
factor of 10 higher than the STCP predictions. On the other hand, the amount
scrubbed in the suppre lon pool is a factor of 4 less than that of the STCP
code calculations (6 versus 22% Cs!). This difference in the reactor building
and pool retention fractions is consistent with the modeling of revolatil-
ization rollowing vessel breach for MAAP, which is not considered in STCP.
The initially deposited volatile material in the RCS is eventually remitted
for deposition in the reactor building.

In this scenario, the suppression pool is available only intermittently for
scrubbing prior to vessel breach since the ADS valves were not actuated during
core melt, and flow to the pool is bypassed following vessel failure (and con-
tainment failure). Additionally, the leakage rate from containment during the
extended time involved in the revolatilization from the RCS allows a signi-
ficant deposition to occur as the fission product material is transported
through the reactor building. The time to containment failure is predicated
upon the assumed drywell shell failure at vessel breach; thus the relative
times are the same in both models.

I

A. TC Sensitivity Variations

|
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Variations in the TC sequences were defined relative to systems or model para- !

meters which could affect the thermal-hydraulic response of the reference )
,

cases, the sequence timing, and/or release characteristics. For example, for
|

TC1, RHR systems availability and ADS valves temporary reclosure as the con- i

'tainment is pressurized were examined. Since the focus of the evaluation was
j also a comparative examination of the NUREG-1150 basis, the sequence varia- ;

tions were directed towards parameters found in the NRC STCP models which )

could impact the release characteristics, within the constraints of the MAAP J

best-estimate modeling assumptions. Results of the variations are shown in
Table 12.

1. TC Sensitivity Case 1
.

This scenario is basically a TCl event where core coolant makeup was provided
by the low pressure systems upon ADS actuation. The RHR systems were assumed"

4

not available and the ADS valves were-assumed to reclose upon containment !

pressurization. Since the impact of these changes was more related to the RCS '

response and fission product deposition in the suppression pool prior to ves-
sel breach, the accident simulation was conducted up to 4 hours only. Since i

the ADS valves reclosed, the RCS pressure increased, and the low pressure
systems capability to inject coolant makeup was lost. Core melting occurred
prior to containment failure, which occurred at vessel failure. This varia-
tion in essence substantially changed the unique-characteristic of TC1, that :
of containment failure before core melt. Fission product released from the- |

RCS during core heatup and melting is transported to an intact containment. |
; Fission product releases to the environment may be slightly delayed, but since i

gross containment failure occurs at vessel failure (when the airborne fission I
products concentration in containment is still relatively high), these are

| expelled to the environment at such a rate that precludes substantial i
mitigation. !

2

I.

2. TC Sensitivity Case 2

This case is a variation of the TC1 scenario where the.RHR was lost, but gross
containment overpressure failure was precluded by venting the containment at
75 psia. With the pressure in containment relieved prior to exceeding the
differential pressure requirement to keep the ADS valves open, the flow from

; the pressure vessel to the suppression pool was maintained. Most of the fis-
| sion products not retained in the RPV are removed by the suppression pool via
j discharge through the ADS valves.
1
j The containment integrity was lost early (48 minutes) by operator venting,
j which results in coolant injection systems failure. The core melts but fis-
j sion products released from the containment are scrubbed by the suppression
: pool through the vent path. In this scenario, the suppression pool plays a

significant role in mitigating the releases by maintaining the ADS valves opene

during core melt and venting the containment in the wetwell airspace. Both;

! allow the flow of radioactive materials to be directed to the suppression
pool. Therefore, as seen in Table 12, removable fission product species
released to the environment are calculated to be quite small.

<

s

i
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|

3. TC Sensitivity Case 3

One of the key observations in the TC1 scenario was the relatively high ;

removal afforded by the reactor building surfaces, particularly due to !
i impaction. Recirculating flow velocity in the reactor building supports'

significant removal of aerosols by impaction. This scenario evaluated the
effect of not considering impaction as a removal mechanism for the potentially

,

;

high flow conditions induced by the ATWS event. A variation of TC1 which ne-
|glected impaction (by settir.g the surface area for impaction to zero) was4

evaluated. In the reference case, the total aerosol deposited in the reactor ,

>

j building was 2125 kg, principally made up of removal by impaction (74%).
|Gravitational settling accounted for 21%. By neglecting reactor building

'

i

impaction.-the total aerosol mass retained was essentially unchanged, i.e., !2050 kg was removed. Retention by impaction was zero, but the other mech- !

| anisms for removal compensated for this reduction. Almost all (93%) was due
j to gravitational settling. The amount of material removed by condensation and .

thermophoresis increased slightly (approximately 50%) over that of the refer-
,

ence case TC1. This interesting result indicated the dependence of the re-;

moval efficiency on the overall thermal-hydraulics. It-appeared that thermal-4

hydraulics controlled the effective residence time of the fission products in
| the reactor building. As long as the leakage rate could not compete with the

removal rates, the integrated removal became significant regardless of mech-
anism. The time constants for leakage in either case remained the same; thus,
the total removal did not change significantly, although the already small en-
vironmental source term (.038 Csl release fraction) was observed to increase

,
*

slightly over the reference case (a factor of 1.5). !
!

,

4 TC Sensitivity Case 4
'

tOne of the major assumptions made in defining the reference case TC2 is con-
!

tainment failure induced by the pressure and temperature loads on the primary
containment at vessel breach. It was noted earlier that the ultimate pressure !

) capacity was actually not exceeded. Therefore, if the containment integrity
is not assumed arbitrarily to be lost at vessel failure, the containment could

i; be challenged much later in time. The impact of later containment failure on
TC2 was examined in this sensitivity case. Note that containment failure was.

! predicted at 22 hours into the accident. The mass of fission product aerosols -

released from containment was reduced due to the extended time to containment j
failure. A reduction of at least a factor of 4 for the volatile vapor species j

i and more than a factor of 10 to 20 was observed for Ba, Sr group and Mo, )respectively, relative to reference case TC2.
i

,
,

| S. TC Sensitivity Case 5
l

This scenario is basically TC2. The intent in defining this sequence was to
investigate the sensitivity of hydrogen production in-vessel by preventing
core blockage. In the previous version of MAAP, this was modeled by assuming
that core blockage and cessation of clad oxidation would occur as the temper-
ature in a core node exceeded a user-defined value. In MAAP 3.0, this
flexibility no longer exists.

|

|
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Core blockage was modeled in MAAP 3.0 as a function of clad ballooning and
| melting. Since the fuel melting point was defined at the lower eutectic |
' temperature of UO , Zr, and Zr0 , the amount of clad oxidation predicted was ;2 2

lower than estimated in NRC evaluations. To investigate the effect of '

l increased hydrogen production, instead of making the usual assumption that :
clad oxidation is terminated and blockage ensues once core melting at the '

*

i eutectic temperature of 4040'F occurs, the equivalent melting point of the '

fuel was defined to be that of UO2 (5150*F) in this sensitivity case. The |

l assumption of a higher fuel melting temperature was made to simulate the NRC |
9 modeling of continued clad oxidation during core melting. The event timing ;

was not substantially changed, but the amount of clad and can-wall oxidation '

3 Iincreased to 14.5% versus the nominal 4.7% obtained in the reference scen- '

ario. NRC calculations give 60% for the reference case. This includes the
enhanced oxidation in the vessel (relative to the NRC TC1 reference scenario) .

due to continued CR0 injection and the core-coolant interaction in the lower i4

! plenum following core slump. Without CR0 injection for TCl in NUREG-1150, the
j clad oxidation calculated by MARCH is approximately 25%, substantially lower

.

!

I than that calculated for TC2.
.

!

The increased liquefaction fuel temperature resulted in higher RCS surface t

temperatures. The debris temperature was notably higher as well; thus, re- '

tention in the RCS was reduced. The increased debris temperature resulted in ,

increased releases from the fuel during core-concrete interactions. !

l 6. TC Sensitivity Case 6
j

One of the key differences observed between the MAAP calculations for Peach
' Bottom versus NRC STCP calculations is the mass of ex-vessel fission products

released through core-concrete interaction. In examining the BMI data set, it>

: was noted that a much larger area for interaction was defined in STCP. Case 6 !
t examined the impact of using the area from STCP for concrete attack in the |
1 MAAP analysis, in addition to the larger interaction area, the fuel lique- e
i faction temperature of 5150*F (defined in the previous case) was used in this !

sensitivity variation. The result indicated a significantly higher concrete
aerosol production; 24200 kg was produced versus 7480 kg for the reference
case. (This used the Peach Bottom 10COR data defined in the parameter file

; for a BWR Mark 1).
i

As a result of this change, the fission product aerosols released to the
environment increased by a factor of 40 for Mo (fission product group 5) re-
presenting the fission product species likely to be released during concrete

j attack. A slight increase was noted for Csl (a factor of 2), due to the in-
,

; creased driving force brought about by the increased non-condensible gas |
! generation, j
1

I 2. TB Sequences Sensitivity to Variation in Failure Size

| The two principal station blackout scenarios analyzed variations in the fis-
; sion product transport behavior for early (TB2) and late (TB1) containment

failures for otherwise the same sequence of events. The trends in the release-

}.
were noted to be consistent with previous source term assessments, i.e., early
containment failures tend to generate higher releases from the containment.

|
| 116

i

|
. . . - _ - - - .-. _ _ - .. .. . - . . .. . _ .



. -_ - - - . - - . -. _ _. - _ _

.

<

i

although the difference noted was not as significant as anticipated *. The<

environmental source terms (release from the reactor building) did not show a
_

corresponding relationship. This illustrates the importance of the reactor
i building as a mitigating feature of the Mark I containment designs. Further
i variations of the reference cases examined are discussed below. The sensi-'

tivity of source terms to containment failure size was studied for the station
'

blackout cases.
i (

Figures 3 and 4 correlate the variation of fission product source terms to the
.

:
'

failure size (area) assumed for the TB scenarios. The Cs! release to the en- !

vironment demonstrates the impact of the competing mechanisms of removal by :
leakage versus deposition. The airborne concentration of Csl+within the con- |
tainment system is reduced by natural removal mechanisms at the same time that |

| it is transported by gas flow between the containment volumes as well as the '

| environment. If the leakage rates for transport from the containment to the i

reactor building and the atmosphere are small (as compared to the deposition,

! rates) the natural removal processes are able to deplete the airborne fission !

! product available for leakage. Hence, smaller integrated releases are
! possible.

L
The noble gas release fraction illustrates the direct relationship of the

i leakage rate on the release. The curves indicate an increasing trend in the
integrated releases as the failure area is increased, indicative of the higher i

leakage rates obtained with the larger break area. For the T81 scenario,2#5 i

j the containment rapidly depressurizes with failure areas approaching 7 ft ,
thedrivingforceforleakageisnotmaintained;hence,theintegratedreleage;

approached an asymptote after reaching a failure of approximately 4 or 5 ft .;
..

The variation of the noble gases and Csl release fractions to failure size is [
.

illustrated in Figure 4 for sequence TB2. Due to the extended time following :

1 containment failure during which leakage from the containment could occur (for .

the early containment failure cases. TB2)
asmuchsensitivitybetweenthescenarios,$heintegratedreleasesdonotshow ~

:
i

On the other hand, the4
.

l !

| |
*

The late containment failure scenario (TB1) involved a'

significant revaporization of the volatile fission products !
in a closed system, thus forming a secondary source of +

release later in time. When the containment eventually
j failed (although it occurred late relative to core melt), the jamount of airborne fission products in containment was still

,

i significant.
<

|
**

The noble gas relepse fraction became asymptotic at pbreak areabreak area
j of less than 1 ft for TB2, smaller than the 4-5 ft
! observed for TBl. For the nonremovable species, the integrated
1 release is principally determined by the total leakage from the
| containment and reactor building (no competing mechanisms for
: removal exist. Therefore, as the time from containment failure
i

) tu
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environmental releases of the removable species are relatively more sensitive ,

to failure size in both TB1 and TB2 scenarios. This is demonstrated by the
loser release fraction of Csl as compared with noble gases. Furthermore, as
the driving force is reduced (as demonstrated by the TB2 scenario variations)
the integrated release from the reactor building becomes even Icner. Figures
5 and 6 show the sensitivity of the Cs! releases from the containrent to the

,

reactor buildicq (PCB) and to the environment. These demonstrate the var- i

iation in the etfectiveness of the reactor building retention for the failure 1

area sensitivity r.ises. Note that as the failure area is increased, the rel- I

ative amount of reactor building retention decreased. Figure 5 indicates some
sensitivityofthereactogbuilding0Fonfailureareafortherangeoffail-ure sizes of 0.08 to 7 ft for TBl. For TB2, there is a slight sensitivity

g
for failure sizes up to 1-2 ft
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extends, the total release f raction approaches unity. For TB1,
! the time interval is only 8 hours, but for TB2, the time interval

| is more than a day.
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Table 1

Susuary of Modeling Improvements in MAAP 3.0 For Issue Resolution *

Agreed Upon Path |
,

Issue To Resolution Modeling Change I'

i Fission product Incorporate release models from NUREG-0772 models
release prior to NUREG-0772 and consider Te re- incorporated into MAAP j
vessel failure leased in-vessel or ex-vessel along with EPRI steam '

'

oxidation model-

User option. Te-
i

released in-vessel or1 ,

ex-vessel - recommended
uncertainty analysis |

l In-vessel natural Incorporate in-vessel natural Incorporated in-vessel
circulation circulation model into MAAP and natural circulation

benchmark with TMI-2 model into MAAP-PWR ;

! Fission product and Perform extensive numerical ex- Extensive numerical
! aerosol deposition in periments with a sectionalized experiments have
j the Reactor Coolant aerosol code to validate and/or provided more compre- ;

| System (RCS) update aerosol deposition hensive aerosol depo- |
| correlations in MAAP sition correlations for ;

! the MAAP codes t

j In-vessel hydrogen 10COR would benchmark their cal. Core debris levitation !

: production culations against TMI-2 behavior model added to MAAP i

as well as the SF0 tests - NRC
I would investigate the possibility
I of carrying out the same bench- |

] marking calculations
. .

i Core slump, collapse A core melt progression model Core melt progression
.

j and vessel failure should be incorporated into MAAP models incorporated !

t into the MAAP-BWR and ,

: MAAP-PWR codes
'

.

!
'

l
| !
| |

| |

|
t

i

!

* This does not represent an exhaustive list of technical issues !

identif'ed in the Issue Resolution Effort. Only those issues !

which resulted in modeling changes have been listed here. |
1

|
;

ELF /cb/3825ST87
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Table 1 l

Sumary of Modeling Improvements in MAAP 3.0 For issue Resolution (Continued]

Agreed Upon Path i
Issue To Resolution Modeling Change

Ex-vessel fission 10COR will increase the number 10COR has developed a.
product release of chemical species tracked chemical thermodynamic I

during ex-vessel-core-concrete equilibrium model for. ;

attack tracking more fission
product species in the
core debris and their
release due to
stripping

Fission product and Addressed in the
aerosol deposition in resolution of fission
the containment product deposition in

the RCS

Amount and timing of Incorporate an aerosol plugging An aerosol plugging
.!suppression pool model into the MAAP codes model has been

bypass incorporated into MAAP |
!

Carry out sequence evaluations Grand Gulf sequences '

using the plugging model and for a run with the plugging |

sequence assuming a stuck-open model show
vacuum breaker with the plugging environmental releases
model overridden to be' dominated by

j noble gases
.

Release fractions for a
sequence with an
assumed stuck-open
vacuum breaker and the

; plugging model
overridden result in 1%i

of the volatile species
i released
e

4

|
,

d

e

i

!
j ELF /cb/3825ST87
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Table 2
!

EPRI MAAP Modifications Incorporated in MAAP 3.0 !

;

I

Task Modeling Enhancement- Effect of Modeling Change,

;

Add the secondary con. AUX code integrated into MAAP Increased user |

tainment and auxiliary such that the code can be run convenience and the code ;

ibuilding models to MAAP separately or as an integral can now treat flow from
part of the systems analysis the auxiliary building

into the primaryt

containment

i Model containment A simplified containment wall The influence of contain- '

strain strain model was developed and ment growth on the timing
,

; incorporated into the MAAP codes of key events is an
) integral part of the

calculation. Also, the
wall strain required to

I achieve the ultimate '

stress in the wall is
I calculated by the code

and can be used to !1

examine the effect on
local penetrations

Calvert Cliffs RCS modified to represent four No major changes from the i

specific models cold legs and two hot legs 10FOR reference plant ,

1

| analyses ;

;

A new recirculation line-up |
was added

.

Containment model was changed<

| to allow debris to be dispersed
from the reactor cavity into :
the upper compartment and :

'accumulate on the refueling

|
pool floor ;

j Core-concrete attack models ;

were added to the upper .

compartment j<

| A model for direct heating of -

the upper compartment atmos-
j phere was included for a user-
;

j specified fraction of the mass
j dispersed from the reactor cavity

'

:
i

i
!

I

ELF /cb/3825ST87
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Table 2
4

EPRI MAAP Modifications Incorporated in MAAP 3.0 (Continued)
,

Task Modeling Enhancement Effect of Modeling Change .

Oconee specific models RCS modified to represent four No major changes from the
cold legs and two hot legs 10COR reference plant ;

analyses

Model added to describe coolant
state entering the pressurizer ;

,

A letdown system term was added
to the A-loop water mass

A flapper valve model was added
along with a description of *

downcomer condensation

, Water level and atmosphere dump
4 valve controls were added for

each steam generator

Steam generator water level
control was modified to model ,

"bang-bang" operation*

Steam generator primary-to-
secondary side heat transfer
was modified to represent the,

auxiliary feed spray at the top
of the tube bundle ,

j RCS gas transport was coupled
! to the steam generator model to
l represent the influence of
! hydrogen on the primary side

heat transfer

i

.

'
.

<

1

i.

i
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Table 2

EPRI MAAP Modifications Incorporated in MAAP 3.0 (Continued)

Task Modeling Enhancement Effect of Modeling Change !

Susquehanna specific RCS model changed to allow high Debris transport to the ,

models (continued) pressere core spray for Mark suppression pool provides
II designs a substantial change in

the system response i

Core debris released from the compared to the 10COR '

reactor vessel can spread on Mark I and Mark III i

the drywell floor and reference plant,

eventually drain into the analyses. In particular,
suppression pool no significant core-

concrete attack would.

Model added to describe the occur and long term
,

, quenching of core debris in the cooling of debris :
1 suppression pool produces low drywell ,

! temperatures and limited '

: Model added to represent debris revaporization
decay heat deposition in the
suppression pool>

.

Additional containment heat sinks
! were added to represent the !

} Mark II containment
,

) Separate drywell/wetwell vent or !
j failure areas were added L
: '

,

A model was added to allow wet- :

well drywell coupling (loss of |pressure suppression)
|
'

4

4 Increased RCS BWR nodalization includes Generally no major ;
nodalization separate nodes for the changes from previous

,

j separators and the upper plenum, analyses, but some l

,
Also, the downcomer is divided differences in timing of j

| into two nodes revaporization and j

; fission product transport '

!

! PWR nodalization includes
: separate nodes for the upper

plenum, the reactor dome, the'

horizontal portion of the hot
legs, the vertical portion of,

the hot legs (steam generator ,

tubes), the cold leg side of !

the steam generator tubes, the
i

volume between the steam j
generators and the reactor !

,' coolant pumps, the horizontal
|

cold legs and the downcomer

i

Elf /cb/3825ST87
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Table 2
:

EPRIMAAPModificationsincorporatedinMAAP3.0(Continued}

Task Modeling Enhancement Effect_of Modeling Change'

! Improved RCS heat Both BWR and PWR RC systems have No major differences from
sink definition several additional heat sinks, previous reference plant

More importantly, the new analyses, but there are
model for the heat sink allow some changes in the
the node to be partially covered timing of revaporization
by a changing water level and fission product ,

transport
,

Improved relief / A model was added to represent No major difference from4

safety valve modeling the opening / closing deadband previous reference plant
within a valve group to more analyses
accurately characterize the i

fission product transport from
.

the RCS early in the accident
!

Decay heating of gases A model was added to allow the Due to the good heat
,

and structures decay power to be absorbed by transfer between the '

either the gases or the gases and the structures,
structures within the primary both models give
system essentially the same

result
i

; Suppression pool A model was added as part of The aerosol plugging i

10COR/85 Issue Resolution to model reduced the
represent aerosol plugging of calculated releases for

,

leakage paths between the the Mark I sequences with
drywell and the wetwell wetwall venting and the

: Mark III with drywell
iA particle size dependent OF leakage to essentially '

correlation was developed from noble gases. The,

the SUPRA code results and containment spray model .

; integrated into MAAP to give a was also found to be very ;
j mechanistic representation of effective in removing
i the fission product scrubbing aerosols and reduced

1

i in the suppression pool released to essentially 1
; noble gases. With the
| A model was added to describe time and particle size
; scrubbing of aerosols from dependent OF. the average
1 compartment atmospheres due to value over the entire
I water sprays accident is somewhat less

thar the constant value
, used in previous analyses
J

;

| PWR hot leg natural Models were added for both less upper plenum and
! circulation U-tube and 0TSG geometries more steam generator
i heating in high pressure

sequences in U-tube plants
I
.

ELF /cb/3825ST871
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,

;

;

,

Table 2 |

EPRI MAAP Modifications Incorporated in MAAP 3.0 (Centinued)
'

,

9

Task Modeling Enhancement Effect of Modeling Change '

| Quenching of a degraded A conduction model was developed Allows some recovery but
core for heat removal from solid no major changes from

core debris. This was implemen- previous 10COR analyses
ted for each core node (

i
!

4

i

$ ,

I

|

1 :
'

1

i

. !

: ;
^

:
I

i
! !

1 .

1 I

i !
.

i

!

i

i
i

1

4

i

i
1
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Table 3 *

Independent IV&V Process !
,

t

The IV&V process includes the following elements: '

i
Code Logic Evaluation and Model Sensitivity*

3

Prioritization and sensitivity analysis-

Development of line-by-line flow charts and block logic diagrams for all-
,

! routines
Development of a master index for all major variables which describe the L

-

variable, identify its physical units and how it is used I
,

Line-by Line Verification*

Detailed line-by-line review of the coding, translation of the coding into
!

-

algebraic expressions and text and association of the translated text and
the coding on a line-by-line basis

;

Checking of the consistency of argument lists, common blocks, etc. ij -

Dimensional analysis cf all variables and expressions ,'
-

Comparison of the coding with the model description in the User's Manual-

;i and other referenced sources
d

i

i Model Validation I*

s .

! Comparison of code prediction with experimental data or analytical- *

j solutions I

i ;

i,-
,

!
.

! !
i

'

i

!

!
;

k

l

b |

!
,!

!
,

ELF /cb/3825ST87
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Table 4

MAAP Routine Prioritizetion !

!,

!

Priority MAAP Routine (s) Phenomenological Area .

1 DECOMP Debris / concrete interactions

2 FLAME /SUAD, BURN,PLH2 Hydrogen production and combustion !

c 3 FPTRAN Radionuclide and aerosol transport and
deposition

, ,

.
i

1
4 HEATUP, BWRVSL, SOLPRP, In-vessel melt progression- ,

| PRISYS
'

:

I 5 CNAERO Radionuclide and aerosol release- t

j debris / concrete interactions
i

j 6 P00L0i Suppression pool scrubbing
3

7 FPRATB/B In-vessel radionuclide and aerosol release |
:1

j 8 (Many) Heat transfer and gas flow rates -RCS and |.

| containment i
l i

] 9 PLSTM (UCROR) Steam production debris beds j.

10 (Many) Steam condensation, heat transfer to ice
beds and water pools

,

11 EXVIN, OMENCH Steam production - explosions / spikes ;

i

12 ENTRAN, VFAIL, DCfAIL, JET Gas generation rates and debris dispersal (
at primary vessel failure

'
s

i

) 13 SPRAY Fission product spray removal j
1

] 14 (Many) Vessel failure timing |
9 |

!
! !
'

i
I

'

i
i

|

|
i

ELF /cb/3825ST87
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Table 5

Routines Incorporated into DECOMP Stand-Alone Model

Name Purpoce

JAYCOR ROUTINES

ORIV20 Main driver

INPUT 20 Input
.

PLOT 20 Plotting

INIT20 Initialization

CPGAS High temperature gas specific heats

HTMG0 A version of HTWALL for MGO slabs

HMIT Film collapse, periodic contact and gas film heat transfer models

MAAP SUBROUTINES (several are modified for 2-D model)

DECOMP Debris / concrete thermal attack
CNAERO Radionuclide and aerosol release
POWER Decay heat curve
EMISS Steel surface emissivities (oxidized)
HTWALL Heat conduction into concrete slabs
PLSTM Upward heat transfer to water pool
GASTRN Gas transport properties
HTSHCR Convective heat transfer upward
USOLIO Corium component thermal properties
SWATL' Super heated steam properties
STMSIU Saturated water c'] steam properties
VWATR Specific volum- 'I subcuoied water
TSATW Saturation tempurature of water ,

SOLPRP Corium mixture properties
VFSPAR Pool void fraction for bottom sporging
UCRCY Critical velocity for churn turbulent flow
UCROR Critical velocity for liquid entrainment
CVSTS Constant volume saturated steam specific heat
VISCST Superheated steam dynamic viscosity
THCST Superheated steam thermal conductivity
HWATR Subcooled water enthalpy
TFWATR Subcooled water temperatures
STWATF Saturated water surface tension
LOOKUP Table interpolation routine
BLOCK OATA

,

ELF /cb/3825ST87
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Table 6

Definition of the ATWS Scenarios Considered

Initiated by MSIV closure, followed by failure of control rods to insert and*

failure to initiate standby liquid control (SLC)

HPCI and RCIC initially work, initially drawing water from the condensate*

storage tank and then switching to the suppression pool

HPCI turbine pumps become unavailable due to bearing degradation when pool water*

reaches 93'C (200'F). RCIC and CRD insufficient to keep core covered

Containment pressurizes via steam flow through the safety / relief valves=

TC1: ADS valves somehow remain open. Low presure ECCS systems provide makeup*

which leads to pool heatup and eventual containment failure via4

overpressure

TC2: ADS valves remain closed. After high pressure ECCS systems are lost, core*

uncovers and melts
,

TC3: Same as TC2 but operator initiates venting through wet.< ell at 10% over*

design preesure

|

:

)
i

|
|

:

| |
!
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Table 7

Definition of Station Blackout Scenarios Considered

Initiated by loss of all AC power*

OC power available for six hours. At this time, steam-powered ECCS systems are*

assumed lost (battery depletion)

NUREG-1150 also considers immediate station blackout due to DC common mode*

failure

NUREG-1150 considers station blackout to encompass the risk-dominant scenarios*

for Peach Bottom

181: Containment failure is from overpressure at 9 bar. This occurs sometime*

after vessel breach

TB2: Containment failure is postulated to occur from overpressurization*

immediately following vessel breach

!

Elf /cb/3825ST87
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Table'8
'

Major Event Timing for TC Sequences

Event Ticing (Hours),

Event Sequence TC1- TC2

Transient event- 0.00 0.00

HPCI on 0.02 0.02-

RCIC on 0.03 0.03-

RHR on 0.17 0.17

HPCI off 0.31 0.32

ADS on 0.19

RCIC off 1.00- 1.24

Containment failure 1.73 2.51-

RHR off 1.73 2.51

ECC off 1.73 2.51

Core uncovered 1.74 0.44

ADS off '

Core radial region 1 blocked 2.47 1.57

Core radial ren'on 2 blocked 2.60 1.58

Core radial region 3 blocked 2.62 1.60

Core radial region 4 blocked 2.62 1.~ 63

Core plate failure 2.98 1.63
|

Vessel failure 3.00 .2.51 '

I
i

t

ELF /cb/3825ST87
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Table 9

. Major Event Timing for TB Sequences

.

Event Timing (Hours)

Event Sequence TB1 T_B2

Transient event -0.00 0.00.

HPCI on ' 0.01' 0.01

RCIC on 0.01 0.01

HPCI off 7.3 -7.29
.

1
Containment failure 31.8 10.52 l

Core uncovered 8.20 8.11

Core radial region 1 blocked 9.25 9.25

Core radial region 2 blocked 9.35 9.35

Core radial region 3 blocked 9.25 9.25

Core radial region 4 blocked 9.35 9.35

Core plate failure 10.60 10.50-

Vessel failure 10.52 10.52

,

-

ELF /cb/3825ST87 ;
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Table 10

Fission Prysuct Distributions for NJREG 1.150 Peach Bottom ATipS, Cases
(Fraction of Original Inventory) at etd of Calculation \*1

I

Seque".ce TC1 . Sequence TC2

Cesium Iodice Stront'ium Cesium Iodide Strontium
Location STCP MAAP STCP MAAP STCP MAAP- STCP MAAP-

<

In fuel / debris 0.00 0.00 0.25 0.60 0.00 0.00 0. h . 0.'73

,In primary system 0.16 0.01 2.4-4 3.3-3 0.17(b) 5.0-3 0.00 0.00

In wetwell 0.76 0.72 0.J2 1.3-3 0.80(d) 0.10 1.2-3 7,1-4

In drywell/in pedestal 0.01 3.8-4 7.0-3 0.35 0.00 1.0-4 3.-3 .25

In reactor building .03 0.23 0.13(c) 0.05 2.6-2 0.80 0.34 0.02

Released to environment .03 0.04 0.49 3.3-4 1.4-2 0.09 0.30 4.9-4

i

l

|

|

|
|

|

|

l
1

(a) End of calculation is 12 to 14 hours for NRC and 50 hours for .

EPRI. |

(b) High degree of deposition of Csl in the RCS is due to assuming no
(c) revaporization after vessel breach.The STCP takes little credit for strontium deposition in the

drywell. MAAP calculates significant strontium deposition in the
(d)drywell.I

'

High degree of deposition of Csl into suppression pool for TC2 is
due to extremely high flow rate of steam and hydrogen, causing
SRVs to open.

ELF /cb/3825ST87
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Tablo 11

Fission Product Distributions for NUREG-1150 Peach Bottom Station Blackout Cases

(Fraction of Original Inventory) at End of Calculation (a)

Sequence TB1 Sequence TB2
Cesium Iodide Strontium Cesium Iodide Strontium

Location STCP MAAP STCP MAAP STCP MAAP STCP MAAP

In fuel / debris 0.00 0.00 0.16 0.68 0.00 0.00 0.16 0.60

In primary system 0.67(b) 0.21 0.00 0.00 0.67(b) 0.13 0.00 0.00

In wetwell 0.23 0.22 0.03 0.00 0.22 0.07 0.06 0.00

In drywell/ 0.08 0.00 0.31 0.00 0.01 0.02 0.01 0.37(c)

In Pedestal N/A(d) 0.00 N/A(d) 0.31

In reactor building 0.00 0.35 0.13(c) 0.00 0.07 0.75 0.30 0.03

Released to environment 0.01 0.22 0.37 4.1-5 0.04 0.04 0.46 2.8-4

l

|

|

(a) End of calculation is 12 to 14 hours for NRC and 50 hours for EPRI.
(b) High degree of deposition o

f Csl in the RCS is due to assuming no revaporization after vessel
(c)kb!ECPtakeslittlecreditforstrontiumdepositioninthereactor

building. MAAP calculates significant strontium deposition in the
(d) pedestal.The STCP doet not model the pedestal region separately from the

drywell.
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Table 12

Sununary of Peach Bottom ATWS Sensitivity Analysis

'

Figures of Merit

ATWS Sequence Variation 1 2 3 4 5 6 7 8 9 10

'

1. TC1 ref. case (low pressure RCS) 1.74 2.47 3.00 1.73 50.00 0.72 0.23 0.04 0.05 8.0E-04
2. TC2 ref. case (high pressure RCS) 0.44 1.57 2.51 2.51 50.00 0.10 _0.81 0.09 0.02 5.0E-04
3. TC3 ref. case (TC2 w/WW vent) 0.44 1.57 3.00 N/.1 4.00 0.97 0.00 <1E-4 0.00 1.0E-05
4. TC1 w/ ADS valves closing 0.97 1.40 2.09 2.10 40.00 0.16 0.23- 0.05 1.0E-04 2.0E-05
5. TC1 w/WW vents 0.87 1.42 1.90 N/A 50.00 0.95 4.0E-04 <1E-4 1.4E-05 1.6E-06
6. TC1 W/no RCB impaction 1.74 2.43 3.00 1.73 50.00 0.72 0.20 0.06 0.05 -1.0E-03
7. TC2 W/ late DW failure 0.44 1.57 2.51 22.00 50.00 0.34 0.64 0.02 2.0E-03 4.0E-05
8. TC2 w/high core melt temp. 0.44 1.61 2.78 2.78 50.00 0.15 0.71 0.14 0.03 4.0E-03

(delayed core blockage)
9. TC2 w/high core melt temp. & 0.44 1.61 2.78 2.78 50.00 0.08 0.74 .0.16 0.02 4.0E-03

.

y increased area for concrete attack|

l

Description of figures of Merit:

1. Time core uncovered, HR

2. Time of start of core blockage, HR
3. Time of vessel breach, HR

4. Time drywell failed, HR
5. Time at end of calculation, HR

| 6. CsI fraction in pool
'

7. Csl fraction in reactor building

8. CsI released to environment
9. Sr in reactor building

10. Sr released to environment

i

I

~*
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i
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l'igure 1 l

( 3
.

1

EXAMPLE OF VERIFIED ROUTINE
! ARGUMENT LIST INFORMATION
|
1

|

|

ROUTINE ARGJHENT S*JFtt@Y

ARGMENT DESCRIPTION (UNITS) CODE

SV3 ROUTINE BTWALL(POCI HUGO CPGI,CPGO KGI,K00,DIFI.DIF0,VGI, POGI(mg ) gas dynaists vistosity inside of well (kg/m-s) U
IVGO,ETCPI.BTCPO,USTI,USTO TD,T! MAX,1 NIT,! WALL,5 CAL 8,ISUBI,CSTIAG, t000(m,) sas dynamic viscosity outside of wall (kg/m s) U
I PPSTI . P Ps'0, EGI . E00, FwL I , EWLO . RTSUS , HTEXT , AW , KL , XDLI , XDLO , RG I , R00, CPGI(Cp ) gss constant pressure specific heat inside "

g

2KW , XW ,0W, CIW , TWI TGI , TOO, PR I , PO, HST I , BS TO,(X21 RAD , of wait (J/kg *K)

3XWF , IENOD ,1 NieDD F . XM , ftN. T S I , TSO , T FI , TTO. TW , FTW , FXN , fW, CKio(Cp ) sas constant pressure spe: tite heat outside U

4 FHL I ,0LI ,0WI . QWO , QG; , QGO, QSUB I ,WCD I , m,QCD I ,0CDO, IMELT ,11 MELT , of wall (J/kg *K)

SSELI SHLO) K31(k ) sas conductivity inside of well (J/s a *L) Ug

KC0(k,) gas conductivity outside of well (J/s-s *K) U
2DIFI(D ) gas diffusion coefftetent inside of wall (m j,3 gg

IDIF0(D )* gas dif fusion coefficient outside of wall (a /s)U

3VGI(vg) gas specific volume inside of wall (m /kg) U

3VG0(v,) gas specific volume outside of wall (a /kg) U

???? BTCPI - to be determined when EWALL verified #

HTCPO - to be determined when INALL vertised #

USTI(vg) gas spec, internal energy inside of wall (J/kg) U
US70(u,) gas spec, internal energy outside of wall (J/kg)U
TD(at) - timestep tength (s) U

TIMAX(atsu) marteams timestep length allowed (s) U

INIT - a flag indlesting whether first call or U/R
subsequent call to RTWALL

! WALL - a flag indicattna the wall type (see below) U

SCALE a scale factor generally set = 1.0 U

| !SUB!- a flag indicating the well surf ace la sutmerged U
! CSFLAG - a flag to .ndiante that the well is either U

(steel lined) concrete et entirely steet
|

1
PPSTI(P,g.g) * steam partial pressure inside wall (Pa) U

FPSTo(P,g..) - steam partial pressure outside wall (Pa) U
EGI(eg) gas seissivity inside well U

E00(e,) gas emissivity outside wall U
! EWLI(eg.g) liner emissivity inside wall U*

EWLO(eg. ) - liner estesivity outside wall U

BTSUS(hsub) - bea*, trans fer coef. frcss submerged wall U
2to Itquid pool (J/s-e ..g3

RTEXT(h,) - heat transfer coet, from exterier surface U
t(J/s-a ..g3

2AW(,1) - wall area (m g y
XL(L) - well length (m) U

KDL!(Xg.g) - interior liner thickness (m) U

Coneinued
:
.,

>
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Fiaure 2
|

r 3 i

EXAMPLE OF LINE-BY-LINE F'ORTRAN ;
1

CODING VERIFICATION
ITW(INNCCF * 2 )) / RW) * THINW

101 IF (INNCC-INNOCF.LE.3) GO TO 100 if number of coarse noiest!NN00-INHC0F) * 3 goto 103

ILAST=INNOD-2 ILAST = 15 - 2 = 13
6+2=8IMID=1NNOOF+2 IMID =

C COARSE '.NTERIOR WALL NCCES

DO 2 I=IMID,ILAST for i = 4 to 13--coarse nodes centered between coarse nodes

dT(1) 1. T(1-1) - T(i)- T(i) - T(1+11-
2 FTW(!)=(TW(1-1)-2.EC*TW(1)* N (!+1))/RW'THINW = * --

dt p,Cp,ar, R, R,

|
\

| C TWO NOOLS ON FAR SIDE OF WALL eert to last node (tast coarse node this example)

dT(14) 1. T(13) - T(141- T(14) - T(15)<
1"3 FN( INNCC- 1 ) = ( ( TW ( I NNOD- 2 ) - TW ( I NNOO- 1 ) ) / RW- ( TW ( IM8CO- 1 ) - = -

dt p, Cp, Am, R, R -02

1TW(INNOD))/R20)*THINW
1ast node (outer liner node this enartple)

dT(15) 1. T(14) - T(15)< Q ,.,
FN( I N 400 )= ( ( TW( I lrNCC- 1 ) - TW ( I NN00 ) ) / R20+Qo/ AW ) * TH INSO = +-

R -o Adt p, , Cp,.,Ar,,, 2

C CALC 1TLATE FOTION OF MELTING INTE3JACE

!F (TW(1) _ GT . ( TCM4P+ 1. E 01 ) IMELT=1 if f(1) > T,,.,, + 1- first node is melting--set IMELT = 1

**" note T(1) is the toeperature of the first node. *"*

3 *"* which for the case where a liner exits is steel- *"*
- **** why is the steet liner toeperature ccapared to the"**

"** concrete melting towperature--it would be correct ""

*"* in this c ase to compare f(2) with T,,,,, and/or "**

**** f(1) with the steel melting point to determine ""

"' whether the well is melties "**

IF (IMELT FO. 0) RET"RN if the wall is not melting * RETL*RN

TW(1)=TCMP f(1) = T,...p (limit the first node toeprature to the !

concrete melting temperature) |
._

""6 * * * * s e e not e above
~

|

dX, dT(1)/dt

IT9 FN( 1 ) / TH I NS ! / ( tH* ( LIO.CN +C N* ( TCNMF TW ( 2 ) ) ) ) u=-=[p.gCp,. gas,.gI
dt

p, A + Cp,(T - T(21) |en-ep

k J
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GROUM) MOTION CHARACTERIZATION BASED Q_N I!1E

LINEAR AND NON-LINEAR BEHAVIOR pf STRUCTURES &@ E0VIPffNT

Robert T. Sewell *, C. Allin Cornell **
Gabriel R. Toro *, Robin K. McGuire *

Avtar Singh ***, Robert P. Kassawara ***

* Risk Engineering Inc., Golden, C0
.

** Dept. of Civil Engineering,_ Stanford University, Stanford, CA
*** Electric Power Research Institute, Palo Alto, CA

ABSTRACT: Results of recent study examining the effects of earthquake
ground motion on models representative of nuclear power plant (NPP)
structures and equipment is summarized. Fbtion characterizations
based on nonlinear structure response (as opposed to linear response
spectra characterizations) are first defined, and their significance
is discussed. Next, equipment behavior is examined for four
categories of structure-equipment response: linear-linear (i.e.,
linear structure, linear equipment), nonlinear-linear, '

linear-nonlinear, and nonlinear-nonlinear. Equipment response
components for each of these cases are identified and their
characteristics are examined. Relevnnce of this work in addressing
aspects of the seismic performance of NPPs is mentioned, particularly
regarding the effects of structure nonlinearity on equipment response,
and the influence of small-magnitude, high-PGA, high-frequency,
short-duration ground motions (typified by some recent recordings in
eastern North America) on typical -NPP structures and equipment.
Simple understanding and analytical methods are presented that allow
one to quickly assess the effects of given ground motion
characteristics on structure and equipment behavior.

,

l

INTRODUCTION
\

This paper summarizes results of research recently performed for the i

!Electric Power Research Institute (EPRI) through a contract with Stanford '

University and Risk Engineering, Inc. The purpose of this work has been to

characterize ground motion (GM) based on its ability to affect (linear and- |

nonlinear) response in structures and equipment which are representative of
those found in nuclear poHer plants (NPPs). S'multaneously, the intent has been |

to identify characteristics of ground motion.that have significant effects on
;

atructures and equipment, and to analytically explain the implications of these
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| characteristics for linear and nonlinear (NL) response condit' ions.- This

research addresses some important issues, such as the.following, regarding the
t

j seismic performance of NPPs:
i

1. How do small-magnitude (SM), large-PGA, high-frequency (HF),

short-duration records, such as those recently recorded in eastern North !

America (ENA)*, affect NPP-type structures (i.e., are these motions as
damage-effective as l arge-niagni tude, long-duration, design-type ;

earthquakes of lessor or similar PGA)?

2. khat are the effects of these high-frequency records on high-frequency
NPP equipment for earthquakes with PGAs representative of the OBE, SSE,
and beyond?

3. Do , mild amounts of structure and/or equipment nonlinear behavior

effectively "isolate" the equipment by reducing the dynamic forces that
it experiences (i.e., vis-a-vis forces under linear response conditions)

- for both the high-frequency records and. design-type motions?

In the next part of this paper, structural damage effectiveness of ground
motion, as analytically developed by Kennedy et al. (1984a), is revicHed and

'generalized from single degree-of-freedom (SD0F) models to multiple

degree-of-freedom (t00F) models. Damage effectiveness factors are defined and
compared for a few structural models and ground motions. The procedure to

incorporate these damage-effectiveness factors in a seismic hazard analysis j

based on structural damage is briefly discussed. |
<

Emphasis is then given to examining equipment response for the "ollowing

cases: linear (structure) - linear (equipment), NL-11 neat , linear-NL and NL-NL.
The linear-linear and linear-NL cases are shown to be the most realistic for
NPPs under SM HF motions, whereas all but perhaps the linear-NL cases are

*

In the text that follows, these records are terred "HF ENA" motions. By this, we do not rean to
irrply that ENA records are always of such HF character, or that HF motions cannot be expected in the
western United States. Rather, HF motion attenuates less rapidly in EPA, making the observation of
these characteristic HF rnotions (see Fig.1(e)) rnore likely in ENA. "EF ENA" motions, as applied in
this paper, refers to any record with this distinct HF character, regardless of recording location.
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important for NPPs under broad-band, design-basis (08) motions. To facilitate

comparisons, total equipment response for each case is divided into simpler

relative components. Characteristics of each component for various situations

are discussed. Analytical and conceptual "tools" useful for qualitative

prediction of these relative components are presented. The procedure to

properly combine these components is delineated, allowing one to readily

interpret how given ground motion characteristics influence total equipment

response.

STRUCTURAL ONMGE EFFECTIVENESS OF GROUNO MOTION
_

This section examines issues concerning the potential of earthquake ground
motions to damage NPP-type structures, as predicted from theoretical concepts
developed by Kennedy et al. (1984a). The inelastic spectral ordinate (for a
given ductility level, say) has been shown to be a basis for comparing absolute
damage effectiveness of ground motion. This ordinate can usefully be decomposed
into the product of two factors: first, the (more familiar) elastic part, the

elastic spectral ordinate, S ; second, an inelastic part, (1/F ). As initiated
a p

by Kennedy et al., we focus here on the latter part. This decomposition implies
that, given two ground motions with identical elastic spectral values (at a
given frequency), their spectral deamplification factors, F , are (inverse)p
measures of their relative inelastic damage-causing potentials. These relative

inelastic damage effectiveness factors are dependent on structural
characteristics, such as frequency and force-deformation behavior. There exist
two alternative useful interpretations of F : (1) given a structure with fixedp
strength, which is at incipient yield under a particular ground motion, F isp
the GM scale factor required to just acheive a ductility p in the fixed

structure, or (2) given a fixed ground motion that produces a maximum force in a
particular structure, where He specify this maximum force to be the structure's
incipient yield strength, F is the factor by which this incipient yieldp
strength must be reduced to acheive a ductility p in the structure under the
fixed ground motion.

Kennedy et al. shoH that F is governed primarily by the average "slope"
|p

of the elastic ground response spectrum (GRS) toward frequencies lower (softer)
than the initial (elastic) structure natural frequency f For instance, if3g.
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GRS amplitudes near f increase with reduced frequency, relatively small3g

increases in scaling (beyond incipient yield) will be required to induce a given
ductility p in the structure, and vice-versa for decreases in spectral

amplitudes with softening. This understanding, based simply on an informed

inspection of the elastic GRS, serves as a useful tool for predicting how a

structure will be affected when its yield capacity is exceeded.

Factors F studied by Kennedy et al. Here based on a S00F structure model,p
four structu*e frequencies, 12 ground motions, and two levels of structure

ductility (p=1.85 and p=4.27). The force-deformation model used had a pinched
hysteresis and was derived from Banon (1980). This model [herein termed the

"shear wall" (SW) model] simulates the behavior of concrete shear walls and
steel braced frames which are considered representative of the structures in
NPPs. Recently, Kennedy has obtained factors F for an additional set of 15p
(small-magnitude) ground motions (see Kennedy, 1987; Khemici, 1986).

The present research has helped to confirm the usefulness and consistency
of Kennedy's damage effectiveness interpretations by obtaining F results forp
additional ground motions and for a more complete array of structure

characteristics (Sewell et al., 1986; Cornell & Sewell, 1987; Toro et al.,
1987). This process has led to some important general observations that are
discussed below.

In Sewell et al. (1986), a base-case structure is defined. This reference
structure is a 3-Hertz (Hz) [ fundamental-mode), five degree-of-freedom (00F),
shear-beam model with Sil damping specified for the first two modes and
nonlinearity restricted to the bottom structural element. The reference
force-deformation behavior is similar to the piecewise-linear SW element
behavior described earlier, but with smooth stiffness transitiens (for details,
see Toro et al., 1987; Baber and Noori, 1985). This "smooth shear-Hall" (SSW)

element is better representative of actual structural behavior. In each
Iinstance that follows, unless noted otherwise, F is based on the bottom elementp

yield strength reduction factor necessary to acheive a ductility p in the bottom !

element of the 20F structure.
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Table 1

Factors F 4 for a 3-Hz, 5-00F Structure with Various Yieldp
Strength Distributions and for a 3-Hz SDOF Structure (all with SSW hysteresis)

- Results Based on 5 Ground tbtions (see Table 2)

!
Ground j SDOF Reference Uniform Elastic Uniform
fttion | Structure Case Strength Strength Ductility

I

I
El Centro to. 5 1 3.00 2.26 2.67 3.40 3.51
Taft | 2.96 2.23 2.33 2.54 2.93
Parkfield i 1.86 1.58 1.66 1.93 1.90-
Melendy Ranch | 5.15 3.73 5.04 5.12 5.13
Mitchell Lake 1 4.23 3.58 4.25 4.78 4.28

i

Shown in Table 1 are factors F ,4 obtained for a set of five ground motionsp
with widely varying characteristics and for three variations on the strength ~

distribution (Hith height) in the (otherwise) reference (3-Hz) structure;

results for a.S00F structure are also indicated. In the uniform strength case,
all elements in the structure have identical strengths, and thus, some

nonlinearity is alloHed in other than the bottom element. The elastic strength

caae is where all elements have yield strengths equal to (identical proportions

of) the maximum elastic forces they experience under the given ground motion;
this strength configuration generally allows significant ductilities in other

7.han just the bottom structural element. Lastly, the uniform ductility case is
where all five elements in the structure experience equal ductilities. The five
ground motions considered are described in Table 2; their response spectra are

1shown in Figure 1. ECS and Taft are long-duration records from large-magnitude :

earthquakes; Parkfield and bblendy Ranch are short-duration records from

small-magnitude earthquakes; and Mitchell Lake is a very short-duration record, j
Hith mostly high-frequency content, from a small-magnitude ENA earthquake.

|

Examination of Table 1 reveals record-to-record differences in the value of

F ,4 for the reference case; F ,4 is lowest for Parkfield and highest forp
Melendy Ranch. This can be explained by Kennedy's insight into S00F-based !

damage effectiveness factors: A 3-Hz structure subjected to Parkfield, upon,

|

| coftening, Hill "climb up" the GRS and experience motion significantly more

intense than initially. hblendy Ranch is an opposite case, where softening
moves the structure down the GRS. Among the five records, Parkfield and Melendy
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Table 2-

Ground Fbtlon and Earthquake Data

l | I l
| Magnitude | Recording Station | Fault i FGA

Earthquake | M M i and | 01 stance | 2
-| L S | Corrponent | (km) | (in/s )

i l I | .

I I I I
Imperial Valley, | 6.6 6.9 i El Centro Array S i 1 1 203.6

CA (1979) | | (140 ) | i0

Kern County, CA | 7.2 7.7 l. Taft Lincoln School I 40 1 69.3
(1952) { l (S69E) | |Parkfield, CA | 5.6 6.4 | Cholame-Shandon 2 | (1 | 188.8
(1956) | | (N65E) | |

Bear Valley, CA | 4.7 4.3 | Melendy Ranch (N29H) | 6 | 199.3.
(1972) | | | |

% Brunswick, | 5.0 --- | Mitchell t,ake Road i 4 | 91.1
Canada (1982) | I (26 ) | |

1 I l I

Ranch are er.treme cases of these two opposite effects, and hence, they result in

lowest and highest values of F ,4 Study of Table 1~and Figure 1 further showsp
that the SDOF-based factor F is a reasonably consistent measure of thep

j different motions' relative damage effectivenesses, and that the average "slope"
of the GRS is indeed the characteristic governing NL damage potential, given an
elastic spectral value. (It may be noted, though, that Mitchell- Lake

l predominantly excites the structure's second mode, and hence, a SD0F-based

effectiveness factor founded on first-mode frequency response may not be as ;

appropriate for this more complex case).

Sewell et al. present F results for other parameter variations. Thesep
; show, for instance, that the perception of GM damage effectiveness is only

moderately sensitive to the type of structural force-deformation behavior and to
the level of structural damping. Also, the absolute magnitudes of F from casep
to case are shown to be related to the hysteretic energy absorbed. The '

interested reader is encouraged to consult Sewell et al. (1987) for more
details.

| Computation of factors F for additional M)0F structures and additionalp
; motions have been performed by Cornell & Sewell (1987) and presented at the EPRI

workshop on Engineering Characterization of Small-Magnitude Ground Motion (Palo
Alto, January 1987). Factors F for a 3-Hz, 5-00F structure and a 9-Hz, 2-00Fp
9tructure were obtained, based on four categorizations of motions: |

|
t
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broad-Gpectrum, design-basis (DB) records and three types of small-magnitude
(M<5.5) records (Types A, B, and C). The study noted that: First, the

small-magnitude motions have narrower bands of frequency content, but their
central frequencies can lie anywhere from 1 to 10 Hz (or higher). Second, a SM

motion may have a PGA or spectral acceleration at a given frequency that is just
as high as that for a DB motion, albeit with low marginal probability. Third,
for structures with predominant frequencies just greater than a

predominant-frequency peak in a SM GRS, factors F can be lower (i.e., morep
severe) than for DB motions. The peakedness of the SM GRS, however, also
implies that, for most structures, they lead to less severe S,'s and/or F 'sp
than DB motions. Lastly, it was noted that the universal threat (i.e., to a

number of structures at various frequencies) of SM motions is generally lower

than that for DB motions of the same PGA,

Toro et al. (1987) also present factors Fp (as continuous functions of p)
for six NPP-type structures subjected to the EC5 and Mitchell Lake records, and
an additional EfM record (from the 1986 Northern Ohio earthquake). The

structures considered were 5-00F; 2, 3 and 6-Hz, and 2-DOF; 6, 9 and 12-Hz,
shear-beam models with SSW hysteresis. Nonlinearity was restricted to occur in

the bottom two elements of each structure; both bottom elements had identical
yield strengths. It was found that, given a structure had reached incipient

yield, the small-magnitude EtM records were equally or less effective than the
large-magnitude EC5 record, as measured by F. Effectiveness in terms ofp
elastic spectral acceleration, S , however, was seen to be much lower for the

a
ENA records. The implications for net or absolute effectiveness (i.e., S,/F ) '

p ,

were that the ENA records would need to be scaled by factors varying from 2 to
10 times greater (depending on the structure) than a typical design PGA in order
to produce significant nonlinear effects in a structure designed to just yield
under EC5 scaled to the design PGA.

,

All of the above studies have confirmed the usefulness of a SDOF damage
effectiveness measure and of the insights related to GRS shape as discussed by
Kennedy et al. (1984a). f4)0F-ba sed F 's should sometimes be computed withp
caution, though, as there is no unique definition of F in an t00F structure,p
and different motion and structure configurations may result in local
nonlinearities at different floors. Under such cases, one should compute Fp
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based on nonlinearity in the critical portion of the structure. ,

i

Seismic Hazard Analysis Based gn Structural Damace.

Methodology to incorporate damage effectiveness factors F into a seismicp
hazard analysis (SHA) based on limit state structural damage has oeen described
by Cornella Sewell (1987) and Sewell & Cornell (1987). The methodology is very
similar to conventional SHA, except that attenuation laws are defined (or
modified) to be in terms of inelastic spectral values (S,/F ) for variousp
frequencies f rather than on peak ground responses (PGA or PGV) or elastic

st,

spectral vah.es (S, or S ). [As an approximation, existing attenuation laws for
y

S, (or for S when multiplied by 2xfst) can often simply be divided by a singley

(frequency-dependent) average factor F IIst,(,fd), where ( and fd denoteOM

damping ratio and force-deformation characteristics, respectively, and DM

denotes any general damage measure (not necessarily ductility p). These average

factors, as well as the "exact" attenuations on (S /FDM) themselves, for severala

structural frequancies, damage measures, and for the BL and SW hysteretic models

(all for 5% damping), have been computed by Sewell (Ph.D. Thesis, to be

published) and discussed by Cornell & Sewell (1987)l. Performing a conventional
SHA with these new attenuations results in a constant-damage, uniform-hazard
spectrum (CDUHS) [as opposed to the more familiar uniform hazard spectrum (UHS)

based on S l. The COUHS presents design yield forces (or accelerations) thaty

result in a uniform risk of exceeding a given limit state damage threshold.
Example spectra are presented in Figure 2. CDUHS for two nonlinear limit states ;

and the linear UHS, each based on a hypotnetical design probability level, are

shown for a hypothetical site.

GR_0VND MOTION EFFECTS ON EQUIPffNT IN LINEAR AND NONLINEAR STRUCTURES

This section summarizes research work that has examined the effects of
ground motion characteristics on the response of equipment in linear and

! nonlinear NPP-like structures. The linear-structure / linear-equipment case is

considered first. Analytical formulations and intuitive understanding are

presented to demonstrate why, for instance, HF motions (typified by some SM EtM
records) may not generally be as severe on HF equipment as their GRS imply. The

elastic floor response spectrum (FRS) is used to show results for linear
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EXAMPLE OF UNIFORM llAZARD ANALYSIS ~
BASED ON STRUCTURAI. DAM AGE
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Figure 2. Example Constant-Damage, Uniform-Hazard Spectra for a hypothetical
site. Values in parentheses in (b) denote 50-yr exceedance probabilities for
the designated damage states.

equipment response in linear f00F structures. The second case considered is
PL-structure / linear-equipment behavior. The authors .have obtained recent

results that contradict the belief held by many engineers that structure

nonlinearity effectively isolates HF equipment from ground motion. The floor ;

response spectrum ratio (FRSR ), defined as the FRS for NL f00F structurep
response (at ductility level p) normalized by the corresponding FRS for linear
structural behavior, is used for comparisons. The third case considered, i.e.,

linear-structure /NL-equipment response is shown to generally be realistic only
for NPPs subjected to HF ENA motions, whereas the (fourth) NL-structure
/NL-equipment case is likely applicable only for NPPs under low-frequency (LF)

i

i

California motions. A damage effectiveness factor for equipment, Fp ,q, is
defined, and is governed by the shape of the FRS, analogous to F beingp
dependent on the shape of the GRS. AStE code-implicit ductilities for passive

'

equipment are discussed in comparison with computed ductilities under various
Cases.

The complete overall picture of how ground motion affects total equipment

response is demonstrated by appropriately combining the relative response
measures FRS, F , FRSR , and F The concepts discussed enable one to assessp p p eq.
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;

qualitatively the characterisites of equipment recponse, given the input GRS
along with basic structure and equipment properties.

Linear Eouioment Response in Linear Structures. The authors have performed

analytical studies (Toro et al.,1987; Cornell & Sewell,1987) that examine FRS
in linear POOF structures under various ground motions. These studies have

demonstrated that a simple inspection of the GRS is not adequate to predict

equipment response. For instance, some engineers may hold that, because of
their substantially greater HF content, SM ENA motions induce greater forces in
HF equipment than LF motions of the same PGA. By the same token, one might
think that a ground motion with no energy beyond 10 Hz would be incapable of
inducing significant response in a, say 25-Hz, piece of equipment. Studies

show, however, that in many instances, these simple reasonings do not hold.
Background and insight that explain this apparent discrepancy are presented
below.

Cornell & Sewell (1987) considered 3-Hz, 5-00F and 9-Hz, 2-00F structures
,

subjected to DB and Type-A, -B, and -C SM ground motions. We here specifically
consider results only for one DB motion (ECS), and for the two Type-C motions

'

studied (Mitchell Lake and Northern Ohio). To facilitate comparisons in what
follows, results are presented by normalizing responses for each motion by those
produced for the DB-like EC5 record. [All records have been scaled to a common

2PGA of 0.159 (57.96 in/s ) for analysis).

Table 3 shows 5%-damped GRS values, at 3, 9, 15 and 25 Hz, for the three

ground motions, normalized by corresponding values for EC5. It is seen that GRS
for the Type-C motions are much lower at 3 and 9 Hz, and much higher at 25 Hz
than the corresponding GRS for EC5. Table 4 shows the ratios of (first-floor)
maximum equipment acceleration (at frequencies 3, 9, 15 and 25 Hz) under each
motion divided by equipment accelerations under EC5, for the two different
atructures (3-Hz, 5-00F; 9-Hz, 2-00F). It is observed that, even though GRS are
about the same for all motions at 15 Hz (see Table 3), 15-Hz equipment responses
to the Type-C motions are only about two-thirds (or less) those seen for ECS,
regardless of the structure. For structure fb . 1 (3-Hz), even the 25-Hz
equipment response is less for Mitchell Lake and Northern Ohio than for EC5,
despite the much greater HF GRS of these former two records. Only for very

1
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high-frequency (25-Hz) equipment in the HF 9-H: structure (No. '2), are relative,
equipment responses as severe as those implied by the GRS at 25 Hz. [This
observation is confirmed by the (more comprehensive) results obtained .in- '

Toro et al. (1987).].
Table 3

GR$(f) Normalized by the Corresponding GR$(f) for
the El Centro No. 5 N tion

Frequency
Motion

-

'

| 1 1

3 Hertz | 9 Hertz i 15 Hertz | 25 Hertz
! | |

| | 1

El Centro No. 5 1.00 | 1.00 | 1.00 | 1.00
Mitchell Lake 0.08 | 0.49 | 0.96 | 2.59

Northern Ohio 0.12 1 0.34 | 0.84 | 3.26
I I I

(Absolute) | |

GR$(f) for | |

the EC5 Ntion 127. * , 131. * I 98.2 * | 64.1 *
Scaled to 0.159 ] _| |

* Units are in/s

Table 4

Maxirum Force in Equiper.ent Mounted on the First Floor ,

Normalized by that Seen for the El Centro No. 5 Motion
Structure 1: 3.Hz, 5.DOF. Structure 2: 9.Hz, 2.DOF j

F

Equipment Frequency
,

3 Hertz 9 Hertz 15 Hertz 25 Hertz

i I I
Ground Structure | Structure i Structure i Structure
Motion No.1 No.2 | No.1 No.2 | No.1 No.2 [ No.1 No.2

1 1 1

I I i
ECS 1.00 1.00 1 1.00 1.00 1.00 1.00 | 1.00 1.00

i

Mitch. Lake 0.05 0.09 _| 0.57 0.77 0.66 0.65 .1 0.77 2.50 i

Northern Ohio 0.07 0.15 1 0.34 0.44 1 0.45 0.62 1 0.98 3.11 1

I I I'
(Absolute) | 1 i

Max. Equip. | | |
Acceleration 360. 136. I 197. 357. I 131. 140. I 91.3 115.
for ECS 0N I I I2(in/s ) | 1 |

The reasons for these observations are discussed in de; ail by Cornell &

Sewell (1987) and Toro et al. (1987). To describe briefly, the absolute motion
of equipment is comprised of both the absolute motion of the floor (structure)

,

i

i
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and the relative response of the equipment. For HF equipment in a low frequency
structure, that portion of the absolute equipment motion contributed by the
(clowly varying) structure predominant-mode motion is termed "static" and that
dua to the (rapidly varying) higher-mode floor motion and relative motion of HF
equipment is termed "dynamic." "Static" and "dynamic" components-develop to
d2grees dependent, respectively, on GM strength at the structure's predominant
frcquency and at the equipment frequency (or higher-mode structure frequencies),
and according to the structure's transfer function. GRS values for perhaps

ssveral frequencies may have important effects on equipment response.

Linear equipment response in linear structures has been Hell studied
theoretically, and complex general mathematical formulations have been obtained
earlier by others [e.g., see Igusa & Der Kiureghian, (1985a,b)]. Toro et al.

(1987) use these formulations to confirm their agreement with analytical
time-history results and to lend insight into factors that influence equipment
response. By making suitable assumptions, Toro et al. present a simplified
closed formulation of the Igusa & Der Kiureghian analysis, and apply it to
obtain approximate FRS in POOF structures (without performing time-history

analyses) for various motions. The analysis show good agreement with time

history calculations, and can be used to obtain fast and accurate estimates of
linear equipment response in linear structures.

Linear Ecuipment Response in Nonlinear Structures, men a structure goes

nonlinear, its floor motions are modified, and hence, equipment forces are also

modified (vis-a-vis motions and forces under linear structural behavior). It

has been thought by many engineers that such structure nonlinearity would
considerably benefit equipment by "isolating" it from the ground motion. This

expectation has been supported by studies that 2xamined FRS in SDOF structures
under linear and NL response conditions (e.g., Lin & Mahin, 1985). The results

of these studies for SDOF structures consistently showed structure nonlinearity
to dramatically reduce equipment forces for equipment frequencies at and above
the fundamental structure frequency; at equipment frequencies lower than the
structure's fundamental frequency, minor increases (up to about 15 %) in forces
were consistently seen. Isolated studies that examined FRS for linear and tL
POOF structures, however, had not consistently demonstrated these results;
although they confirmed the LF-equipment force increases and the dramatic force
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decreases at the structure's predominant frequency, in some instances they

showed HF-equipment forces to increase substantially with structure

nonlinearity. (Newmark & Kennedy, 1979; Kennedy et al., 1981, 1984b; Wesley &
Hashimoto, 1981; Bumpus, 1981). The reasons for these discrepancies in HF FRS

for nonlinear F00F vs. S00F structures had been mostly unexplained. First, it-

Has not clear that the isolated results for FRS in f00F structures were correct
(since these numerical-integration-based studies mainly focused on lower

frequency structure response rather than on high-frequency FRS). Second, if the
F00F structure results Here taken as correct, it was difficult to predict for

what conditions equipment response increases Hith t00F structure nonlinearity
would occur.

I

To resolve this issue, SeHell et al. (1986) undertook a comprehensive |
parameter study examining all factors expected to have an influence on FRS in NL |

F00F structures. The primary factors varied in the study were numerical i

solution technique, structural characteristics (frequency, configuration and
degree of nonlinearity, force-deformation model, damping), GM characteristics,
and equipment characteristics (in-structure location and FRS damping level).

The 5-00F reference structure described earlier was used as the base case for
comparison, and analyses were performed for structure bottom-element ductilities

of p=2.0 and p=4.0. The set of five ground motions summarized in Table 2 Here
used. Numerous controlled variations on the above factors Here studied to
scrutinize their influence on results. Equipment responses were presented as

(5% damped) FRS and corresponding floor response spectrum ratios FRSR - i.e., Ip
the ratio of FRS for NL structure response (at ductility level p) normalized by
the corresponding FRS under linear structure response. Some of the most
important results of the parameter study are summarized below; the readct is
referred to SeHell et al. (1986, 1987) for a more detailed summary.

Effects of numerical solution and stiffness discontinuities gn FRS. To see

whether or not some numerical solution methods lead to fictitious HF FRS

increases with structural nonlinearity, FRSR Here computed using four numerical
integration methods, each with four different integration time steps. The

results demonstrated that any of the numerical procedures could possibly lead to
inaccuracies in FRS, especially at high frequencies; such errors, hoHever, could
be reduced to negligible values for sufficiently small time steps, regardless of

:
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tha integration procedure. Additionally, to see if fictitious "sharp corners"

in commonly used, piecewise-linear hysteretic models (of the structure) lead to
artificial increases in HF FRS, floor spectra were computed for corresponding
piecewise-linear and smooth-cornered force defctmation models. The bilinear

(BL), "smooth" bilinear (SBL) [see Wen, 19761 and SW, SSW models were employed

for this purpose. R6sults indicated that piecewise-linear models generally led
to HF FRSR only moderately greater than those for corresponding smooth (i.e.,
more realistic) models.

From the above results, it was concluded tnat HF FRS increases with

structure noCinearity were not generally attributable to numerical solution
procedure or to fictitious stiffness disentinuities in force-deformation

models. Rather, depending on the particu1 case at hand, one may or may not2

expect to see "legitimate" HF FRS increases with structure nonlinearity.

Factors found to have the greatest influence on HF FRS in NL structures are

considered below. Simple insights useful in qualitatively predicting conditions
that result in lcrge HF FRSR values are also mentioned.

Factors with significant effects on HF FRS. Factors shown to have predominate

influences on HF FRS for NL structure response were: the degree and

localization of structural 79nlinearity, characterisites of the ground motion :

spectrum at key frequencies, and in-structure location (floor level).

Degree and localization of structural nonlinearity. HF FRSR computed at
ductility level p=2.0 were noted to be significantly greater than corresponding
results for p=4.0. Generally speaking, HF FRSR were found to increase with j

ductility f rom p=1.0 to som- h1|;her ductility level (such as =1.5 to 2.0), and I

then decrease with increasing nonlinearity,
i

Localization of nonlinearity was studied by examining HF FRSR results for
3-Hz structures modeled by 1, 2, 3, 5 and 9 00Fs. Nonlinearity was restricted
to occur only in the bottom structural element for each of these cases; thus, a

more localized nonlinearity resulted as the number of 00Fs was increased.
Figures 3a and 3b plot, respectively, first-floor FRSR results for the S00F and
9-00F 3-Hz structures under the EC5 ground motion. Dramatic increases in HF
FRSR values are seen as nonlinearity becomes more localized (i.e., as the number
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of 00Fs is increased). Effects of localization of structure nonlinearity were
also seen by considering HF FRSR (under ECS) for structures that Here identical
in every respect except for their yield strength distributions. The four
structure configurations considered earlier (see Table 1) were studied for their
effects on FRSR. The results again indicated that structures which developed
more localized nonlinearity resulted in higher HF FRSR. This is confirmed by
considering Figures 4a (reference case) and 4b (uniform ductility case). For
the latter case, He see HF FRSR results that begin to approach the beneficial
effects seen for S00F structures (compare Figure 3a).
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Figure 3. First-floor FRSR results for (a) SDOF and (b) 9-D0F structures.
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Figure 4. First-floor FRSR results for (a) Reference and (b) Uniform Strength
structures.

1

Ground motior, characteristics. HF FRSR Here obtained for the five ground

motions with Hidely varying characteristics described in Table 2. In general,

it Has seen that large HF FRSR values were associated with motions that
contained considerable input energy at the structure's predominant frequency,
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but little input energy at the higher-mode structure frequencieso (Consider,

for instance, GRS for the ECS and Mitchell Lake ground motions shown in Figure
1, and compare the base-case HF FRSR for these motions in Figure 4a versus
Figure 5). This observation was further confirmed.by parameter variations of
structural frequency. For instance, modifying the reference (3-Hz) structure to
have a 1-Hz fundamental frequency and higher-mode frequencies between 3 and 7
Hz, when subjected to EC5, resulted in (beneficially low) first-floor HF FRSR
similar to those seen in Figure 5 for Mitchell Lake. For. this case, relatively

greater energy existed at the higher-mode frequencies than at the predominant
frequency (see Figure 1), and thus, HF FRSR were much lower than those seen for
the 3-Hz structure subjected to EC5,

Figure 5. First-floor FRSR results rna. rm n. mn <u. m,

based on the Mitchell Lake ground
motion and the Reference Case _ ~
structure. (Note the similarity with E -e

Fig. 3a for the SD0F structure). [ - - " "
3 4E, NV }

b / -

Atwo ,,e$, *

In-structure location. FRSR results presented above have always been for
the first floor because this location typically yielded the most significant

effects. In general, HF FRSR values were seen to diminish with height in the
,

structure. More generally, large HF FRSR values are seen to occur in the

vicinity of localized structural nonlinearity. Thus, depending on location
alone, one could expect either HF FRS increases or decreases with nonlinearity,
and this simple fact by itself can account for previously observed

j ' t r. consistencies" i.e., both decreases and increases in HF FRS for NL F00F--

structures.

fnsight into HF FRSR behavior. The analytical observations above help to

identify conditions where large HF FRSR values can be anticipated; they do not
provide direct understanding as to why these results occur. In Sewell et al.

(1986) and Toro et al. (1987), the authors present vach qualitative

.
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understandingo Explanations are provided in terms of two opposing phenomena:
"base-isolation" and "internally inducedd effects. The "base-isolation" effect

is characterized by reductions in HF equipment motion due to the increased

structural damping that accompanies hysteretic behavior. The "internally

induced" effect is characterized by increases in HF equipment motion (with
structure nonlinearity) due to the differences in internal spring-forces that

exist under nonlinear versus linear conditions; these spring-force difference

"loadings" may have a configuration (e.g., for bottom-element nonlinearity only)
that tends to excite higher structural modes. These concepts of "base isolation
effect", "internally induced effect" and "spring-force difference loadings", and
their usefulness in explaining observations'of large or small HF FRSR under many
different cases, are discussed at length by Sewell et al. (1986). The
interested reader is encouraged to examine that reference for further details.

In the above results, it is important for one to keep in mind that the FRSR
portrays response only from a relative NL versus linear structure perspective.
The absolute response of equipment depends not only upon the FRSR but also upon
the elastic FRS and F. Hence, although a motion (e.g., Mitchell Lake) mayp
result in beneficially low HF FRSR, it may produce significant HF FRS (depending

on factors discussed for the linear-linear case). Such a motion may further be
unlikely to induce the structural nonlinearity required to obtain HF FRS

reductions. (Recall, earlier in this paper, it was seen that HF ENA motions

have to be scaled to unlikely PGA levels in order to induce significant

structure nonlinearity). Thus, the case of NL structure / linear equipeent is,

perhaps, realistic only for LF design-type motions,

tbnlineer Eauipment Response in Linear Structures. As just mentioned, it is not
likely that NPP-type structures will yield under HF Ef4A motions. Consequently,
the cases of PL-structure /NL- and linear-equipment are considered to be

unimportant for these motions. khen considering the case of linear-structure

/ linear-equipment, however, it was noted that under certain
J

HF structure - HF equipment conditiens, one may see equipment forces greater
than those seen correspondingly under a DB motion. Because of this, the

linear-structure /NL-equipment case is thought to be of importance for HF

motions. For 08 motions, however, this case is not considered to be as

realistic, because it is generally believed that equipment is designed such that
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it remains elastic beyond or near the yield point of the structure under. such
motions. Thus, when we consider linear-structure /NL-equipment response, we are
primarily concerned with HF ENA motions..

Nonlinear equipment response is considered in some detail in Toro et al.

(1987). It is noted there that, for certain passive NPP equipment (e.g.,

piping), the applicable AStf code allows (elastically determined) responses to
exceed component yield strengths ty factors of 1.2 to 2.0 (1.2 being' )

representative for support structureq 2.J being representative of piping). The !

concern is whether or not these yie,a strength exceedances are accompanied by

| component ductilities greater than allowable ductilities and ductility

| capacities. To address this concern, one can define an equipment damage
t

effectiveness factor F that is completely analogous to F for the structure,
p ,q p

i but where floor motions (as opposed to ground motions) are of concern. The same

insights from Kennedy et al. (1984) regarding the dependancy of F on GRS~ shape ;
p

j can be used, applying them now to F being dependent on the shape of the FRS. -

p ,q

Thus, for a piece of equipment with frequency f,q whose yield force is exceeded
by a given factor Fp ,q, if FRS amplitudes increase as the equipment softens ;

' (i.e., toward lower frequencies), then a significant ductility factor will be j

realized; vice-versa for FRS reductions with softening. FRS for the HF ENA
motions may have peaks at higher-mode structure frequencies, and it thus appears i

equally likely to expect f to lie either in a FRS valley or on a FRS peak. Iteq ;

should be noted, however, for a HF EtM motion to cause exceedance of a DB
!

equipment capacity, often implies that it lies close to the top of a peak in the j

| FRS. This generally suggests relatively low ductility levels, although cases
i can be c;onceived where f,q may lie on the HF shoulder of a FRS peak, resulting

in high equipment ductilities.

.

I

| Toro et al. (1987) have compared computed ductility demands for ENA
j motions against allowable ductilities inferred by the AStf code. Results show6d

that ductility demands were generally lower or similar to the code implied,

allowable values, and were always lower than typical ductility capacities

j determined experimentally for piping and pipe supports. The allowable
ductilities and ductility demands were computed for equipment frequencies that

; coincided with a higher-mode structure frequency (and hence, a peak in the FRS).
Thus, situations that lead to more critical ductility demands can be envisioned,

|

. i
J j

| !
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but the present research suggests that they may be unlikely.

Nonlinear Eauioment Response in Nonlinear Structures. The NL-structure
/NL-equipment case is thought to be applicable primarily for DB motiens. For
this case, we are again concerned with the magnitudes of ductility that can
develop in equipment. As noted above for the NL-structure / linear-equipment

case, structure nonlinearity under LF DB motions causes significant higher-mode
peaks in FRS (as inferrred from HF FRSR). Thus, an equipment frequency f,q can

be expected to lie in either a peak or valley of the FRS (just as was also noted
for HF ENA motions for linear-structure /NL-equipment response). The situation
is thus very similar to that discussed above; sometimes we expect mild ductility

demands (because f,q lies on a FRS peak), and other times we expect high demands
(when f,q lies in a FRS valley), with the former condition being more likely. |

Comparisons of computed ductilitu demands versus allowable equipment duct 111 ties |
and ductility capacities in the present case are similar to those noteo |

previously for nonlinear equipment in linear structures under HF ENA motions.

The above discussion speaks mainly to effects at high frequencies, well
beyond the LF predominant FRS peak centered around the structure's

fundamental-mode frequency. The same insight, however, also applies to LF

equipment; i.e., if f,q lies on the HF shoulder of the predominant-mode (LF) FRS
peak and the equipment's yield capacity is e>, eeded, high ductility levels will
result, and vice-versa if f lies on the LF shoulder.

Re-construction gf. Absolute Eauioment Response. So far, we have divided the
,

complex total response of equipment into simpler relative components, and have
discussed the characteristics of each component in some depth for various cases.
Now, we illustrate how these components; the FRS, FRSR and factors F , Fp p p ,q
can be properly "re-combined" to obtain the complete response picture.

Shown in F'gure 6 are plots of (a) structure ductility f actor, (b) absolute -
,

equipment response, and (c) equipment ductility factor versus ground motion -

scale factor. The structure and t.quipment are designed to just yield under the
ECS motion at unit scale factor (cases of infinite structure and/or equipment

yield strengtns are also shown). The structure considered is the 3-Hz, 5-DOF

base-case structure described previously; the (15-Hz) equipment is located at

4

i;
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the first floorg and the input motion is EC50 This example is thus

representative of linear-linear, nonlinear-linear, and nonlinear-nonlinear, LF
'

: structure - HF equipment responseti t3 a LF 08 motion.

Figure Gb shows how FRS, F , FRSR and F combine to obtain totalp p p eq
', We note first that, up to unit scale factor, the responseequipment response.

{ curve is linear; it leads up to the elastic (incipient yield) FRS at point A. I

For scale factors beyond unity, three cu*ves are shown: NL-structure
,

/ linear-equipment, linear-structure / linear-equipment, and NL-structure!

-[/NL-equipment. The PL-linear curve is shown to be determined as
FRSR xF x FRS; 1.e., it is obtained simply by scaling the linear-linear trace

p p
i (F x FRS) by the FRSR . The NL-NL curve is obtained by scaling down thep p
| NL-linear curve by a factor R, approximated by: .

I

; NL I * "eqIY ~ 1IF eqR= (1); F F
L p eq.

1

are the maximum equipment spring forces for NL-NL and NL-linearwhere Fpg , Fg ;

response, respectively; a is the equipment post-yield stiffnces ratio (0.10 for ;

1 present example); and p,q is the equipment ductility factor. Thus, the NL-NL l

equipment curve is obtained as R x FRSR xf x FRS.p

tTo exemplify, we consider the specific case where the structure experiences
4

; p=4.0. From Fig. 6a (see also Table 1), we find F ,4 = 2.26. The linear FRSp
j value of 131 in/s2 (see Fig. 6b ano Table 4), when scaled up by F ,4= 2.26p ,

Imoves us from point A to B on the linear-linear trace at an equipment response
2level of about 296 in/s . Because the structure actually behaves nonlinear to

ductility p=4, however, He scale this value by FRSR ,4 to reach the fL-linearp
curve at point C. From Fig. 4a, the appropriate FRSR ,4 value at 15 & for
this case is approximately 1.75. The equipment response level at point C is

2therefore about 518 in/s . For the it-NL case, this response at point C must be
i

scaled down to point D; the amount He scale down by is the factor R from Eq.
(1). kh determine R as follows: if the equipment had remained linear, it would

2have experienced an acceleration of 518 in/s . Its yield capacity set at 131
,

2j in/s Hould thus be exceeded by a factor F = 518/131 = 3.95. As seen from

Fig. 6c, this factor corresponds to an equipment ductility of about 8.2. From

i

!
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Eq. (1), we calculate in th10 cage a reduction factor of about Ro0.44, so that |

2point 0 lies at an equipment response level of about (518)(0.44)= 228 in/s , j
i

(It should be noted, though, that the factor F = 3.95 is much higher thanp ,q
allowed by the ASME code, and the present example is intended for illustration
only; it may, however, be representative of GM levels considered in seismic

margins studies).

These procedures to properly combine relative components of equipment and
structure response, in conjuction with the insights and principles reviewed in ;

this paper (and discussed in depth in the references cited), enable on0 to
estimate total equipment response for any other example, given a GRS and bat,1c -

properties of the structure and equipment.

SU W ARY Afj0 CONCLUSIONS
_

|

| This paper has presented results of recent research concerning the ability
of ground motion to affect linear and nonlinear response in structures and
equipment. These results have provided several useful insights, many of which

'
may appear counter-intuitive at first. The results have also helped to address
some important aspects related to the seismic performance of NPP-like structures
and equipment.

It was demonstrated, for instance, that high-frequency (HF), ,

small-magnitude, eastern North American (ENA) motions are generally less '

effective to NPP-type structures than are broad-spectrum, design-basis motions
of the same PGA. This was shown to be due to the lower spectral accelerations

'
of the HF ENA motions a; NPP structure predominant frequencies and because HF
ENA gr ound response spectra (GRS) look less severe after structural yielding
(4.c., softening to lower frequencies). It was further shown that the HF ENA
motions often lead to much lower HF equipment response than their GRS. implied.
This was seen to be a result of LF structures filtering-out much of the HF |
input. The case of HF equipment in HF structures that are subjected to these

| ENA motions, however, was noted to be worthy of close scrutiny. Additionally, ;

it was demonstrated that HF floor response spectrum ratio (FRSR) characteristics i

noted from nonlinear SDOF structure studies are of ten not representative of HF )
FRSR in F00F structures. Rather than acting to "isolate" equipment from strong !

|

! l
,
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HF motions, F00F structure nonlinearity in some instances generates high
frequency motion internally, which acts to further excite HF equipment. This-

situation exists primarily for ground motions that possess relatively little
energy at the higher-mode ster cure frequencies compared to their energy at the
predominant structure frequenc,- Other important observations and insights from

the research study were also notid.

Re!ults and conclusions from this study should not be extrapolated to
situations beyond the range of parameters considered, although the general
orinciples and insights obtained apply to a Hider class of

structure / equipment / ground motion situations than considered here. It shouldi

also be mentioned that the cases considered in this study have some built-in
conservatisms vis-a-vis actual NPP design practice and response conditions. For
instance, the Reg. Guide 1.60 design spect um would generally be more severe
than the DB motions considered in this study; design FRS Hould be broadened
around the peaks seen in the present results; and, in practice,

structure-equipment interaction would reduce the FRS peaks noted in this work.
:
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ABSTRACT

i

!Piping System damping research at EPRI'is briefly described in
this paper. The focus of the research is to derive a set of [

technically defensible piping system damping values which can be f
included in Appendix N, Section III, Duision I of the-ASME Boiler i

.

and Pressure vessle Code for piping dynamic analysis'. |

Engineering judgments and regression analyses were employed to
derive damping functional relationship by first establishing a
uniform experimenta1' data base, then de-aggregating the data to

! sort out significant contributing parameters and finally (
performing regression analysis. Results to date show support (
density, support type, insulation, frequency, attached equipment, !d

,

f diameter and weight are significant parameters controlling
damping. A formal recommendation to ASME and guidelines of using

recommended damping in various piping analysis methods remains to
be accomplished.

|

,

:
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Background

The PVRC pipe damping recommendation (1) wah accepted by ASME as
Code Case N-411 and was also endorsed by NRC's piping review

committee. Prior and subsequent to the adoption of Code Case N-

411, the ASME special Working Group-Dynamic Analysis had raised

certain basic concerns relative to these recommendations. These

concerns were directed not so much to the damping values

recommended, but primarily, in the context of accepting N-411

formally in the code, to the overall quality of the data

reduction techniques used and the subsequent regression analysis

results. The NRC staff have raised other issues relative to the

use of the recommended damping values. This is reflected in the

many application limitations imposed on N-411 as specified in

Fev. 24 of Regulatory Guide 1.84 (2). Since damping impacts

significantly the piping system dynamic response determination,

it is imperative that the NRC raised issues be resolved and a

formal ASME code (Appendix N) position be taken as soon as

possible.

In order to achieve the above objective, EPRI sponsored a study

(3) with a step by step approach of 1) establishing a uniform

data base and 2) identifing the signifcant parameters that

contribute to energy dissipation in piping systems, 3),

quantifying the damping in piping systems for use in dynamic
analyses, and 4) recommending damping values for adoption by

|ASME (Appendix N) code. Guidelines for the application of I

recommended damping criteria in various types of analysis methods
is also included in the study.

The results accomplished in the EPRI project can support the
NRC's plan in formally revising the conserve requirements defined
in Regulatory Guide 1.61.

HTT/cn/HTT001
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Results

.All of the test data used in developing.the PVRC damping
position, excepting the Europian HDR and KFK data, were included

,

in the evaluation in establishing a uniform data base. The
quality of each set of data is merited based on the criteria and

weighting agreed on by experts working in the field. Table 1

shows_ the summary of the rating scores and Table :2 is an example
~

calculation for System 2,,ANCO 6" xyz line with branch. By

eliminating inappropriate data, such as repeats, extremely low
level response, poor quality, incompleted description, etc., the

total data points used in this study are considerably less than
the ones compiled in the EG&G data' bank as shown in Table 3. It

should be noted however that, although the data bank becomes much
smaller, the distribution of the data for a given parameter, viz.

frequency, as shown in Figs. 1 and 2, is essentially the same.

Figs. 3-7 show the damping data plotted versus the other
~

quantitative variables adopted in the study. Trends can be

discerned in all of the data plots showing.that more than'one
variable has an important effect on the resulting damping
values. The variability shown for example in Fig. 1 is due
primarily to the fact that these other variables are not

recognized in these type of plots. The data per se is not as

variable as any one of these data plots might imply; but rather, -

the problem is with displaying all of the data on a two-

dimensional plane.

A systematic evaluation of the data was carried out using the
regression analysis method. Detailed descriptions and

discussions are given in (4). Starting with a total of 21 viable

variables potentially contributing to damping definition, seven
variables eventually were identified as the critical ones

contributing the most. These variables are diameter, weight,
frequency, support density on-line equipment, insulation and
support type. Table 4 summarizes various intermediate model and
the final model results assuming a linear regression model of the

HTT/en/HTT001
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j[} sg j where Xi represent variables. ItXform 8 = s o
o

is seen in Column 6 (final model) that Insulation, in the context

of liquid metal piping, adds about 2. 6% of 'dampin,g , all other'
variables being equal. A more detailed evaluation to quantify

the effects of type and amount of insulation needed.
1

Attached equipment influences damping in a negative sense. It

substracts about 2% from the total effect. This is an unexpected i

result that must be studied in detail both analytically and with

respect to the actual test data.

As expected, relative to snubber type supports, rigidly supported
systems have about 1.1% less damping, all other parameters being
the same.

Of the quantitative variables, frequency, as per the PVRC

results, affects damping. The difference in damping between 10

Hz and 20 Hz (the inner limits of the PVRC damping value changes)

is - (10 - 20) (0.091) = 0.9%. The change from 5 Hz to 30 Hz is

|
2.3%.

*
The impact of Support Density 2 (GD2) rather than Support,

Density 1 (SD1), on damping is a very unexpected result. The

lack of dependency of damping on SD1 can be attributed to the I

distribution of the data rather than on the physical nature of

the problem. A more detailed evaluation of this phenomenon is

desirable.

1

' SD2 - supports perpendicular to excitation direction.
SD1 - supports parallel to excitation direction.

HTT/cn/HTT001
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.I
Diameter and weight effects are interrelated and they affect- I

damping in opposite directions. Since most of the data is based
on pipe with 8" diameter or less, the use of these regression' !

4

|coefficients for data above this size of pipe needs to be _ ,
,.

carefully reviewed. ;

'Nonlinear effects in the context of other forms of the variables,. ,

rather than regression coefficients that are dependent on the |
variable itself, are also considered to improve the

"

correlation. The form of the equation selected in the study is |

given by ,

|

8=s + stE+sN+83 (In F) + 86 2) + s24 X24 + 831 31 !n 2
<

.

!

! where the definitions of' variables are given in Table 4. One

notices that only diameter (D) and Frequency (F) exhibit'
nonlinear effects. Whether the additional complexity.is worth

the improvement is not certain at the present. Fig. 8 shows the

comparison between linear and nonlinear prediction curves for a j

case with the following conditions: j

i !
fDiameter 8"=

Weight per foot 45 ;=

=0! No Equipment, X 22 ;

0No Insulation, X =' 24
1Rigid Strut Supports, X31 =

'

1

! Discussion
! |
i

Results accomplished to date show the complexity of piping
damping definition in the form of linear viscous representation

,

! for linear dynamic analysis. However, the trend of damping

I variation associated with pertinent variables is technically j

| tractable. Consequently, an indepth approach as the one
i discussed herein can be adopted to sort out the physical
i
l characteristics embedded in a seemingly uncorrelated data set

i

: :
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lording to a sat of correlated, tcchnically dafonsible d:mping

curves for realistic piping design applications. The study is to

be completed with a formal recommendation to ASME in the first

quarter of 1988.
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Table 1
Sunenary of the Merit Rating Scores

in Descending Order

!

System 10 Title 1cate

2 ANCO 6' XYZ Line w/ Branch 803

1 ANCO 6" XYZ Line w/o Branch 153

3 ANCO 4' Z 8end 741

28 Wyle SRV Discharge Line Lab Test 719
,

4 Caorso Main Steam Line 694

20 EG&G 3' Straight Pipe 694

21 EG&G 8' Straight Pipe 694

23 Clinch River (8" Scaled) Crossover Piping Leg 661

10 Diablo Canyon Safety Injection Pump Discharge 651

6 Diablo Canyon Containnent Spray Pump Suction 633

27 Monticello T-Ouencher Support 628

15 FFTF GEA 61176 l' Line 617

16 FFTF GEA 61177 l' Line 617

17 FFTF GEA 61263 3' Line 617

18 Closed Loop Module #1, l' Line 35 617,

19 Closed loop Module #1, 3' Line 08 617

9 Diablo Canyon Pressurizer Relief Header 598

12 FFTF Secondary Crossover 16' Line 597

11 Diablo Canyon Letdown Line Loop 596

14 FFTF Prototypical l' Line (Impulse) 564

7 Diablo Canyon CVCS Mixing Tank Outlet 540

13 FFTF Prototypical l' Line (Snapback) 527

24 Kuosheng 3' Valve Line 527 |

8 Diablo Canyon Make-up Water Tank 520

25 La Salle Recirculation 24' Line 457

26 La Salle 2' Line 457

22 Indian Point Boiler Feedwater Line Later
5 Caorso Recirculation Piping -

!

!

|
i

!
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Table 2
1

: WEIGHTS AND MERIT RATING FOR DAMPING DATA
(Sheet 2 of 26)

CRITERIA DATA ID: 02

Rating
Criteria & Suberiteria &
Weight W Subweight W

g g R) W ) R)
Coments

9

1. a. Excitation type 35 9 315
Excitation b. Level of Excit. 45 10 450
Characteristics c. Dimension _12 6 ILQ R = 1/3

Subtotal 100 885

20% Weighted Subtotal 177- -

|
!!. a. Prototypical 30 8 240
System b. Dimension 30 8 240
Characteristics c. Scale Model 20 8 160

d. Material _2Q 10 2QQ
Subtotal 100 840

15% Weighted Subtotal 125- -

I 111. Subtotal 100 8 800
Data Acquisition

15% Weighted Subtotal 120- -
t

{

IV. Subtotal 100 8 800
Data Reduction,

25% Weighted Subtotal 200- -

-
+

! V. Subtotal 100 6 600
1 Validation

6010% Weighted Subtotal
|

- -

.

VI. !

Response Subtotal 100 8 800 (
Characteristics '

15% Weighted Subtotal 120- -

j OVERALL MERIT RATING 803 i

; i
'i
,
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Table 3
DATA BASE COMPARISON

i

Pipina System EPRI EG&G i

1. ANCO 6' XYZ Line w/o Branch 6 6

2. ANCO 6' XYZ Line w/ Branch 17 80

3. ANCO 4' Z Bend 7 14

4. Caorso Main Steam Line 2-

5. Caorso Recirculation Piping 1-

6. Diablo Canyon Containment Spray Pump Suction 2 3
'

| 7. Diablo Canyon CVCS Mixing Tank Outlet 1 1

8. Diablo Canyon Make-up Water Tank 1 1

! 9. Diablo Canyon Pressurizer Relief Header 2 2

10. Diablo Canyon Safety Injecti.on Pump Discharge 8 8

! 11. Diablo Canyon Letdown Line Loop 5 5

12. FFTF Secondary Crossover 16' Line 2 22

13. FFTF Prototypical l' Line (Snapback) 3 29 -

14. FFTF Prototypical l' Line (Impulse) 3 24

15. FFTF GEA 61176 la Line 3 -

16. FFTF GEA 611771* Line 2 6 !

17. FFTF SEA 61263 3' Line 3 6 1

1 18. Closed loop Module #1 l' Line 35 3 24

19. Closed Loop Module #1. 3' Line 08 4 52 t

! 20. EG6G 3' Straight Pipe 13 155

21. EG&G 8' Straight Pipe 6 60

22. Indian Point Boiler Feedwater Line Later
23. Clinch River (8' Scaled) Crossover Piping Leg 30 30 j

24. Kuosheng 3' Valve Line 2 40 |

j 25. La Salle Recirculation 24' Line - -

26. La Salle 2' Line - -

27. Monticello T-Quencher Support 5-

28. Wyle SRV Discharge Line Lab Test 2 14 j

|
r

Total 125 590
,

'
|
|

|
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Table 4
REGRESSION VARIABLES AND COEFFICIENTS

SOLUTION WITHOUT BIASES e

|

1 2 3 4 5 6 7

Internediate Models Final Model I
ggg

Viable Best Contrib.Vari- Min.
2Variables ables Subset Comments 8 8 S to R

3 g g,

1

Intercept 5.845 6.046 / 5.489 5.506 6.067 -

Diameter -0.737 -0.822 / -0.917 -0.909 -0.915 0.0271

Weight 0.100 0.116 / 0.136 0.135 0.135 0.0222

Frequency -0.069 -0.068 / -0.064 -0.063 -0.091 0.0514 |

Response -0.339 / -0.379- - - -

SD1 0.232 / -0.160- - - -

502 1.461 1.737 v 2.018 1.917 1.937 0.1006 i

X18 (20 Item) -2.096 -2.207 Too few data - - - - -

X19 (30 Item) 0.369 !
- - - - - -

X22 (Equip. Yes) -2.170 -2.194 / -1.795 -2.024 -2.040 0.0633 i

X23 (Equip. No) -0.020 / 0.250- - - -

X24 (Insul. Yes) 2.154 2.234 / 2.482 2.459 2.592 0.0786 !

X26 (1st Mode) 0.922 0.895 / 0.689 0.673 - -

X31 (Rigid Strut) -1.454 -1.580 / -1.271 -1.230 - -1.082 0.02264

X33 (Guide) -1.359 -1.299 / -1 .021 -0.958 - -

X34 (R-5) 0.778 Too few data'
- - - - - -

2
R 0.6652 0.6611 0.6458 0.6453 0.6357 -

No. of Variables 15 10 12 9 7 -
,

;

i

i

i
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SUMMARY

Development and Implementation of a BWR Digital
Feedwater Control System

Bill Sun, Electric Power Research Institute ,

Mike Hammer, Northern States Power Company f
*Joe Penland, Science Applications International Inc.

Jad Popovic, Atomic Energy of Canada Limited j
.

The feedwater control systems in both BWRs and PWRs have been identified in '

| various plant outage studies as being major contributors to plant unavaila- |

| bility. Outage records have shown that. major causes of plant - outages from !

| failures in the feedwater control system are either attributable to component i
j failures in the analog controllers or in a lesser degree, to erroneous level j
! measurements. j

i
'

| EPRI and Northern States Power Company (NSP) realized that fault-tolerant digi-
tal technology could improve Feedwater Control System reliability and opera-4

,

tions. The Digital Feedwater Control System _(DFCS) developed and implemented j
at Northern States Power (NSP) Company's Monticello Boiling Water Reactor' in :

1 Minnesota is the first major fault-tolerant digital control application in a !

i nuclear power plant in the United States. The microprocessor-based controller
) replaced the analog controller in the feedwater control loop to improve perfor- !

j mance and reliability of control including ease of maintenance and spare parts ,

supply. The DFCS at Monticello plant has been operation since _ July 1986 [
'

without any failure of the control system. |

|This system replaced and upgraded the main and start-up analog controllers at
} Monticello BWR. If features automatic control, on-line signal validation, !
! controller self-diagrosis, and fault tolerance. The dual-redundant hardware j

configuration minimit.es spare parts availability problems. At a control room i
panel, operators select each feedwater valve's operating mode (one or three !
element control, manual, and so on) or set bias inputs for individual feed- |

; water-valve demand. These and other features permit more exact feedwater !

: control system tuning, improving feedwater control in all modes of plant |
! operation. Signal validation using parity-space techniques isolate failed '

' sensors and permit system switching to accurate sensors, thus avoiding outages. !

; To ensure successful operation of the system, extensive verification and
,

: validation effort were conducted. These included design reviews, factory ;

i acceptance testing using simulation code, site acceptance testing using full- |
! scale plant simulator, and pre-operational and operational testing at '

lMonticello plant.

.

i '!
f
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Tha successf 21 - dsvolopment of a high-reliability fault-tolerant digital feed-
, water controt system is s' milestone in ~ the U.S. nuclear industry,' because it: "

'
has demonstrated the process of retrofitting a high-technology product into an
existing major control loop. The project also demonstrated that, with a strong
utility incentive and effort, retrofit with digital technology can take
advantage of the plant operation experience to achieve better integration of :

j the primary and balance-of plant systems. ;
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For Presentation at the 15th Water Reactor Safety Information Meeting
Caithersburg, Maryland, October 26-29, 1987

SUMMARY

Expert System Applications to Nuclear Plant for

, Enhancement of Productivity & Performance

Bill Sun, David Cain, Joe Naser
Robert Colley and Norris Hirota

Nuclear Power Division
Electric Power Research Institute

3412 Hillview Avenue, Palo Alto, CA 94303

Expert systems, a major essence of the artificial intelligence (AI) technology,
are referred to as computer software and hardware systems which are designed to
capture and emulate the knowledge, reasoning judgment, and to store the,

expertise of humans. EPRI has launched a broad-based exploration of potential
applications intended to augment the diagnostic and decision-making capabili-
ties of utility personnel for the goal of enhancing utility productivity and
performance.

Two parallel ef forts are being performed at the Electric Power Research Insti-
tute (EPRI) to help the electric utility industry take advantage of the expert
system technology. The first effort is the development of expert system
building tools which are tailored to electric utility industry applications.
The second effort is the development of expert system application prototypes.
These two efforts complement each other. The application development tests the
tools and identifies additional tool capabilities which are required. The tool
development helps define the applications which can be successfully developed.

This paper summaries a number of research projects which are being performed at
EPRI in both the areas of expert system building tool development and expert
system applications to operations and maintenance. The AI tecb7 ology as demon-
strated by the development is being established as a credible technological
tool for the electric utility industry.

A challenge to transferring the expert systems technology to the utility
industry is to gain utility users' acceptance of this modern information tech-
nology. To achieve successful technology transfer, the technology developers
need to (1) understand the problems which can be addressed successfully using
AI technology, (2) involve with users throughout the development and testing
phases, and (3) demonstrate the benefits of the technology by the users.

|
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RELAP5/M002 DEVELOPMENT 0-

C. S. Miller
Idaho National Engineering Laboratory

EG&G Idaho, Inc.

ABSTRACT

Status of the RELAPS code development program at the Idaho
National Engineering Laboratory (INEL) is discussed. While
RELAP5/M002 is undergoing international assessment, emphasis is on
user support and code maintenance. User support is in response to
user inquiries and a PC-based newsletter service is provided. The
FY-1987 activities discussed include the development of a detailed
model description document, a software tool for formalized
tracking of the configuration of the code, the migration of the
code to both larger and smaller computers, and the feedback of
user experiences into a development version to become RELAF5/M003,
which will be the next official released version of the code.
Future plans discuss some of the models to be modified and added

| to RELAP5/M003.
|
|

INTRODUCTION

RELAP5/M002 is a pressurized water reactor (PWR) system ' ransientc

analysis computer code developed for the U.S. Nuclear Regulatory Comr A
(USNRC) Safety Research and Regulatory Programs. M002 is the latest i the
RELAP5 series, having been officially released in April 1984. With the
completion of the basic development of RELAP5/M0D2 , emphasis has shifted
toward maintenance and user support. This has been accomplished in several
ways: response to user inquiries, corrections to reported code errors,
provision of a RELAP5 Newsletter Service and enhancement of the code for
user convenience.

ESTABLISHMENT OF FR0 ZEN CODE

The International Code Assessment Program (ICAP), sponsored by NRC and
member countries, has undertaken a rigorous plan of assessment of current
light water reactor safety codes to last approximately three years. The
plan calls for the use of "frozen" code versions during this period. This
strategy ensures that each member utilizes the same code version. Moreever,
the preclusion of code improvements during the assessment period (i.e., only
error corrections or user conveniences may be added to code) provides a
uniform basis for drawing conclusions on code capability. RELAP5/M002
Cycle 36, released in 1985, was designated as the frozen version of RELAP5.
Cycles 36.02 through 36.05, reflecting error corrections and user
convenience changes only, have been transmitted to all participants.

o Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under DOE Contract No. DE-AC07-76ID01570.

189



USER SUPPORT

There were 107 user inquiries in FY-1987. They are divided into a
number of general categories as shown in Figure 1. lhe sector marked
"physics" stands for inquiries about physical models in the code such as
choked flow, critical heat flux, and condensing heat transfer models. The
code is being installed on computers other than the CYBER, which it was i
originally developed on, and this has given rise to inquiries, as shown by I
the sector marked "implementation".

The sector termed "user guidance" covers such activities as finding
input errors , suggesting alternate input options, and clarifying the
manual. The sector marked "mechanics" represents the mechanics of running
the code; i.e., restarting and plotting. The "new capabilities" cector
stands for an assortment of requests for new code capabilities. The sector
marked "performance" represents inquiries about code capabilities in
matching experimental data about running time capabilities. The final ,

sector marked "miscellanen is an assortment of inquiries not easily '

categorized.

The RELAP5 Newsletter Service provides a mechanism for serving the many
domestic organizations using RELAP5. Membership has grown from an initial

;

three in 1986 to eleven in 1987. This service, supported by the users
1

themselves, utilizes a menu-based electronic newslecter stored on an IBM-PC '

with an auto-answer modem at the Idaho National Engineering Laboratory. By
iaccessing the newsletter through their own local terminal, users are able to
I

obtain code updates and up-to-date information on development and '

application activities. Each oser may also contribute to the newsletter
concerning their usage and experience. A quarterly report summarizing all
reported user problems, resolution, and other code modifications is also
sent to newsletter service members.

|

RELAP5/ MOD 2 User Inquiry Breakdown
in FY-1987 (Total 10 /)

Miscellaneous 10 0% N PW M%

Perf ormance 10.0% s

New Capabilities
13.0 % N '

1- :
,

, . . s
t , ,.

,

*/.'
t

h
[ Implementation 20.0%

Mechanics 13.0% .

|
/

N User Guidance 110%
LCott310
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1987 ACTIVITIES

In FY-1987, development of a detailed model description document was
started. In this document the constitutive models are being discussed
including their original sources, the range and accuracy of the data bases
that correlations or models are based upon, the implementation of the models
or correlations into the code and any modifications required as a result of
putting them into the code. This document will form the basis of a quality
assurance check of the models in the code along with the usual
developmental, internal and international assessments of the code.

A software tool that has been under development this year is a
formalization and automation of the documentation procedure for changes in
the code. Instead of individual sheets for user inquiries and update
description listings and signoffs, one computer code keeps track of user
inquiry, the cognizant engineer, the proposed change, approvals, file names,
and releases. The same tool is being used by the TRAC-BWR code developers
at INEL and so is unifying the configuration and tracking methods between
the two codes.

One of the code improvements that arose out of a user inquiry was an
improvement to the nearly implicit (two step) method. The inquiry was
regarding a null transient that was running slower than expected with some
unexplained oscillations. The solution was near steady state. A close look
at debug output showed that a matrix in the velocity solution was being
driven to an ill-conditioned form by roundoff error. The solution was
changed to orecondition the matrix to avoid this situation and for the
reported problem showed run time improvement of 30% and a decrease in
roundoff error of four orders of magnitude.

RELAPS is migrating to both larger and smaller computers. In 1987, a |
CRAY X-MP/24 computer, with a four million word memory and vector as well as
multi-processor capabilities, was installed at INEL. This type of machine
allows larger problems to be run with the potential for significant run time
reductions. Also, development work was started on a RELAP5 version to run
on a co-processor board contained in a PC. Currently, the PC version run
time is about 25 times that of the same problem running on a CYBER 176. An
IBM version of RELAPS is also available through the conversion work of a
international participant.

Feedback from the ICAP program has provided guidance for the next
version of RELAP5. During 1987, several key ICAP findings were investigated
with a developmental version of the M002. These include findings dealing
with: (a) the interphase drag; (b) CHF, and (c) CCFL.

Interchase Draa

'i. Th. Analytis (EIR, Switzerland) assessed RELAP/ MOD 2 against rod
bundle boil-off and low flood rate reflood experiments and reported that the
code overpredicted liquid carryover. Users from Japan and Great Britain

| reported similar findings. Analvtis reported better agreement with data
| using a modified form of the drift tiux correlation developed by Bestion for

bubbly / slug flow regime in rod bundles. The Bestion correlation was
implemented in the INEL developmental version of M003 and Analytis's results
were essentially duplicated. This is a candidate improvement for
RELAP5/M003.
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CHF

Users from Sweden have reported from their assessment work that the
Biasi CHF correlation used in RELAP5/M002 overpredicts CHF. They suggested
an alternate correlation, which was studied at INEL for pntential use in the
M003 version. Tiie study pointed out a problem in that the alternate
correlation did not cover the full range of reactor pressure conditions.
This is still under review.

CEEL

Users have concluded that the conlant distribution is inadequately
predicted for certain situations (e.g., large break LOCA flooding at the
core tie plate, small break flooding at the steam generator inlet plenum and
flooding at tube support plates in once terough steam generators) without a
counter-current flow limiting (CCFL) model. A general CCFL model, proposed
by Bankoff and proposed for use in TRAC-PFl/ MODI, allows the user to select
the Wallis form, the Kutateladze form, or a form somewhere between the two.
A preliminary form of the Wallis-Kutateladze flooding limit expression was
implemented in the oevelopmental version of MOD 2 and has been functionally
verified.

FUTURE PLANS

Plans for FY-88 call for continued maintenance and user support for
RELAP5. In addition, the M003 version of RELAPS, to supplant the frozen
MOD 2 version, will be released. It will embody the improvements stemming
from the connents, suggestions and corrections from the combined ICAP, INEL
and domestic user community. Improvements will include those models tested
in the developmental version during 1987, i.e., interphase drag and CCFL.
CHF models will be studied further to seek better agreement with a wider
range of data. In addition, the vertical flow regime map will be modified
to better account for the effects of large diameter pipes and the vapor pull
through and liquid entrainment model will be modified to more accurately
model break discharges from pipes with stratified flows. Also, models
accounting for sprays and for metal water reactions will be added in
RELAP5/M003. These modifications and additions will not only allow more
accurate calculations with RELAP5/M003 but will also extend the code's range
of applicability.

For RELAP5/M003, most of the machine dependencies have been eliminated
but the goal for RELAP5 is to be independent of machine type. The ideal is
to maintain one source file that can be compiled on computers from
super-computers to PC's. Also, the detailed model description document for
RELAPS will be released delineating the technical basis and limitations of
the physical correlations used in the code.
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THE STATUS OF THE TRAC-BWR PROGRAM *

Walter L. Weaver, III
' Gary W. Johnsen

Idaho National Engineering Laboratory
EG&G Idaho, Inc.

The Transient Reactor Analysis Code for Boiling Water Reactors
(TRAC-BWR) is being developed and maintained at the Idaho National
Engineering Laboratory (INEL) for the Division of Accident Evaluation,
Office of Nuclear Regulatory Research-of the United States Nuclear -
Regulatory Commission (USNRC).

The objective of this development is t'o provide the USNRC with a
detailed, best estimate, efficient computer code for the analysis of
postulated accidents and transients in boiling water reactor (BWR) systems. ;

This program is unique among advanced code development projects in that it
focuses on the hardware, thermal-hydraulics, and neat transfer phenomena

'
'

that distinguish BWR systems and their response in transients. In addition
to providing a best estimate analysis capability for BWR systems, the code
can also be used to address current licensing concerns such as anticipated

transients without scram (ATWS) or the small break loss-of-coolant accident j

(SBLOCA). It also provides analytical support to the USNRC experimental j

safety programs. The success of this development is attributed in part to
the participation of the General Electric Company as a part of the Full j
Integral System Test (FIST) Experimental Program funded by Gener-al Electric,
the USNRC, and the Electric Power Research Institute (EPRI).

Work on the TRAC-BWR series of codes t,egan in 1979, starting with a
developmental version of TRAC-PD2 received from the los Alamos National
Laboratory. Several versions of TRAC-BWR have been released by the INEL,
the latest one being TRAC-BF1, which was released to NRC-approved recipients
in June 1986. The manual for this code version wss published in August
1986. Work during FY-1987 has focused on improvements to the hydrodynamic

models; completion of programming changes for increased portability,

Work supported by the U.S. Nuclear Regulatory Ccmmission, Office of*

Nuclear Regulatory Research, under DOE Contract No. DE-AC07-761001570.
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maintainability, and machine independence; preparation of a detailed report
describing the constitutive relations and special process models such' as the
CCFL and critical flow models; and implementation of the hybrid Courant
limit violating numerics in the three-dimensional VESSEL component.

Improvements to the hydrodynamic models include the implementation of
the Bestioni correlation for interfacial friction in rod bundles and

2implementation of the Megahed correlation for film condensation. The

Bestion correlation was investigated as a result of the assessment of
TRAC-BDl/ MODI by EIR in Switzerland as part of the ICAP Program.3 They ,

assessed the code using low pressure boiloff and reflood experiments run at
EIR in the NEPTUN facility and obtained poor agreement between the
experiments and data. EIR postulated that the interfacial drag was too high
in the bubbly-churn flow regime at the low pressures in the boiloff and
reflood experiments. The Bestion correlation was developed to correct
similar deficiencies observed in the simulation of low pressure boiloff
experiments by the French using the Cathare code, in which the interfacial
friction computed using the Zuber-Findley drift flux correlation for the
bubbly-churn flow regime resulted in too much mass being ejected from the
test assembly. The French had observed using optical probes in a rod bundle
experiment that the void tended to migrate to the center of the subchannels
while the liquid remained close to the rods. Bestion postulated that a
separated flow regime analogous to the annular or inverted annular flow
regime existed in rod bundles at low pressures and at low void fractions.
The dimensionless number governing this assumed flow regime is the Froude
number and he developed a correlation based on this dimensionless group.
The constant was correlated using a number of boiloff and container blowdown
experiments spanning the complete range of high to low pressures. The

resulting correlation gives the same interfacial drag as the Zuber-Findley
correlation at high pressure but gives a much lower drag at low pressure.
This correlation was tested in the TRAC-BF1 code. Figure 1 shows the

] results of a simulation of a boiloff experiment in the NEPTUN facility using
the Bestion and the Zuber-Findley correlations in the bubbly-churn flow
regime. The figure shows a comparison of the measured and computed
collapsed liquid levels. The Zuber-Findley correlation gives a higher
interfacial friction at the low pressure of the test resulting in too much
liquid being eje:ted from the test assembly, whereas the Bestion correlation

,
i
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gives a lower drag resulting in a much better agreement with data. The
Bestion correlation was also used in the simulation of one of the high
pressure level swell experiments run by General Electric and the results are
very similar to those computed using the Zuber-Findley correlation as would
be expected for these high pressure experiments. The Bestion correlation

. has been implemented in the TRAC-BF1 code as a result of these simulations
and as a result of the assessment of TRAC-BDl/ MOD 1 by EIR as part of the
ICAP Program.

The Megahed correlation has been implemented as a result of the
widespread and long standing crfticism of the jet condensation correlation
which has been used by both TRAC-PWR and TRAC-BWR in the annular flow

regime. The jet condensation correlation gives condensation r&tes that are
perceived to be too high. The Megahed correlation was developed recently
using data taken at the University of Strathclyde and was compared to a wide
data base on condensation in the annular flow regime. Figure 2 compares

Stanton numbers measured by Bankoff to those computed by the correlation,
and shows excellent agreement was obtained. The correlation gives lower
values of the Stanton number than the constant value of 0.02 obtained from
the jet condensation data, which should lower the condensation rates in the
annular flow regime.

Extensive changes to the FORTRAN coding have been made to yield a code

that is 99% ANSI Standard FORTRAN-77 for ease of portability and machine
independence. The nonstandard FORTRAN has been isolated to a few
subroutines and these routines have been flagged for ease of conversion.
These changes include provisions for execution on 32 bit machines such as
IBM mainframes, minicomputers such as the MASSCOMP 5600 and the VAX, as well

as on PC compatible microcomputers with a coprocessor board. Extensive use
of parameter variables has virtually eliminated the use of *IF,DEF
statements in the program library leading to enhanced portability. The use

of character type data has also led to increased machine independence. An
IBM version of TRAC-BF1 is currently being tested at Penn State University
and should be available in the near future. A CRAY version is also being
developed using the CRAY-XMP/24 computer system recently installed at the
INEL.
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A detailed report, referred to as the "QA" report is currently being
written that describes the constitutive relations and the special process

models such as the CCFL model and the critical flow model used in the
*

TRAC-BF1 code. This report will describe all of the correlations.used in
the code, the source of the correlation, and describe the implementation of
the correlation in the code including the transitions and interpolations
between correlations. The report will also describe any limits on the
values obtained from the correlations as well as.the rationale behind such
limitations. The draft version of this report is due the the USNRC by the
-end of this calendar year. Similar reports are being prepared for TRAC-PWri

and RELAP5.

Finally, the hybrid Courant limit violating numerics previously
implemented in the one-dimensional components in TRAC-BF1 has been extended
to the three-dimensional VESSEL component. The new numerics will remove the
material Courant limit restriction on time step size for VESSEL component.
The extension is based in part on the work at the Los Alamos National
Laboratory to extend the SETS (two step) numerical procedure to the VESSEL s

component. The coding as developed at LANL was used as a template for the
development of the needed subroutines for TRAC-BF1 but could not be used
directly because LANL inverted the VESSEL component data base for ease of
vectorizing the VESSEL component. Model development has been completed and
several simple test cases have been executed. A completion report
describing the code modifications and the results of the test cases has been
written and is under review. A more extensive developmental assessment of

the extension of the fast numerics to the VESSEL component is planned for

FY-88 using several large BWR plant models and a variety of transients and

accidents. Preliminary results obtained using the simple test cases
indicate that a speedup on the order of a factor of two can be expected when
using the new code version.

Work planned for FY-1988 includes improvements in the containment
modeling capability of TRAC-BWR; developmental assessment of the hybrid
Courant limit violating numerics in the VESSEL component; completion of the
code modifications for increased portability, maintainability, and machine
independence; and the initiation of the implementation of a
three-dimensional neutron statics module for the generation of

one-dimensional neutron cross-sections for use in the one-dimensional
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neutron kinetics model.in TRAC-BF1. In addition,. a newsletter similar to'

the RELAP5 newsletter will be initiated and distributed'to all members of a,

domestic. users group. . User support will_ be provided to all' domestic and
ICAP users of TRAC-BWR and model improvements will be made based on tile

results of the ongoing assessment of TRAC-BWR by both domestic users-and
.ICAP members. Finally, work will continue on the ongoing task offimproving.
the execution speed of TRAC-BWR through both vectorization.and-imp'rovements

to the code architecture to take advantage of the newer computer systems
such as the CRAY.

-

#

:

,

!
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JRC ISPRA RESULTS FROM ASSESSMENT OF RELAPS/ MOD 2
ON THE BASIS OF LOBI TEST DATA

H. Sthdtke, W. Kolar

Commission of the European Communities

Joint Research Centre, Ispra Establishment

I-21020 Ispra, Italy

ABSTRACT

In the framework of the LOBI project, various RELAPS code
versions have been used extensively for test design calcula-

tions, pre-test predictions and post-test analysis.

Important results from assessment calculations and code sen-

sitivity studies performed in 1986/87 with RELAP5/ MOD 2 are j
presented in this paper. The assessment cases include Small |
Break LOCA and Special Transients Experiments. From the com- j
parison of measured and predicted parameters, conclusions j

are drawn on the prediction capabilities of RELAP5/ MOD 2. |
Specific problems observed with regard to the automatic
tirac-step control, flow regime selection, interphase heat

,

transfer and break mass flow calculations are analysed. |

The significance of these deficiencies are described and
recommendations are given for the improvement of the RELAP5

code.

1. INTRODUCTION

The LOBI project represents an important part of the Light Water
P,eactor (LWR) research programme of the Commission of the European
Communities carried out at the Joint Research Centre (JRC) in Ispra,

Italy. A status re por t of the LOBI-MOD 2 experimental and analytical

programme is given in a separate paper / 1 /.

In the framework of the LOBI project, various RELAPS code versions have

been used extensively for test design calculations, pre-test predic-
tions and post-test analyses. The results obtained can be considered as

a substantial contribution to the multi-national effort for the assess-

ment of the RELAP5 code.
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The use of. RELAP5, within the LOBI project started in 1983 after the 1

'

conversion of RELAPS/ MOD 1 / 2 / from CDC to an IBM compatible form had
been completed. The IBM version of the code was distributed to diffe-

rent institutions in Europe and the US including the NEA computer

library in Paris, i
|

Severe deficiencies observed with RELAPS/ MOD 1 in a number of LOBI test- ;

calculations were the starting point for various model improvements

which were implemented into the code in 1984/85 ' leading to the Ispra

version of RELAPS/ MOD 1 denoted RELAP5/ MOD 1-EUR / 3-/. This code shows
significant improvements compared with the original code version with
regard to reliability of predicted data, agreement with measured values ;

and code run times. The RELAPS/ MOD 1-EUR code has been the main analyti-
cal tool within the LOBI projec't over the last few years. ;

In 1985/86 the RELAPS/ MOD 2 code / 4 / was converted from CDC to an IBM
compatible form at the JRC-Ispra. In the framework of the US-NRC ICAP }

activities the IBM version has been distributed to several institutionst

outside the JRC Ispra, including the Idaho National Engineering Labora- ,

tory. Recently the updates up to cycle 36.05 have been implemented into
the IB'M code version. For a number of selected LOBI experiments, !

post-test calculations and code sensitivity studies have -been performed

with the RELAP5/ MOD 2 code. The results of these activities are summa- 5

rized in this paper. ;

2. RELAPS CODE VERSIONS USED

The calculated data shown in this paper were obtained with two diffe- ,

' 'rent RELAPS code versions:
! |
3

IBM Version of RELAPS/ MOD 2 Cycle 36.04 (identifier RELAP5/ MOD 2) !

|
The conversion of the code to an IBM compatible form was performed at 1

the JRC Ispra in 1935/86. The correct iraplementation was checked by a

large number of calculations using the original CDC and the IBM version ;

of the code. This included the test cases received with the transmittal

tape as well as detailed LOBI test calculations. The nearly identical
! results obtained indicate that the IBM version can be considered as a
i full equivalent to the original CDC code version.

J IBM Version of RELAPS/MODl-EUR (identifier RELAPS/MODl-EUR)

The code is an improved version of the RELAPS/ MODI code / 3 /. The code

includes a number of model changes which were implemented in 1985/86 in

order to overcome severe problems encountered with-the original RELAP5/-

MOD 1 version. The main improvements in RELAPS/MODl-EUR concern changes
to the following models and processes:
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- the non-equilibrium evaporation and condensation model

- the calculation of junction properties from adjacent volume data for

low flow velocities and near stagnation conditions

- - the finite difference form of the momentum flux terms in the ,

momentum equations

- the choking model- for upstream two-phase flow conditions

the interphase drag calculation and the implementation of interphase <j-

drag models
,

- 'the prediction of scate properties for liquid and vapour

Compared with the original code version, RELAP5/MODl-EUR shows a consi-
deraale improvement with regard to the reliability of the predictions

Ithe agreement with measured data for a large- number of LOBI experi-

ments, and reduction of code run times. In all applications the code j

has been proven to be very robust, e.g. no code failures occurred due ,

to numerical instabi1ities as were frequently-observed with RELAPS/MODl.
and with RELAP5/ MOD 2. In the - present study. the RELAP5/MODl-EUR is used

'

as a Benchmark code to help in the analysis of discrepancies in the

RELAPS/ MOD 2 predictions.
|

3. LOBI Experiments Selected for Assessment of RELAPS/ MOD 2 at - the !4

JRC-Ispra !
, r

i Although the JRC-Ispra improved version of RELAP5/ MOD 1 (RELAPS/MODl- -

| EUR) has been the main analytical tool in supporting the LOBI experimen- j
tal programme, post-test calculations and analyses were performed with

RELAP5/ MOD 2 for selected LOBI experiments as a - contribution to . the-

i nterna ti onal assessment programme for this code. The following LOBI
,

experiments have been selected for the RELAPS/ MOD 2 assessment studies: :

LOBI-MOL1 test Al-04R: Double-ended (2 x 100'%) large break LOCA test,

j break position in the cold leg pipe, accumulator injection only into

|
Intact loop cold leg.

LOBI-MOD 2 test A2-81: 1 % small break LOCA test, break position in the

cold leg pipe, emergency core cooling provided by HPIS connected only
l to intact loop cold leg.

LOBI-MOD 2 test Al-83: 10 % small break LOCA test, break location,in the

cold leg pipe, emergency core cooling comprises HPIS injection into the

hot leg pipe and combined accumulator injection into hot and cold leg

pipes.
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LOBI-MOD 2' test A2-90: Simulation of a loss of normal onsite and offsite
power with additional failure to SCRAM.

4

I

LOBI-MOD 2-tes t BT-00: Simulation of a loss of main- feedwater transient

For some of these experiments _ results of post-test calculations using

RELAP5/ MOD 1-EUR and RELAP5/ MOD 2 have been presented already at the 14th
'Water Reactor Safety ' Information Meeting in Galthersburg 1986 / 5 /. and

at the Topical. Meeting for Anticipated and Abnormal Transients in
fluclear Power Plant in Atlanta 1987 ./ 6 /. In some . csmes, ' especially

for the tests A2-90 and Al-83 relatively large differences between
measured and predicted data were obtained for RELAPS/ MOD 2. In order . to

analyse these discrepancies, a large number 'of. sensitivi ty studies have
been performed wi th respect to numerical convergency.. nodalization

influences and model changes. The results of these studies are presen-

ted in the following.

The LOBI test facility and the basic RELAPS nodalization scheme as used
,Iin all the-predictions are shown in Figs. I and 2.

4 Results of RELAPS/ MOD 2 Code Assessment on the Basis of LOBI Test
'

. Data

t1 4.1 General Remarks

1 Some of the severe problems encountered with the RELAPS/ MODI code are
j solved in RELAP5/ MOD 2. For example the large numerical fluctuations in

] many of the predicted flow parameters as were typical for RELAPS/ MOD 1

are considerably reduced. Furthermore, the frequent time step reduc-

tions as result from mass error checks in RELAP5/ MOD 1. a,re largely
reduced which led to a signi ficant speed-up of the predictions,
especially for slow transients. Two main reasons have contributed to

the generally improved performance of RELAP5/M002: (1) an additional

step in the numerical procedure, where at the end-of a time step the

final state variables are calculated from non-expanded (concervative ),

forms of the mass and energy balance equations and (2) changes to the

interphase drag calculation including the handling of - flow regime
transi ti ons and the implementation of the interphase drag models into

the code.

The improvements in RELAP5/ MOD 2 are not, as often presumed, a result of
the treatment of complete thermal non-equilibrium and the addition df a

second energy equation. This is clearly demonstrated by the JRC-Ispra
improved version of RELAP5/ MOD 1 which han kept most of the basic

,

i

i
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-fcatures of RELAPS/ MOD 1 like the restriction to partial thermal non-

equilibrium conditions (one phase assumed to be saturated) and the-use

of only one (mixture) energy equation. The generally good agreement of
RELAP5/MODl-EUR predictions _with measured data for many different expe-
riments and the considerable reduction of the CPU-times wns achieved by

'

<

introducing several changes to the code in' order to reduce the large
number of discontinuities and inconsistancies as found in the original

code version.

_Although several deficiencies of RELAPS/ MOD 1 have been resolved' in
RELAPS/ MOD 2, some problems still remain or have been newly created by

other substantial changes to the code. The increased degree.of freedom
introduced by the assumption of complete thermal non-equilibrium >

demands additional constitutive models and correlations for which no,

or only a very limited, data base exists. Examples are the interphase ,

heat transfer correlations for vapour and liquid, the partitioning of [

wall heat transfer between the vapour and liquid phase and the distinc- '

tion between latent and sensible. part in the heat transfer rate from
J the wall to the individual phases. An attempt.to describe these very )

complex heat transfer conditions in RELAPS/ MOD 2 seems to make the code f

predictions more sensitive to time-step selection and control asswill ,

be shown later. Another concern is related to the change in the !

implementation of the interphase drag models in RELAPS/ MOD 2 which, as I

will be demonstrated, can result in a large influence of the nodaliza- ,

j tion on the predicted results.

4.2 Time-Step Control and Numerical Convergency
,

In all the RELAPS code versions a semi-implicit numerical method is

applied to solve the governing field equations, where only-those terms

L are treated implicitly which contribute to the pressure wave propaga-

tion or which are known to have small time constants. The heat transfer
from the wall to the fluid is handled completely explicitly which
means that the heat flux between structure and fluid is based exclusive-
ly on previous time-step values. An additional constraint introduced is
that all implicit terms are taken linearly in the new time values. This

| approach reduces the numerical problem to be ' solved to a system of
| linear equations for the new pressure values for each individual volume-
' and the adjacent connecting volumes. This linear system of equations

can be solved very efficiently by a sparse matrix solution technique

without iteration steps.
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a

For- the time-step control the coda . user has the choice _ between a number

of different options. In the generally recommended (and most stringent)

option the time-step selection is based on two ajor criteria: (1) the

material Couran t limit evaluated on the basis of overage . volume phase

velocities and (2) an estimation of the mass ~ error evaluated from 'the
difference .between the mixture density calculated from the mixture mass

conservation equation and the mixture density as determined by the
state equations.-

>

The use of expanded forms of the mass and energy conservation equations

in . RELAPS/ MODI together with a large number of discontinuities .in the

constitutive relations resulted in many cases in a drastic reduction of *

the time-step size below the material Courant limit. As a consequence
,

exceset.c CPU-times were . observed especially for slow transients with

icw flow velocities. This has been largely improved in RELAP5/ MOD 2 by

; the introduction of a second (correction) step in the numerical proce-

dure where the non-expanded, conservative forms of the mass and energy'

equations are used to calculate the final volume state parameters.

Although no systematic time-step convergency studies have been per-
formed with RELAPS/ MOD 2, it might be concluded from many code applica--

tions that stable and accurate results ' can be obtained. However, the ;

complete explicit treatment of the wall heat transfer together with a '

time step control procedure based only on hydraulic criteria may result
,

in severe stability problems when the wall heat transfer and the flow !

phenomena are strongly coupled, e.g. for natural circulation condi-
tions. This will be explained in the following by the pnst-test calcula.- |

tions and sensitivity studies performed for LOBI test A2-40, /7/, a '

simulated loss of power transient without SCRAM ( ATWS case). 'i,

i
'

In a base calculation using the recommended option for an automatic )
I time step control a far too fast a pressurization was predicted I

starting at 20 s into the transient after two-chase conditions occurred

in the core, upper plenum and hot leg pipes. The maximum primary system
i pressure was largely overpredicted by. about 25 bar (Fig. 3). In addi-

|
tion unrealistic discontinuities and fluctuations were calculated for
many parameters including pressure (Fig. 3) and phase velocities at the

; core outlet (Fig. 5) and in the hot leg pipe of the triple loop (Fig.
' 7). The average time-step size as calculated by the code was within the

range between 0.1 s and 0.2 s.

In a second calculation the time-step size was reduced by about one
order of magnitude to 0.01 s. In this case all the numerical oscilla-

j tions as observed in the base case calculation disappeared (Fig. 6 and
; 8) and the overprediction of the primary system pressure was drastical-

1
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ly reduced E(Fig. 4) . A third calculation with a further reduction of

the Ltime-step size to 0.001 s did not-show any ~ remarkable difference to

l the second calculation which means that numerical convergency had been-

reached with a time-step size of 0.01 s.,

The large sensitivity of the predicted results for -LOBI test A2-90 with

respect to time-step size. leads to the following conclusions:

(1) RELAP5/ MOD 2 assessment . studies without the check of time-step

convergency may lead ~ to wrong conclusions with regard to the
prediction capabilities of the code.

(2) The existing criteria for the automatic- time-step control in
RELAPS/ MOD 2 are not sufficient. There exists a strong need for . en

additional time-step constraint with recpect to the energy conser-

vation and/or convergency of the wall heat transfer.

-i
(3) To avoid extremely small time step sizes in case of strong '

coupling between wall heat transfer and fluid flow, the wall heat
transfer should be treated at least in a semi-implicit manner,.

e.g. by using advanced time values for the fluid temperatures in

the driving force for the wall heat flux. This could be implemen-

ted without large changes to the code since new time level values |

for the fluid temperatures are available and already used for the !

interphase heat transfer processes. f
,

4.3 Flow Regime Maps

In RELAP5/ MOD 2 the basic structure of the flow regime maps as used
*

already in RELAPS/ MOD 1 has been retained where the various two-phase

flow regimes are identified on the basis of void fraction and mass
flux. However, two additional flow regimes have been added which did

not exist in the MODI version: a slug flow regime for intermediate void '

fraction between the bubbly and annular-mist flow regimes and the,

] possibility of stratified conditions in vertically orientated volumes.

1 For the definition of the different flow regimes new (dynamic) criteria

) have been introduced which are mainly based on the work of Taitel and
'

Dukler / 8 / and Ishil / 9 /.

Stratified conditions in a vertical volume are assumed to exist if the

following two criteria are fulfilled: (1) the mass flow density has to

be below a critical value based on the ccnditions that the rise
velocity of small vapour bubbles exceeds that of a Taylor bubble and

(2) the di f ference in void fraction of the volume above and below has
>

1

207 |

|
!

c. -- , , . . . . . - - , . - - - - . --. , - . , . . , ,,, --. . . - . -- - , , - , - - - l



.- .. - -. .- . . ~ _ . . ..

i

to ' be larger than 0.5. If stratified conditions are identified in a-

volume the interphase heat -transfer coefficients are drastically re-

duced which leads to strong deviations of both phases from the thermal

equilibrium (saturation) conditions.

The way in which vertical stratification model is implemented has some

consequences for dead-end- volumes .- and for configurations where the
volume orientation changes. For ' the . cases of dead-end volumes .the

second criteria for vertical utratification ' is' reduced to conditions

where the void fraction :in the volume below is less than C.S. The same-
criteria as for dead-end volumes is spplied for cases where the volume

above is horizontal orientated. This means that stratified conditions ,

may occur if the void fraction in -the volume below is less than 0.5,

regardless of the condition in the (horizontal) volume connected to the

; upper side of the volume. As a consequence, the thermodynamic condi-
tions in a volume can largely be influenced by the orientation of a
volume to which it is connected, even if the adjacent volume is-
relatively small. This can result in an unjustified strong influence of

the nodalization on the predicted transient as will be shown for !

LOBI-MOD 2 test A2-90.
,

,

In the RELAP5 base input deck for the LOBI test facility the relief

line on top of the pressurizer was modelled by a single volume, having

a slight inclination of 11 degrees (Fig. 9) which is treated by the |

code as a horizontal volume. For this configuration vertical stratified !
conditions are calculated for the top of the pressurizer over a long !

period of the transient leading to an excessive degree of superheating i

for the vapour (Fig. 11) and, as a consequence, to an overprediction of

the primary system pressure (Fig. 12) . Changing the nodalization of the

relief line into two volumes with a vertical part at the pressurizer j
. ou tle t (Fig. 9) considerably shortens the period for stratified condi-

'

tions and the reduced degree of vapour superheating .(Fig. 11) results

in a more realistic prediction of the primary system pressure (Fig. 12).
|
|

The vertical stratification model as described above is a typical
example of a 'home-made' model or correlation for which no dLta base or

reference exists. Under cortain conditions, these models might improve

the calculated results, however, before implementing ~in the code they

I should be assessed against measured data from separate effects experi-
ments.

A further problem with regard to the flow reelme selection haq been

identified for transition fron bubbly to slug flow. The dispersed
bubbly flow regime is generally assumed to exist for -low void fractions

j in horizontal and vertical flow channels. Characteristic for bubbly
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flow is a large interfacial area per fluid volume which leads to a- '

strong thermal and mechanical coupling between the two phases. With the

increase of void fraction, the structure of the two-phase flow tends- to -

change to the slug flow- regime which is accompanied by a considerable '

reduction of the interfacial area. Therefore, compared with bubbly flow

conditions, larger deviations from the tnermal and mechanical equili-

brium are expected for the slug flow conditions.

As a criterion for the transition from bubbly to slug flow Ishii et al.

/ 9 / suggested' a constant void fraction of W = 0.25. This is used in
RELAP5/ MOD 2 as a maximum value for the void Yraction for which bubbly
flow conditions can exist. In addition a correlation of Taitel and
Dukler / 8 / is applied which can shift the transition- void fraction to'

very low values, especially for tubes with small diameter. The transi-

tion criterion of Taitel and Dukler is based on experimental data

obtained for air-water adiabatic flows in small tubes. It is doubtful I

whether this correlation can be applied also for boiling two-phase flow

conditions and for rod bundles. For example, for a typical' core
geometry with a hydraulic diameter of about 0.01 m transition to slug
flow is predicted to occur already at 34 4 0.01. This means that the
bubbly regime is largely suppressed even for nucleate or subcooled

Iboiling conditions. The resulting consequences for the interphase heat

transfer rates will be discussed in the next paragraph.

4.4 Interphase Heat Transfer.

The basic assumption of a partial equilibrium between the two phases in
RELAPS/ MOD 1 has largely simplified the modelling of interface and wall !

heat transfer processes. The description of heat and mass trans fer
1

phenomena at the interface can be reduced to a correlation for the |
'

evaporation / condensation rate determined by the difference between the l

j static vapour quality and a corresponding equilibrium value as a '

; driving force. The use of only one energy equation for the whole
two-phase mixture allows the direct application of all the existing
boiling and condensation heat trans fer correlations which were de-

,

veloped in the past from a large experimental data base on the

| assumption of thermal equilibrium conditions in the two-phase mixture.
'

The partitioning of the wall heat transfer between the liquid und
vapour phases is done implicitly by the constraint that the least
massive phase is assumed to be saturated. The fact that this restric-

tion is adequate for many transients has been shown by the good

| agreement between measured and predicted data using the RELAPS/MODl-EUR
! code for a large number of LOBI experiments.

.
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The assumption of a complete thermal non-equilibrium in FEi AP5/ MOD 2
and, as a consequence, the need for two separate energy equations has
largely extended the heat trans fe r processes to be described. This
includes the heat trans fer from the interface into the liquid and

vapour phase, the partitioning of the total heat transfer from the wall
into the fraction of liquid and vapour respectively, and the distinc-

tion between the part of the wall heat flux which results in an in-
crease of internal energy of the individual phases (sensible heat) and
that part which contributes directly to a phase change (latent heat).
For most of these processes no experimentally verified correlations
exist and, therefore, 'home-made' correlations are used which largely

rely on engineering judgement. Often, the final coding of the corre-
lation used differs considerably from those documented in the code
manual. An example is given in the following for modelling of the inter-
phase heat transfer to the liquid phase.

For subcooled conditions T 4: T the heat transfer from the interface
to the liquid phase is calcula"ted using a semi-empirical correlation
derived from subcooled flow boiling experiments by Unal / 10 /. How-
ever, compared with this reference the correlation used in RELAPS/ MOD 2
has been significantly modified which leads to a reduction of the
interphase heat transfer coefficient by up to one order of magnitude as
shown in Fig. 10. This reduction of the interphase heat transfer

coefficient together with the suppression of the bubbly flow regime as

explained in paragraph 4.3 result in an unrealistic large degree of
subcooling for the liould phase during subcooled boiling conditions for
LORI-MOD 2 test A2-90 ( F ip, . 13). Using the original Unal's correlation
for the interphase heat transfer and a minimum void fraction of od =

tr
O.10 for the transition from bubbly to slug flow rcduces the degree of

subcooling by about 50 % (Fig. 13) and yields an improved prediction

for the primary system pressure (Fig. 14).

From the evaluation above it might be concluded that the relatively

large number of additional correlations and new assumptions introduced
in RELAPS/ MOD 2 demand a systematic *,erification of the complete inter-
face and wall heat transfer processes on the basis of separate effects

test data.

4.5 Implementation of Interphrse Drag Model

As for most hydraulic codea, a staggered mesh is used in BELAP5 as a
basis for the evaluation of the finite difference equations represen-

ting the conservation of mass, momentum and energy. In this approach,
the scalar or state parameters are defined at the cell (volume) centres
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and the vector or flow quantities are ' related to the cell boundaries

(junctions). .It seems to be natural. that the interphase drag as a
vector parameter is defined as a junction quantity, as is done in all |

~

-the RELAPS code versions. However, the way in which the interphase drag
model is implemented differs considerably between' the code versions.

In RELAPS/ MOD 1 a rather complex averaging procedure. is applied as
explained in- the the rollowing.,In a first step average void fraction -

and density values are calculated for all junctions from the two
adjacent volumes using the volume sizes as weighting ' fac+ ors. In a
second step the interphase drag coefficients are. calculated on the

basis of junction quantities using the flow regime map as defined for

the upstream (donor) volume. In a third step volume related interphase
drag coefficients are calculated as the arithmetic mean over all inlet

and outlet junctions connected to this volume. In a , fourth step the
| final interphase drag coefficients are calculated for all junctions as

j an average of the corresponding values from the upstream and downstream
| volumes using again the volume sizes as weightings factors. This proce-
'

dure for the interphase drag calculations has two major disadvantages:
(1) the use of the upstream flow regime results in a discontinuous
change of the interphase drag value in case of.a flow reversal and (2)

due to the subsequent averaging processes the junction with the largest
interphase drag value dominates all other junctions connected to this
volume. As a consequence, local phase separation cannot be calculated.

In the RELAPS/ MOD 1-EUR code the implementatiun of the interphase drag-
calculation has been largely simplified. The first step, where average
junction values for void fraction and density are calculated. . is iden-
tical with the original code version. In the second step tur values for
the interphase drag coefficients for all junctions are ( dculattd based
on junction quantities and using the flow regimes identiti+1 in bath,
the upstream and downstream volumes. In a third step the final inter-
phase drag coefficients are calculated as an average of the two values
as determinated in step 2 using the volume sizes as weighting factors.
The new procedure used in RELAPS/MODl-EUR avoids discontinuous changes
of the interphase drag coefficient and provides a more realistic predic-
tion of local phase separation phenomena especially in the case of "

branch components with multiple junction connections.
I

Compared with RELAP5/M001 a completely different approach has been
chosen for the implementation of the interphase draq calcula tic.n in
RELAP5/ MOD 2. In a first step interphase drag coefficients are calcula- i

ted for all volumes on the basis of exclusively volune related quanti-
.

ties. The final interphase drag coefficients for all junctions are

,i

i
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calculated in a second step as the average of the corresponding values

for the upstream and downstream ' volumes using the volume sizes as
weighting factors. This procedure avoids discontinuities in the inter-
phase drag calculation ~ similar to _ RELAPS/MODl-EIJR. However, the_use of

_

volume average velocities rather- than junction velocities for= the
calculation of the interphase drag coefficient can resul't in completely
unrealistic slip velocities, if the junction flow .cavas section is4

considerably smaller compared with the cross section ; in the adjacent
volumes. This is demonstrated in the following in the RELAPS/ MOD 2

predictions for LOBI-MOD 2 test Al-83.

For the LOBI-MOD 2 10 % small break LOCA test Al-83, the' standard nodali--
~

zation scheme is used where the break is modelled as a motor valve
connected to the- pump side of the broken _ loop - cold leg. With the
RELAP5/MODl-EUR code, a generally good agreement between measured and
predicted quantities was achieved for all relevant parameters including
primary system pressure (Fig. 15) and primary system mass inventory
(Fig. 16). This suggests also that the break ' mass flow (Fig. 17) is
accurately predicted.

Completely di f ferent results were obtained with RELAPS/ MOD 2 ' for the
same LOBI experiment. Although using identica1' code input data as for
RELAP5/MODl-EUR, extremely large deviations from the measured data were
predicted with RELAPS/ MOD 2, as can be seen for the primary system

pressure (Fig. 15) and mass inventory-(Fig. 16). This behaviour is in
contrast to other LODI test calculations performed with RELAPS/ MOD 2 I

which generally show a reasonable agreement with the experiment. i

6

'

The reason for the large deviations shown in ths BELAP5/ MOD 2 results
i for LOBI test Al-83 is obviously caused by a considerable underpredic-

tion of the break flow as can be concluded from the comparison of
measured and predicted data for the primary system mass lnventory (Fig. |

~ '16). After the occurrence of stratified flow conditions upstream of the
;

break at about 50 s into the transient, excessive large differences in

the phase velocities were calculated (Fig. 18) which led to the large
drop in the break mass flow (Fig. 17). This behaviour is a direct.* ,

_

consequence of the way in which the interphase drag model is implemen-
ted into the code. For critical flow conditions, as exist in the break

for long periods of the LOCA, the interphase drag coefficient for the ,

;

break junction is calculated in R"LAPS / MOD 2 exclusively on the basis of. ;

the ficw regime and the volume average flow velocities taken from the
,

upstream volume. With the transition to stratified flow in the main
p i r.a . the interphase drag coefficient is strongly reduced which leads

e to a considerable de-coupling of the two momentum equations and, as a ,

I consequence, to the prediction of extremely large slip velocities in (
the break area.j

i
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The large sensitivity of the break mass flow calculation in RELAPS/ MOD 2
with _ respect to the flow regime upstream of_ the break ~ can be signi-
ficantly reduced if homogeneous conditions' are specified for the break
in the code input data. With this flow option more realistic values for;

the break mass flow were calculated- as can be concluded from the
predicted and measured primary side mass ' inventory (Figs. 20 and 21)..
which resulted in a generally improved agreement of the predicted data
with the experiment, as shown for the primary side pressure (Fig. 19).

The procedure applied in RELAPS/ MOD 2 for the calculation of the inter-
phase drag coefficients can also result in a strong sensitivi ty of the
predicted data with respect to the nodalization chosen by the code
user. This is demonstrated in Figs. 23 to 26 where the.results of two

,

calculations are shown which differ only in the nodalization of the

break.

In 'the base case calculation .the break junction (motor valve) was

1 connected to the pump side of the broken loop cold leg. The results
obtained show strong deviations from the measured data as already

a

discussed. Changing the connection of the break component to the pres-
sure vessel side of the cold leg pipe, completely different results'

I were calculated as shown for example for the primary system pressure
,

; (Fig. 23), for the primary mass inventory (Fig. 24) and for the break |
!mass flow and phase velocities (Figs. 25 and 26).!

1

The strong sensitivity of the RELAPS/ MOD 2 predictions with respect to
i the break nodalization can be explained by the differences of the flow

conditions between the pump side and the vessel side of the cold leg

pipe. The considerably larger vapour velocities in the pipe between the
break and the vessel result in a delay for the occurrence of stratified

,

flow conditions and in generally larger values for interphase drag'

coefficient for the break junction. As a consequence more realistic

phase velocities were predicted for the break which resulted in a
generally better agreement of the prediction with the experiment.

5. Conclusions and Recommendations'

! For selected LOBI experiments assessment calculations have been per-
formed using RELAPS/ MOD 2. The predicted results show in general a good,
or at least a reasonable agreement with measured key parametern. |

However, for experiments simulating intermediate break LOCA and Special ;

Transients with pressurization of the primary system, relatively large |
i

discrepancies have been observed in the RELAP5 predictions with respect
to the experiment.

I
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;
- In order to investigate - the deficiencies obtained in the - predictions '

for specific , LOBI experiments, a number of code sensi tivi ty calcula'-
tions were performed. with respect to time-step convergency.cinfluence

| of. nodalization, and model changes. The results'of these studies can be-

summarized as follows: ;

- The completely explicit treatment of the wall heat transfer together
with 'the - relatively complex : modelling of the coupled interphase and

i

wall heat transfer processes can result in numerical -istabilities, :

especially- for transients having a strong coupling between wall ' heat !

transfer and fluid flow.

- The : existing time-s tep control in RELAPS/ MOD 2 is not sufficient to
guarantee time-step convergence for all transient conditions.

- The way in which the vertical stratification model is implemented in
I RELAP5/ MOD 2 may result in an unjustified ' influence of 'the nodaliza-

'

| tion on the predicted system behaviour.

- The procedure chosen in RELAPS for the implementation of the inter-

phase drag model can result in completely unrealistic flow conditions |
_

'

ir$ the break and in a large sensitivity of the predicted results with i

respect to small. changes in the break nodalization. -|
J

- For a number of correlations, a completely different form is used in

the code compared with the original equation or with the information

given in the manual. At least in some cases, the modified version
leads to a worse agreement with the experiment as would be the case-

using the original correlation.;

It is felt that the problem areas identified for RELAPS/ MOD 2 could be

solved within the existing code structure and numerical. solution tech-

nique. The necessary improvements would concern the following items:

- Extension of the time-step control with regard to energy conservation

and/or convergency for wall heat transfer.
;

- Ir troduction of a partially implicit. treatment for the wall heat
transfer process using new (advanced) time values for the fluid

{ temperature as already done for the interphase heat transfer.

- Use of junction phase veloci ties rather than average volume flow

| velocities for the calculation of interphase drag coefficients.

| - Well-defined criteria for the occurrence of stratified conditions in

vertically orientated volumes.
,

i

In addition, it is strongly recommended to provide a more detailed

; document =.tlon of the code, especially for the large number of correla-

tions used and their implementation in the numerical structure. This

t

4
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documentation could serve as a basis fnr all future improvement to the

RELAPS code which might become necessary as a result of the ongoing

assessment of the code.
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OVERVIEW OF CODE MAINTENANCE ACTIVITIES: TRAC PF1/ MOD 1'

by

R. P. Jenks and J. W. Spore

Nuclear Technology and Engineering Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

To support tN objectives of the Intemational Code Assessment and App'ications
(ICAP) program. Los Alamos provided several user support and code maintenance
activities for TRAC-PF1/ MOD 1. Code deficiencies identified through this process were
removed by developing new models or improved models for the next version cf the
TRAC code. Los Alamos has responded to the needs of the ICAP program by
providing quality state-of the art software in support of ICAP and USNRC satety analysis
objectives.

,

1. INTRODUCTION

The TRAC PF1/ MOD 1 code was frozen with the release of code ch es EC14.3 in
September 1987, and changes to the MODI code after that date not allowed. ;

Under the current restrictions code changes that are required to resolve TRAC user
concerns will be made only to the MOD 2 code.

During FY 1987 Los Alamos supported the objectives of the International Code
Assessment and Applications (ICAP) program by providing several actMties related
to code maintenance for TRAC-PF1:

* resolution of user concems,
,

a code configuration control, 1

* transmittal of code & updates, i
* documentation & code related news, and |

* quality assurance. '

I
i

* This work was funded by thi US Nuclear Regulatory Commissica, Office of Nuclear Regulatory |
Research, Division of Accident Evaluation.
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Resolution of user concerns is accomplished through a central contact at the.

t laboratory. At present two persons, Victor Martinez and Rick Jenks, share this
| responsibility. Code users call the central contact and their concerns are addressed
: immediately or catalogued for later review and resolution.
2

| Code configuration control follows a logical process, beginning with the modification
of the software and a tracking of the changes made, both of which are done by the
librarian utility HISTORIAN. The resulting corrections are tested with a matrix of test

.
problems and released to users. The process has recently been improved and

3 includes additional test problems.

Code updates are transmitted by several methods. New users receive the code and
the latest code changes on magnetic tape with limited implementation nstructions.
Other users receive the latest officially released updates on IBM floppy diskettes.
Users may also obtain updates by downloading them from a specific Los Alamos

'

VAX computer by means of a modem and their own telecommunications software. i
.

Documentation and newsletters are distributed to users on a regular basis. New
I users receive the code documentation in the form of a code manual and a user's

guide. The documentation is kept current with "change pages" attached to quarterly
issues of TRAC News, the TRAC PF1/ MODI newsletter. General information, code j

i problems, code changes, code assessment summaries and bibliographies of TRAC- !

: related publications va included in each newsletter. |

1 |

O/A procedures, which have been implemented at Los Alamos during previous !
years of code development, have been improved. Now a formal peer review process |'

is in place, and code programming and documentation guidelines have been written !

to specify procedures that will further enhance the quality of TRAC software.
'

In the following five sections, activities related to code maintenance will be presented '

; in more detail. '

II. RESOLUTION OF USER CONCERNS !

User support is essential to the ICAP program. It not only facilitates the application of !
4

the code, but also provides the USNRC will valuable information on code i

deficiencies. Resolution of code deficiencies produces an improved tool for reactor;

) safety analysis, j
1
i Table I shows the key elements of the user concern resoluuon process. User (
) concerns are received through a central contact at the Laboratory.* Victor Martinez !'

and Rick Jenks curren'.iy share this responsibility. Code users call the central !
; contact, and their concerns are addressed immediately, if possible, or catalogued for
; later review and resolution. t

i

* The "certral contact" telephone number is 843467 2021 (FTS) or 505-667 2021 (commercial).!

|4

i i

|
:
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User concerns are received in several formats: letters, telefaxes, phone calls,
encounters at Los Alamos, and meetings, and indirectly through reports and papers.
All concerns are directed to the central contact person for resolution. If the concern
is simple enough that it can be resolved immediately, it is. Most concerns are
relatively straightforward and can be resolved immediately, meaning in from two
minutes to two hours. Examples of these "simple concerns" are requests for
documentation, requests for simple modeling advice, requests for location of
information in the Code Manual or User's Guide, requests for definition of a code
variable, and other requests of this nature.

TABLEI
KEY ELEMENTS OF USER CONCERN RESOLUTION

Q Receive concem from user by means of centralcontact
Q Respond immediatety or catalog for "problem trading *
Q Electronic or written solicNation from development section for problem resolution
Q Tra$ progress: solchation process plus "code Problem Review" meetings
Q Development section works to resolve problem
Q inform users of problem-resolution status
Q informusers of finalresolution

Concerns that are not simple to resolve, or that take more than two hours, are
catalogued in our problem tracking" system. Under this system, we use one of our
VAX computers to maintain and access a data base of resolved and unresolved user
concerns. Table 11 indicates the current procedure employed in the problem tracking
system.

Several VAX utilities and a FORTRAN program are employed to make the problem-
tracking process complete. The FORTRAN program, TSHOOTER, was developed to
allow Los Alamos code developers easy access to information not only about current
trouble forms, but also previous trouble forms that were catalogued and resulved.
Figure 1 shows the main menu of TSHOOTER as it would appear to the user, ;

indicating the various options that are available * |

The Code Development Section endeavors to resolve user concerns as quickly as I
possible. Our VAX Mall utility allows fnr rapid efectronic transfer of information I

cmong various people involved in the resolution process. As indicated in Table || 1

(step 8), allinformation pertaining to the resolution of the problem is available in the,

| trouble form data base, which is kept current as part of the procedures. Periodically,
! Code Problem Review meetings are held to review outstanding user concerns and to

suggest possible resolution strategies.'

* Los Alamos plans to implement TSHOOTER into the VAX UPDATES utility when the improved i
version, UPDATES 2, becomes available. Other features envisioned 1or UPDATES 2 are improved * user |,

friendliness,* access to REVTRAC (a program that accesses information from the TRAC PF1/ MOD 1
Assessment Report Data Base), and KERMIT (for improved data integrity during shipment of error-
correction files).

'

i
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TABLE 11
PROCEDURE FOR CATALOGUING TROUBLE FORMS

1. Create troubb form (tform) using either a section from temp.fyxx or starting new wth changes
to copy of blank form. Call newide YYMMDDx.dat, where YY designates year, MM the month, 4

DD the day .;nd x is a lower-case letter (a-z) indicating the order of togging for a particular day. l

Examp!e: 861102a dat is the first tform catalogued on November 11,1986. )2. Make entry to (cus. problems]curprobs showing tform number, user, and brief problem ,

de scription. Open section of [cus.tet*ars.xxxxx]xxxxxnews.ter to document the new !

problem, where xxxxx represents the pt',inent TRAC News reporting period. Example, i

lan87 news. tex is the tex file for the January 1987 issue of TRAC News. |
3. Send tform to PrincipalInvestigator for Code Development using VAX MAIL utilay.
4 Append tform to the end of latest temporary tform data base (temp.fyxx, where xx is latest

fiscal year, 87, 88, 89, etc).
5. Update data base files oldprobs. base, oldprobs.fy85, oldprobs.fyB6, etc. (input for

TSHOOTER) by typing MAKEBASE to run cusutibmakebase.com, a DCL command tie that
uses the VAX batch processing mode.

6. Venty that new tsorm is in data base co rdy, by running TSHOOTER. Check that you can
access new tform..

7. Send out new listing of oldprobs. base to stoport staN period' catty using BPRTROUB.
8. Update temp.fyxx fdes with feedeack from developers, any resolution activities or other

pertinent informaton. If signifcant e* forts are undertaken and suffcient changes are
j

made to a tform, report that change in the 'old. unresolved * category of the next newstetter.
9. When tform is ' closed,' move segment from curprobs file to portinent closecut file

resolved.xxxxx, where xxxxx represents the pertinent tracnews reporting period. Exarr >le:
resolved.jan87 contains all tforms resolved in the quarter proceding the Janua'y 1987 issue of
TRAC NEWS. Also move entry from open to closed section in pertinent
[cu s.le tt e r s.x x x x x]x x x x x n e w s.t e s .

FIGURE 1
TSHOOTER MAIN MENIJ

[.MGW?#E}$@W43

C,g.e-. . -- .31: ,

. . . .
.

,
.;

oPrCBis ausname . 4;
~

[#
e,Dnene er sel,seysyg $ agent isr.
evnes, er a0m*penses* toast ,

}T *
p

1

, eCPose Sessg> en eteen#m leveese heaghg ~ ~ . .a . . ,.,

E . . _ , . _ ._.

was.s.mA
i ,

I[d hNh '

wmmohn, -J
.

d

,

|

J



Users are kept informed of the status of probesm resolution by direct communication
(phone or letter) and through the quarterly TRAC News newsletter. When a user
concern is resolved, all users are informed thn: ugh the newsletter.

Table 111 gives statistics for the disposition of YRAC user requests from October 1985*
through August 1987.

These requests range from very simple to very complex. As indicated in the table,
most of the requests were relatively simple. Of the 1800 requests received,
approximately 1471 were resolved immeciately during this period. Over 300 could
not be resolved immediately and were catalogued in the "problem tracking" system
for later resolution. Most of these concerns have been addressed and have
resulted in improved documentation or actual code updates to fix a code error or
implement a user convenience. As of September 11,1987,29 of the catalogued
concerns remained unresolved. The distribution of the 29 unresolved concerns is
given by type with 14 code eriors, 7 model deficiencies, 41/0 problems, 4
documentation concerns, and no implementation concerns.

TABLE ill
TRAC USER REQUESTS: OCTOBER 1985 THROUGH A'JGUST 1987

"* -1800 TOTAL '"

1471 resolved immediately.

329 catalogued.

29 unresolved (9/11/87):.

-> 14 code errors ++++++++++++++
, -> 7 model deficiencies +++++++

,

j -> 4 1/O problems ++++
-> 4 documentation 4+++4

-> 0 implementation

|

During FY 1987, approximately 800 user requests were received and 110 user
concerns were catalogued. Figures 2 and 3 depict the distribution of the FY 1987
catalogued concerns by problem category and by origin. The largest percentage of
user concerns fellinto the "code error" category (47.2%), followed by concerns about
the code documentation (18.5%) and model deficiencies (13.9%). A large
percentage of the concerns originated from Los Alamos and UK programs (33.3%
and 20.6%, respectively) and from other domestic users, as well (18.6%). 1

I

|

* October 1985 is when the most recent TRAC User Support program started under ICAP, and the
current system. using ' central centact persons and computerized tracking of user concems, began.

i
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FIGURE 2
USER CONCERNS CATALOGUED IN FY87 BY CATEGORY
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FIGURE 3
USER CONCERNS CATALOGUED IN FY87 BY ORIGIN
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During FY 1987, 122 separate update idents were released as changes to the
TRAC-PF1/ MODI code. Of these 122 updates,22 were user convenience updates,
ranging from adding more comment cards to TRAC to improving the readability of the
TRAC run time messages. Eleven of these update idents were associated with

230
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Improving the portab!!ity of TRAC to other computer operating systems. The balance !
of the update idents fellinto the Categories of error corrections or implementation of
new models or user convenience features (i.e., multiple source capability, new
separator model, etc.). Appendix A gives a complete list of updates issued during
FY87.

A sampling of recent user concerns is presented in Table IV. As code deficiencies
are identified during the ICAP code assessment and application activities, new
models or improved models are suggested for development in the next version of
TRAC (i.e., MOD 2). Improvements currently targeted' for the MOD 2 code are listed
in the table.

TABLE IV
SAMPLING OF RECENT USER CONCERNS

ceee.e,m, ceee.w TFORM
CORE rod dryout 870210b
Errors in dont sTEsT 861101a
Cntcal flow impkmentation error 861202a
FRIC in vanes 870210c
stratied flow 870210d
3D ceti velocities 870210f
HTCOR * typos' 870210h
Boron reactivry 870828a

Modail~seve=ew Ceacem Nameted 6,the MSD2 der

a murti source VESSEL capaMty (in MODI, also)
* PWR se?f-intia!2ation capab;1:ty (in MOD 1 also)
= steam separator model(in MOD 1. also)
* CCFLmodehng
* f ast 3D-2 STEP numerics
e vectormed VESSEL codeg & inversion of VESSEL data

base
se generalized beat strudures (RODS & SLABS)
e impoved core void / core heat transfer modehng
* conserving momentum fius soluton
* consistent wa!! ahear between 1D and 3D

'

e improved wall shear model that f:res taminar few errors,
includes surf ace roughness s'foct in turbutent regime,
and improves accuracy of two-phase model

e e5mination of Gauss seidel and development of the
capa:rta we method for schnr.g the VESSEL matrix |
equations

a replacement of subcooled boiling model wth the TRAC-
BWR subcooled boihng model*

* This list is part of the proposed ' MOD 2 Development Plan * that was to have been formulated in
conjunction with ICAP members at the October 1957 ICAP Specialists Meeting held October 21 and 22
in Bethesda. Maryland. A dra't of the complete MOD 2 code developtrur2 p'in will be sent to the NRO |
for review by December 31,1997 It is anticipated that the final plan will be approved before February
1988.

1

!
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TABLE IV .

ISAMPLING OF RECENT USER CONCERNS (cont)

get !=emve* eat Coacems feca*:a_ue@.

* generatorientation VESSEL modeleg capabilay |
* Improved core re ood modelr
* improved downcomer penetra!' n prodctive capabilityo
* improved upport onum entrainment / de-entrainment ji

= improved modeling of condensaten (cold and hot legs) i

e axiafty vaging intial fwel-gap mode!rng capabilfy i

e improved em' cal 160w model
* built in pump onergy model |

'

* eliminaten et non-standard FORTRAN and removal of
calls to GETBrT

* ehmination of break flow time etop senshMty
* improved accumulator modeling capabilaies
* improved fine mesh interpola*.or I

'

= Interfacial shear and hem! transfer improvementa

to coace =s:.

VESSEL ROD output 870409a
Component order user specNed 870504a

Docu-eata'ba Ceaeems:.

UPi modehng 861007a
Direct invers' n opt' n 861203ae e
Azimuthal noding dependency 861218a i

Pump mocenng 870120s
Crnical f ew nodmg depeency 870319f
CORE heat transfer output 870618a j

l~ o'e - ea'a's a c oaee m s.

HisTOR1AN v. UPoATE 870123a
CCFL test problem drierences 870428L

111. CODE CONFIGURATION CONTROL |

A configuration control process is followed in implementing code modifications into a
new version of TRAC PF1. The process ensures that several people can be
changing TRAC at the same time without conflicting with each other and
unintentionally introducing errors into the coding.

A flow chart of tie configuration control process is given in Appendix B. The process
has undergone :hange as deficiencies are encountered, always with the objective of
ensuring the quality of the software.

;
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IV. TRANSMITTAL OF CODE & UPDATES

New users are sent the TRAC PF1 code on a magnetic tape with complete '

documentation. The transmittal package includes:

Magnetic tape with TRAC PF1 and supporting software*

(TRAP, EXCON, GRED, etc.);
the TRAC Code Manual;1* ,

the TRAC User's Guide;2*

Implementation instructions and examples; and*
|

back issues of the quarterly TRAC newsletter.3|
*

As changes are made to the code, updates are created, and each update is tested
with a fast running subset of our full test problem matrix. Appendix C contains a
description of the full TRAC PF1 test-problem matrix. Once a sufficient number of
updates has been accumulated, and the code has been fully tested with the full test
matrix to minimize the possibility of errors, an official update release is generated.

;

These updates are at present distributed to code users on IBM floppy diskettes. To
ensure rapid mailing, the distribution is limited, with only central contacts at each
organization receiving diskettes. These central contacts distribute copies to
appropriate technical people at their sites,

in addition to diskette transmittal, the "VAX UPDATES * telecommunications utility on
our VAX dial up telephone line permits users who wish to obtain code changes much
more quickly to access the latest official update releases. Procedures for accessing
these dial up lines have been published in prevbus issues of TRAC News.
Additional instructions can be obtained by contacting the TRAC central contacts at
Los Alamos.

V. DOCUMENTATION AND CODE RELATED NEWS

A new version of the TRAC PF1/ MOD 1 code was released in the spring of 1987.
This version included error corrections and added user conveniences for the MOD 1
version of TRAC PF1. It also included a self initialization capability, a multiple-
source capability, and a new steam / water separator model. Following the release of
the MOD 1 version of TPAC, work was initiated to provide a complete set of
supporting documentation. This complete set includes:

* the TRAC User's Manual,
the TRAC User's Guide,a

the TRAC Assessment Report,4 and*

the models and correlations document.*

i The first three documents have already been released. The TRAC Users Manual
and the TRAC Users Guide are distributed in convenient 3 ring binders designed so'

1

]
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that they can be kept current, as new models or new guidelines are developed, with -
' change pages." The change pages are provided routinely as attachments to the
quarterlyTMC News newsletter.

The new models and correlations document identifies each model and correlation in
the TRAC PF1/ MOD 1 code. In addition,it describes how each of these has been

,
implemented into TRAC (I.e., what assumptions and approximations were used),

! identifies the basis or data base for the model or correlation, and attempts to address
i the scaling of the individual model or correlation,
i

! In addition to the four documents described above, a quarterly newsletter is issued to
j code users providing information about TRAC related activities. The following
i sections are contained in TMC News-
) ,

Information I| *

User Concoms !
i *

Code Updates |
*

Assessment Summaries*

TRAC Bibliography |
*

i Attachments: "change pages* |
.

|
-

1 As with the diskette transmittal of code updates, the newsletter distribution is limited, ;

; with only central contacts at each organization receiving documentation. This limited
j distribution ensures the timeliness of the news distributed to code users.

!
! VI. QUALITY ASSURANCE

[ The major objectives of the TRAC quality control procedures (OCPs) are to have a
i code that has physically sound models and corrections, is as error free as possible, !

maintains traceability, and imposes standard programming practices. These !

! objectives are accomplished by peer review, documentation, and good
communication between code developers and code users.'

i
| I

| A. Background
|

TRAC software quality was controlled in the past as part of code development and i1

i code configuration control. Code development procedures called for documentation
1 of new models and other code changes in the TRAC Manual and/or TRAC User's
! Guide. TRAC configuration control procedures called for peer review of code
i changes by a central reviewing authority, most often the code-development section
; manager,
j

The new OCPs expand the old peer review process into a formalized and heavily,

| documented procedure. Documentation requirements have been imposed that
! require the basis for a new model or code change as well as documentation of
s

!

!
1

j 2%
i

i
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supporting sensitivity calculations. Audit notebooks kept in our code development
archives, a central repository for information related to the quality assurance of our
code, are used for this purpose.

;

A major portion of the previous TRAC configuration control procedure emphasized j
traceability. Through the use of the HISTORIAN software librarian program and -

update request forms, code changes could be traced to specific code versions and
developers. The new configuration control procedures that are part of the TRAC
OCPs continue to emphasize traceability. At the same time, they formalize both the
peer review of code updates and the external documentation requirements.

The OCPs have been documented in details and are divided into four general areas:

documentation and peer review procedures,a

configuration control procedures,a

update guidelines, and*

FORTRAN programming guidelines.*

These areas form the basis of the TRAC OCPs.

| B. Documentation and Peer Review Procedures

Documentation and peer review procedures specify the documentation and peer
review that must be performed for all code modifications, from simple one line error '

corrections to major new modelimplementations. Computer code documentation.

exists in two general categories:

Internal documentation and*

external documentation.*

The internal code documentation includes the FORTRAN source and comment cards.
The FORTRAN source and comment cards prove very useful not only to other code
developers, but to experienced code users as well.

The external code documentation includes update request forms, updcte comment
cards, code manuals, and model audit notebooks. This information is available to all
code users and provides information useful to the implementation anri application of
code changes. |

.
,

'

.

) C. Configuration Control Procedures .

I
'

The new configuration control procedures dictate the steps followed to implement
| code modifications into new TRAC versions. These steps have been developed to |

minimize the pot 6ntial for introducing errors into the TRAC code. These procedures j
'

also ensure that several people changing TRAC can work on the same code version -

1
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at the same time without causing coding conflicts. The new configuration control
procedures minimize the amount of development time that would otherwise have
been lost to fixing overlapping corrections and other, more serious, confiicts in
coding.

|

D. Update Guidelines |

Update guidelines have been developed that require extensive documentation of 1

code changes within the HISTORIAN update files. Most code developers and many :

code auditors find the documentation of HISTORIAN updates to be more convenient
than descriptions published in the Code Manual or User's Guide. They find that

; having full documentation of the code change together with the change itself
improves the understanding of what was done to the coding.

The guidelines serve two main functions:

1. They establish a rigorous set of standards for comprehensive internal
documentation of all updates. The same documentation appears on the
update request form.

2. They attempt to ensure that only HISTORIAN commands that are ;

compatible with the CDC UPDATE utility are used. !
:

Many external users can see the documentation within the code updates before they
are published in the quarterly newsletter or the code manuals, because all updates
are available on our dial up VAX computer.

E. FORTRAN Programming Guidelines

The new FORTRAN programming guidelines ensure that readable, maintainable,
transportable, and efficient FORTRAN coding is developed. These guidelines
outline the minimum documentation required within the FORTRAN source for TRAC,
as well as general programming practices that must be followed in preparing
changes or additions to the code. The guidel:nes specifically address the following
areas:

Vectorization| -

EXTRACT code and Dump / Restart-

Source documentation and format-

Portability-

COMMON blocks-

Input changes-

Suggested MOD 2 changes-

4

3
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Vll. CONCLUSIONS

New user conveniences, correction of errors, and the development of new models ,

'

have produced significant improvements in TRAC's user friendliness and accuracy.
Improvements to documentation will help all code users by identifying when and
where the code should be used and what accuracy can currently be expected.
Although the TRAC PF1/ MOD 1 version has been frozen, we are incorporating
improvements and enhancements into the MOD 2 code as we receive feedback from
TRAC users.

TRAC code maintenance activities have helped ICAP member countries, Los Alamos i

National Laboratory, and the USNRC. The code maintenance efforts have provided
resolution of user concerns, an improved configuration control process,
dissemination of the code, code changes and code related documentation to users,
and an expanded quality assurance program. These efforts will ensure a good-
quality, powerful software tool for thermal hydraulic safety analyses.

<
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APPENDIX A

CODE UPDATES DISTRIBUTED DURING FY87 ,

UPDATE DATE CODE DESCRIPT10NA
IDENT RECEfVED VERSO 4 CS CH ANGE

Ictfx 7/22/86 12.9 Fixes error in the core test
fxvdv1 7/23/86 12.9 Restores IVDV-0 option to BREAK
vm0722 7N86 12.9 Fixed a fatal error caused by CFT1.14
issfigi 7N86 12.9 Corrects logic error with ISSFLG
ranfcn 7N86 12.9 Removes dummy argument from ran # fun
sgagain1 7N86 12.9 Changes con. gain to 0.03
movess 7N86 12.9 Moves ess update to PREP 3D
upfilm 7/17/86 12.9 Fixes error in Forstand Rohsenow,

fixes gravi +y orientation error, replaces
Dittus Boetter with Sieder-Tate for single-
phase vapor, corrects error in exponent on
Prandtl # for DB adds the hlfilm routine and
modifies the hvfilm and htcor routines

updcIn 8/01/86 12.9 Eliminated five undefined variables
ntfix 8/06/86 12.9 Eliminated NFF=2 option
misc 1 8/07/86 12.9 Miscellaneous clean up
jmaher1 8/11/86 12.9 Input checking on user input CB table
ssnoct 8/11/86 12.9 Closes out controllee after successful

steady state run
holltre 8/11/86 12.9 Changes ess messages to hollerith
ccfix1 8/11/86 12.9 Fixes two variables to real
table 1 8/13/86 12.9 Changes output to 1TY to be more

readable
fxerr1 8/13/86 12.9 Fixes error in noistdy1 update
updsnd 8/13/86 12.9 Improves superheated steam choking

i fxinvan 8/18/86 12.9 Fixes INVAN option
wpkmes 8/22/86 13.0 Improves messages from TF3D1
imprgs 9/03/86 13.0 Cleans up coding in INPUT, RCNTL,

RDREST, and RECNTL,

cavger 9/03/86 13,0 Fixes CELLAV and problem with VM0722
edcore 9/05/86 13.0 Adds comment cards to routine CORE 1.
upgam 9/05/86 13.0 Fixes a restart problem with CORE. ;

nffix1 9/05/86 13.0 Re instates NFF=2

l
1

a Nomenclature:
,

CB-Control block
DB-Dittus Boelter
TSC-Time step control
VV-Vent valve
DI-Direct inversion matrix solution

i UC-User convenience
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UPDATE DATE CODE DESCRIPTION
IDEP(r PECEfVED VERSON CF CHANGE

edithv 9/08/86 13.0 Adds comments to HVFILM to define
cfl upda list

ccfix2 9/08/86 13.0 Fixes undefined variable in ccil update
vmerfxd 9/09/86 13.0 Fixes vessel mass error TSC
fxhtloss 9/09/86 13.0 Fixes logic error for editing of

STGEN heat losses.
cpdicm2 9/11/86 13.0 Fixes pointer problem with 7600 version
upchfi 9/15/86 13.0 Fixes TCHF iterative solution
updsnd2 9/15/86 13.0 Fixes SORT of negative number

,

problem in updsnd update
fxlenc 9/16/86 13.0 Fixes 7600 memory management error
tkgrf 9/18/86 13.0 Adds liquid and vapor densities to

plenum graphics, etc
uplefig 9/18/86 13.0 Fixes problem with initialization of icfig
ndekrje 9/22/86 13.0 Warns user if nodes.it.1 in stgen
ptofer1 9/22/86 13.0 Changes the initial steady state

power to flow ratio to be based on the
nbsolute value of the core flow

bitsrj 9/23/86 13.0 Places retum statements in BITS routine
for 7600 version of TRAC

sym01 9/23/86 13.0 Removes sysdoc from comdeck XVOL
sym02 9/23/86 13.0 Expands description of system routine
sym03 9/23/86 13.0 Inserts doc of system routines after copyright

section in TRAC
kapl1 12/04/86 13.1 Pads calls to READI & READR to make

code more compatible with CYBER205
kap 12 12/17/86 13.1 Implements 205 necessary changes
kapl3 1/06/86 13.1 Implements 205 necessary changes
fxupdrn 1/06/86 13.1 Eliminates if then logic
tsritm 9/23/86 13.2 Fixes a problem with repeating conduction4

solution on failed time step advancement
wrntodt 9/25/86 13.2 Warns user if memory is preset to zero.
dtyperj 9/25/86 13.2 Two variable names were changed in

i REVSSL.
tvrunawi 9/25/86 13.2 Fix gamma to eliminate tv run away
fxreit 9/25/86 13.2 Correct reiteration logic
fxreitp 9/25/86 13.2 Extends fix to plenum
tlnadjp 9/25/86 13.2 Extends fix to plenum
vivfric1 9/25/86 13.2 Corrects problem in tform 860905c

Fixes reverse flow friction for valve
mseter 9/25/86 13.2 Corrects problem in tform 860721a:,

! fixes MSCT for STGENs
| ctest1 10/06/86 13.2 Fixes courant limit test

ptofin1 10/06/86 13.2 Initializes rpcf to 0.0
fixwfv 10/07/86 13.2 Corrects problem in tform 850911e: fixes

discontinuity discovered by Dean Dobranich,

| niista 10/15/86 13.2 Reorders namelist variables

|
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UPDATE DATE CODE DESCRIPTION ;
IDENT RECEIVED VERDON CF CHANGE"

<

waformat 10/15/86 13.2 Changes output format in warry r.nd wiarr
souclim1 10/15/86 13.2 Changes values saved for Courant limit

location at vessel source connection ,

4

i locations ,

upfmom2 10/15/86 13.2 Adds PI to calculate critical velocity for i'

horizontal stratified flow |i

upfmom4 10/15/86 13.2 Makes the horizontal gravity head
flow regime model consistent.

vmorfxf 10/24/86 13.2 Deleted unnecessary lines
jetupdO1 12/14/86 13.2 Implements changes necessary for

INEL NPA
twgirj 12/10/86 13.2 Properly defines twgl for graphics ;

vmextr1 1/26/87 13.2 Corrects error in DUMP / RESTART, adds ;
'

reverse fric edit to output file, adds
capability to input fine mesh data, deletes

; unused pointers, and other code cleanup j

| Inlab1 12/2?/86 13.3 Adds the capability to print out (
i labeled input decks !

! triinv 12 23/86 13.3 Improves trisly tri dia solver )

ssevt1 12/23/86 13.3 Corrects error in SS convergence test' :

fen 3ivi 12/23/86 13.3 Adds new control block capability |3
logo 1 12/23/86 13.3 Sands a logo cover page to output j-

upmwrx1 1/08/87 13.3 Corrects comments in MWRX routine :
"

ukchok1 12/17/86 13.3 Fixes error in choked velocity calc. !-

chkfix 1/09/87 13.3 Fixes problem identified by 860905a |
4

| vsoucr1 1/14/87 13.3 Fixes warning for multiple sources ;

; ctestler 1/14/87 13.3 Fixes Courant limit check :
vmorfxg 1/27/87 13.3 Correct logic error in vessel mass |

error controller for multiple vessels :

initert 2/05/87 13.3 Fixes restart problem with Ipowr |
| upfmom1 2/09/87 13.3 Fixes horizontal stratified flow prob '

sepd 2/13/87 13.3 Implements new separator model; .

! vmextr2 2/13/87 13.3 Deletes CTAIN & freezes order of
'

fit, vit, and pointers
} vivfix1 2/19/87 13.3 Fixes problem in tform 870210c

,

1 vmextr4 3/01/87 13.3 Corrects errors in M routines '

fxpack 2/24/87 14.0 Replaces aminr with amin in packit
i cpulim1 2/24/87 14.0 Fixes steady state runs such that a
j time zero dump is written only after
i a normal termination

cbediti 2/24/87 14.0 Enhances control block input edit-

j labler 2/24/87 14.0 Makes renti consistent with inlab
upfmom3 10/15/86 14.0 Makes the horizontal gravtty head.

j flow regime model consistent
tlnadji 9/25/86 14.0 Adjusts tin for nonlinear saturation linei

!

!

|

i

!
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,

UPDATE DATE CODE DESCRIPTION
IDENT RECErVED VERSON OFCHANGE

'

rphfx1 2/24/87 14.0 Fixes an error in RDCRDS introduced by the '

IKAPL2 update in the FOR77 if def
upfmom6 3/02/87 14.0 Bypasses horizontal stratified,

for pressurizers, accumulators, etc
vmsfix1 3/04/87 14.0 Improves time step control based ;4

i on vessel mass error |

| formfix 3/04/87 14.0 Corrects a format statement for
' short edit titles

ftdvsrj 3/03/87 14.0 Adds input checks for ftd (fraction of
1 theoretical fuel density) to VESS

ftdcrrj 3/03/87 14.0 Adds input checks for ftd to core
gravrj 3/04/87 14.0 Adds input checks for grav to 1d comp,

vmextr6 3/06/87 14.0 Makes dump compatible with EXTRACT ,

fixtin 3/05/87 14.0 Fixes TLNADJP for when air is present
; - fixsnl1 3/10/87 14.0 Limits cpl and kl used by HTCOR so that

negative properties do not occur. Also cjg
.'

is limited so that zero is not used in the
; pool entrainment correlation i

fixwfv1 3/10/87 14.0 Fixes rovfix1 and rovfix2
sv1ct 3/10/87 14.0 Corrects update initer1 for a too inside |)

; of a steam generator component
vmextr8 3/23/87 14.0 Corrects error in shift operation

; xmset1 3/13/87 14.0 Removes mset variable used in toe
,

vmextr9 3/26/87 14.1 Fixes extract errors in STGEN & vstlev !

przvol 3/25/87 14.1 Fixes a problem with initial prizer volume
after a restart from a CSS

j rphfx2 3/18/87 14.1 Fixes 2 IFDEF statements for 205 version '

; wlaber 4/13/87 14.1 Fixes problem with inlab=3
i proger1 4/13/87 14.1 Fixes errors in filix & reenti

upston 4/21/87 14.1 Fixes a problem with heat loss calc
,

J upftch 4/21/87 14.1 Removes extra arguments in HTCOR
i

i ftdfx1rj 4/27/87 14.1 Checks on ftd only if a core is there >

| grichkt 4/21/87 14.1 Adds check on size of graphics dump i

inlab1cr 4/30/87 14.1 Inserts a readr call that the vent
i

; valve model needs. |

j cbpider 5/08/87 14.2 Fixes problem with steady state cont. i

vmextr10 6/01/87 14.2 Fixes a restart problem with core com
css 4noi 6/01/87 14.2 Fixes a storage problem with ess

| Inlab1er 5/01/87 14.2 Corrects inlab option edit for pump
{ ptofgn1 5/01/87 14.2 Fixes an error in power to flow ratio
j msizver 6/01/87 14.2 Corrects a memory size error in rvssi

ess4bpc1 6/01/87 14.2 Prevents adjustment on secondary sidej

| break pressure when controller is max
slug 1 7/01/87 14.2 Changes the bubble to slug flow trans'

j value to be 0.30 everywhere '

|
rester 1 6/01/87 14.3 Fixes restart for css

i

1
1

!
,
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APPENDIX B

CODE CONFIGURATCN CONTROL FLOWCHART

!

i

|

|

1

|

'
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C O D E-
CHANGE I

PROPOSED

PEER
REVIEW YES

(Why & How MAJOR
implemented) g CHANGE

7
,

I f
INCLUDE PEER NO

REVIEW RESULTS

f f BAND DOC.

CODE CHANGES ARE DEVELOPED'
USING HORSE AND UPEXT"

AND LAST OFFICIAL PLTRAC

I I
ANY OVERLAPPING CORRECTIONS

ARE RESOLVED BY THE CODE
DEVELOPER

NO

i I
ARE TESTS NEW CODE VERSION IS TESTED

SUCCESSFUL 7 I AGAINST APPROPRIATE TEST
PROBLEMS

YES

O
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UPDATE WITH TRAC UPDATE
REQUEST FORM AND APPROPRIATE
DOCUMENTATION IS GIVEN TO TPI

+
PEER REVIEW IS PERFORMED BY
TPI OR DESIGNATED DEVELOPER

NO
DOES UPDATE '

7PASS PEER
REVIEW 7

UPDATE IS GIVEN TO
CONFIGURATION CONTROL PERSON

TO BE INCLUDED INTO UPEXT
i

t
CCP CREATES A CODE WITH

' SUCCESSFULNEW UPDATE AND RUNS
7

SHORT TEST PROBLEMS TESTS
?

YES

C

m

u -
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;

OC ' UPDATE STORED TO i

UPEXT II
"

:

NO

NEW VERSI k D'

REQUESTED r

?

' YES

7 NEW CODE VERSION GENERATED |

'

COMPREHENSIVE TEST PROBLEMS
RUN

|

NO
YES

TEST
FEEDBACK TO SUCCESS2

DEVELOPERS ' ?
WHO WILL FIX

-

|

CLEAR OUT UPEXT &
REPLACE PLTRAC

.

CODE RELEASED,

| TO ALL USERS I
__ _ ,.,_ .
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APPENDIX C

TRAC PF1 TEST PROBLEM MATRIX (Short Set)

FE ATURE TESTED LOCA POWER 1 TFCORE1 CCFL CCFL1
,

|

| Restart
! Trips X X X

j Signal Variables X X X X X
| Control Blocks
| Pipe X X X X..

Pump X
Plenum
Tee X X
Accumulator X
Steam Generator X X

Prizer X
1 D Core X X
Vessel X X X
Separator
Valve X X X

Fill X X X X X
Break X X X X X
CCFL X X
Multiple Source X X
Self Initialization X

Point Kinetics X
Power Decay
Noncondensablei

Condensation
Choked Flow

Post CHF X
Moving Mesh X
Boron!

Metal Water Reaction
Wall Friction X

1 D Additive Losses X
3 D Additive Losses X
Generalized Heat Structures (MOD 2 only)
User input material properties X
Multivessel components
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i

TRAC PF1 TEST PROBLEM MATRIX (Long Set)

FEATURE TESTED LOCA1 AKIM CCTF CHEN L2 BIN PLENUM
Restart X
Trips X X X
Signal Variables X X X X
Control Blocks X
Pipe X X X X X X

Pump X X
Pbnum X
Tee X X X X
Accumulator X
Steam Generator X

Prizer X X

| 1 D Core
| Vessel X X X X

Separator'

Vcive X X

Fill X X X X X X
Break X X X X X X
CCFL
Multiple Source X
Self initialization X

Point Kinetics Power Decay X
Noncondensable Condens. X
Choked Flow X
Post CHF X X
Moving Mesh X

Boron X
4 Metal Water Reaction

Wall Friction X X X
1 D Additive Losses X X
3 D Additive Losses X X

Generalized Heat Structures (MOD 2 only)
User input material properties X
Muhivessel components

|

1

1
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DESCRIPTION OF SHORT SET TEST PROBLEMS

LOCA is a coarsely noded full size PWR model. The input deck is set up to run a self-
Initialization run.

POWER 1 is a TRAC simulation of the a Zion reactor test in which the reactor went
from hot no power to hot full power. Ttie Zion FSAR indicates that the Keff went
from 1.154 to 1.1386 during this change in operating conditions. The TRAC reactor
kinetics model yield a similar change in Keff.

TFCORE1 is a simulation of a hot bundle which has a small amount of water entering
the top of the bundle.

CCFL is a simulation of Bankoff's perforated plate flooding experiment with saturated
steam and water.

CCFL1 is a test of the capability to tum the CCFL model on in multiple locations.

DESCRIPTION OF LONG SET TEST PROBLEM INPUT DECKS

LOCA1 is the same as LOCA in Table I; however, the tend is longer.
LOCA1R is a transient restart from the restart dump generated by LOCA1.
AKIM is a simulation of Akimoto's condensation experiment.
CCTF is a coarsely noded simulation of the CCTF test Run 14.
CHEN is a simulation of the Lehigh post CHF heat transfer experiment #138.
L2 6|NO is a steady state catculation for the LOFT test facility.
PLENUM is a test problem for the PLENUM component.

::.s

\
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APPENDIX D ;

"CENTRAL CONTACTS" FOR DISTRIBUTION OF NEWSLETTERG AND CODE
UPDATES

CONTACT ORGANIZATION |
:

ICAP:
S. Aksan ElR l

J. de Carlos CSN
J. Fell UKAEE
E. Hicken GRS. Munich
H. Holmstroni Technical Research Center of Finland
S. Lee KAERI
M. Reocreux CEA
O. Sandervaag Studsvik Energiteknik
G. Saponaro ENEA
K. Sato AERI>

P. Schally GRS, Cologne (2D/3D)
H. Stadtke CEC
E. Stubbe TRACTEBEL
F. Winkler KWU

DOMESTIC:
L. Buxton SNL
R. Copeland Advanced Nuclear Fuels (prev. Exxon) <

R. Duffey EPRI )
L KoMman SRL |

U. Rohatgl BNL
G. Wilson INEL,

D. Bessette USNRC'

i

|

|
1

|

|
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UK EXPERIENCE WITH RELAPS/ Mod 2

by

K H Ardron and P C Hall

Central Electricity Generating Board
Generation Development and Construction Division

Barnwood, Gloucester, UK

Tel: 011-44-452-652529

ABSTRACT

1. RELAP5/Fbd2 is being used in the UK for analysis of small
LOCA and pressurised transients in the Sizewell 'B' PWR.

2. To support this application and gain familiarity with the
code, the CEGB and UKAEA have analysed a number of integral
and separate effects tests with RELAP5/ Mod 2. Several reports
on this work have been sent to USNRC under a UK/USNRC
bilateral agreement.

3. This paper presents a review of UK experience with
RELAP5/ Mod 2 since the code was received in the UK in February
1985. Calculations are described of small LOCA and
pressurised transient experiments in the LOFT and LOBI test
f acilities, end boil-down tests in the UKAEA THETIS facility.
Code calculations are also compared with data on pull-
through/entrainment effects in two-phase flow in an off-take
branch connected to a horizontal pipe containing stratified
flow.

4. The code has generally been found to perform well in the
calculations attempted so far, and appears to represent a
considerable improvement over earlier versions of RELAP5 in
respect of stability, running speed, mass conservation
errors, and accuracy. The modelling dif ficulties identified
in the UK studies have been:-

e defects in the horizontal stratification entrainment
model, used to calculate discharge from a side branch
connected to a horizontal pipe in which there is
stratified flow.

e deficiencies in critical flow calculation when there is
separated flow in the volume upstream of the break.

Some calculations with modified code versions containing
improved models are described to illustrate the
deficiencies.
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1. INTRODUCTION

RELAP5/ Mod 2/ Cycle 36.00 was received by the UK f rom the USNRC in
February 1985. This code version and subsequent updates are maintained
on a CRAY computer at UKAEA Harwell Laboratories, by OdEA Winfrith
staf f. An IBM version of RELAP5/ Mod 2/ Cycle 36.04 created by JRC ISPRA
is also available on CEGB IBM computers.

RELAP5/ Mod 2 is being used by CEGB for analysis of some small break
loss-of-coolant accidents and pressurised faults in the sinewell 'B'
PWR. These calculations form part of an independent assessment of
safety analyses prepared by the vendor organisations.

In order to validate RELAP5/ Mod 2 for this application, calculations
have been carried out of a number of integral and separate ef fects
experiments. Several modelling defects have been identified in the

- course of this work and in some cases corrections have been implemented

in UK code versions.
!

The present paper discusses the calculations carried out to date, and
summarises the main findings. All the reported calculations have been,
or are planned to be, sent to USNRC under the UK/USNRC bilateral
agreement on the advanced codes RELAP5/ Mod 2 and TRAC-PF1/Modl. |

2. CALCULATIONS OF SEPARATE EFFECTS TESTS l

2.1 THETIS Boil-down Experiments

To test the ability of RELAPS/bbd2 to calculate conditions in an
uncovered core, the code was used by CEGB to simulate boil-down
tests in the UKAEA THETIS rod bundle test f acility. Details of the ;

'

calculations are described in ref. [1].
I
: THETIS consists of a vertical assembly of 57 electrical heater

rods with a 3.6m heated length, enclosed in a 131mm dia. circular

i shroud tube.
|

In the boil-down tests, equilibrium conditions were established at
a test section power of 100kW with a fixed make-up flow. The make-
up flow was then isolated, and the bundle allowed to boil down at
a controlled pressure. The two phase mixture level trajectory and
heat transfer in the dried out region were measured using numerous
internal rod thermocouples. Extensive data on vertical
differential pressures within the rod bundle were also obtained.

Figure 1 shows the test f acility and the RELAP5 noding diagram.
Figure 2 shows the dry-out level trajectory calculated for the
boil-down testa at 4.0, 2.0,1.0 and 0.2 MPa. Generally the code
gave excellent agreement with test data at a pressure above 2.0
MPa. However, at pressures below 1.0 MPa the boil-down rate was'

considerably over-predicted. The errors were traced to defects in
,

the interphase drag models in RELAP5/ Mod 2, which can produce large
,

errors in void fraction at low system pressures (see below).

) RELAP5/ Mod 2 gave very good predictions of the heat-up rate of
4 exposed rod above the two phase mixture level.

; 252
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2.2 Assessment of Interphase Drag Models in RELAP5/ Mod 2 '

An assessment was carried out by CEGB of the performance of the
interphase drag models in RELAP5/ Mod 2 in vertical flow. This work
is reported in ref. [2]. The method used was to extract, the - :

relationships for interphase and wall friction from th9 source ;

code of RELAP5/ Mod 2/ Cycle 36.00, and to recode them into a simple
driver program. The driver program was then used to calculate void ,

fraction in steady vertical upflow and downflow for dif ferent
combinations of steam and water flow-rates, for a range of
pressures and pipe sizes. Calculated void fractions were compared
with test data, and with predictions of void fraction t

'
correlations.

Void fraction errors for upflow were found to increase with-
decreasing liquid flov rate, increasing gas flow-rate, increasing i

| pipe size and decreasing pressure. Figure 3 shows results for ;

| different pressures and pipe sizes obtained for natural separation ;

conditions (zero liquid flow-rate). Code error is expressed as the ;
percentage difference between the two phase mixture density
calculated with the RELAP5 models, and that calculated using the

: Wilson void fraction correlation. The latter has been extensively

i validated for steam-water mixtures in pipes and-pin bundles, under

! natural separation conditions and is considered a reliable

! standard for comparison for the conditions of Figure 3. Also shown >

; for comparison is the two phase mixture density calculated using
j the EPRI and Zuber-Findlay drift flux correlations.

! -

i Comparisons show a systematic underprediction of density for small t

j hydraulic diameters. However at pressures of interest in modelling

! small break LOCAs and pressurised transients in PWRs (>4 MPa)
1 errors are broadly similar to errors normally expected in applying '

] standard correlations for void fraction. At pressures below 1.0 '

{ MPa, very large density errors were observed.

1

i 2.3 Assessment of RELAP5/ Mod 2 Critical Flow Model
.

A UKAEA study [3] of the RELAP5/ Hod 2 critical flow treatment using
a test model relevant to a small break LOCA experiment in the LOBI j

test facility revealed defects for conditions where the break ;,

i junction was connected to a horizontal volume containing
i

| stratified flow. In the test problem the critical mass flux is
i calculated in an orifice of area 7.07 x 10-6 m 2 connected to an -

| upstream volume containing horizontal stratified steam water flow
i at a pressure of 3.16 MPa. The steam flow to the volume is
! controlled using a time dependent junction. The liquid flow is not

fixed but is supplied by a time dependent junction. Figure 4 shows-

) results for the case where the liquid supply is saturated. Also
; shown are predictions of the isentropic homogeneous equilibrium
; model (HEM). The HEM calculation was based on the pressure and
'

stagnation quality in the upstream volume (equal to the quality
| supplied from the time dependent junctions). It can be seen that

| for the usual modelling choice of allowing for slip, the |

] RELAP5/ Mod 2 predicted flow rate is well below the HEM flow-rate '

which is considered unphysical. If the break is modelled as a,

; homogeneous (no-slip) junction results close to the HEM are
j
!

I

J
255
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obtain d. Tha cnomalous r2sult in th2 etsa with clip is belicvad
due to inconsistent approxications in th2 RELAP5/ Mod 2 critical
flow model.

The UKAEA study also considered the case where subcooled water and
steam entered the break junction. It was felt that for this case
the present RELAP5/ Mod 2 procedure, which assumes thermal-
equilibrium conditions upstream of the choking point, is likely to
over predict the flow-rate.

2.4 Assessment of Horizontal Stratification Entrainment (HSE) Model

The HSE model in RELAPS/ Mod 2 is designed to calculate flow in an
off-take pipe connected to a larger diameter horizontal pipe in
which there is a stratified two-phase flow. The model is useful in
small break LOCA analysis when the pipe break is located in the
reactor hot or cold leg.

To test the model the code was applied to a test problem shown in
Figure 5. In this problem steam and water are fed into a 206mm
dia. horizontal pipe via time dependent junctions. A 20mm dia.
of f-take branch discharging into a time dependent volume at a
fixed pressure is connected to the main pipe at mid-length.

The calculated quality of the fluid entering the off-take branch
is plotted against the calculated liquid depth in the nain pipe in
the steady state condition, in Figure 6 (broken curves).
Calculations shown are for an upward, downward and horizontal side
off-take at system pressures of 0.7 and 7.0 MPa. Results are
pior*.d in a non-dimensional form which allows comparison with
test data for dif ferent pipe sizes and fluid properties.

Air-water and steam-water test results from a number of
experimental facilities [4-7) are included on Figure 6 for
comparison. It is seen that there is a tendency of the HSE model
in RELAPS/ Mod 2 to significantly under predict discharge quality,
particularly for the case of the upward oriented of f-take. Also
shown in Figure 6 (solid curves) are predictions of a modified

,

code version developed by CECB and UKAEA, containing improved ;

correlations for off-take branch quality. The modified code |

version is seen to give considerably improved agreement with the
test data.

]

Further details of these calculations, and a description of the
code modification, are given in ref. [8].

3. CALCULATIONS OF INTEGRAL TESTS

3.1 OECD LOFT test LP-SB-03

LOFT test LP-SB-03 simulated a 0.4% cold leg break LOCA in a PWR,

with failure of the high head safety injection (HHSI) systems.
Cooldown was achieved by feed-and-bleed of the secondary system,
which was initiated after core uncovering.

i
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This test was calculated by CEGB using RELAP5/ Mod 2 Cycle 36.01.
Details are given in ref. [9). The calculation employsd a todal of
the LOFT facility consisting of 131 nodes, 134 junctions and 123
heat structures, which had been developed from an earlier
RELAP5/Fbd1 model of the LOFT facility.

,

Excellent agreement with data was obtained in this calculation,
with the timing of the draining of the legs and uncovering of the

'
core being predicted with good accuracy. Typical results are shown
in Figure 7. The main error was an over prediction of the,

accumulator injection flow at the end of the experiment. This is i

believed to have been due to an over prediction of the system
depressurisation rate caused by an over-prediction of the rate of i

J steam condensation on the subcooled injection flow. An error is
also seen in the heat-up rate of the exposed fuel (see Fig.7d),
which was under predicted by RELAP5/bbd2. The enhanced cooling in

j the calculation was due to prediction of drainback of condensate
f rom the hot-legs into the core. This drainback may also have
occurred in the tes* but is likely to have influenced e-ly the
cooling of the per.pneral rods in the core. Radial sub-division of I

the core would have been needed to capture this effect in the *

calculation.

|
The calculation was executed at a CPU time-to-real time ratio of

'

3.5 on a CRAY-1S computer. Considerable improvements were found in
.

'
comparison with previous CEGB calculation of the same test with
RELAP5/Modl, in respect of mass error, execution speed and
stability.

3.2 OECD LOFT Test LP-SB-01"

LOFT test LP-SB-01 simulated a 1.0% hot leg break LOCA in a PWR
with HHSI systems available. The reactor coolant pumps were
tripped early in the test.

This test was analysed by CEGB using RELAPS/ Mod 2/ Cycle 36.02 [10).
The LOFT model employed consisted of 120 nodes, 126 junctions and
125 heat structures.

In the early part of the test there was an extended period in j

which the fluid quality in the break line was less than 0.005. To j3

j obtain a satisfactory calculation of break flow during this
period, it was found necessary to apply a two phase discharge

| coefficient (CD2) of 1.18 which is over 40% higher than the value
; of 0.81 used in previous LOFT test simulations. The enhanced break

flow during this period is believed due to the presence of thermal
disequilibrium ef fects, which are characteristic of low quality
critical steam-water flow in nozzles of small diameter. These
ef fects cannot be modelled accurately by the simplified critical
flow model in RELAP5/ Mad 2.

Typical results of the calculation using the modified value of CD2 j
are shown in Figure 8. Agreement is considered reasonable. The
underprediction of hot leg density af ter 1000s is apparently due
to small errors in the calculated two phase mixture level in the
reactor vessel. The test shows systematic differences between the
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i

~

ifluid density in tho hot leg (28cm dic.) cnd the break-lino-(2 9es
dia.) which is connected to the side of the hot leg. These d2nsity

*

dit'ferences, which arise because of the presence of stratified |

flow in the hot leg, are seen to be modelled correctly by the
fRELAP5/N d2 horizontal stratification entrainment (HSE) model.

RELAP5/Hodl was unable to describe this effect because it had no !

HSE model [11j.

The calculation was executed at a CPU-to-real time ratio of 1 16
-

on a CRAY-IS computer. Again considerable. improvements were seen
over a previous CEGB calculation with RELAP5/Hodi [11), in respect |

of execution speed and mass conservation errors.
j

33 OECD LOFT Test LP-SB-02

LOFT test LP-SB-02 was a counterpart test to LP-SB-01 (see above) ;

but with reactor coolant pump trip delayed until late in the ,

'

test. i

The test was calenlated by CEGB using RELAP5/ Hod 2/ Cycle 36 04 i

i

|
[12). The system model was the same as that used for the LP-SB-01 ;

j calculation. -

1

f Simulation of this test with the standard code version presented
j considerable difficulties. In particular the code failed to |

calculate the observed syste:natic differences between the hot-leg i
,

and break line densities. In consequence the mass inventory was !
'

under predicted, leading to large errors in the loop densitiesj

) late in the test. In addition, the forced circulation mass flow- j

rate in the loop decayed much more rapidly in the experiment than ;

{
'

: in the calculation. Also the onset of stratified flow in the hot
l leg was predicted to occur much too late. |

'
. ,

!i An improvement in the calculated mass inventory was obtained whenj a UK modified code version was employed, containing the improved ,

J i

j horizontal stratification entrainment model described in section
2.4. The new model assumes that separation effects occur in the i

)slug flow regime as well as the stratified flow regime whereas the
model in the standard code version assumes that separation ef fects

;
; occur only when there is stratified flow in the hot leg.

i
!

j Some results of the calculations are shown in Figure 9. It is seen j

|
that the modified code version gives a reasonable prediction of j

break flow, and the fluid density in the hot leg and break line.;

]
However the loop flow-rate is considerabir over-predicted af ter
1000s. (see Figure 9d). This error is believed to be due to over-

4

| prediction of inter-phase drag forces in the hot leg, associated
j with the failure to model the stratification of the flow in the

hot leg which was observed early in the test. The reason that the;
; code failed to describe the transition to stratified flow is not
| fully understood, and further data on flow regime transitions in
j hot leg geometries are desirable to help resolve this problen..
1 The calculation was executed at a CPU to real tiac ratio of 2.76|

on a CRAY-XMP computer.
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3.4 OECD LOFT Tost LP-FW-01

LOFT test LP-FW-01 simulated a loss-of-feedwater fault in a PWR.
Recovery was by primary system biced-and-feed, where coolant was
injected by the IUlSI system and discharged via a pressuriser
pressure relief valve.

The teet was simulated by CEGB using RELAP5/ Mod 2/ Cycle 36 04 (13).
The input model was based on that previously used fer the :

Icalculations of LOFT small break LOCA tests. The model consisted
of 115 volumes,122 junctions and 123 heat structures. The relief ,

valve area was adjusted so that good agreement was obtained with
the rate of decrease of primary pressure during the period of the
transient when single phase steam was discharged from the valve.

!

Calculations were carried out with the standard code version, as !

well as the UK modified code version containing improved models '

for the effect of flow stratification on the flow in the hot-leg
i

| surge lina connection (see section 2 4). Figure 10 shows results
obtained with the standard code version only.'

The calcular. ion is considered satisf actory, with most parameters

predicted with acceptable accuracy. The main code error was an
over-prediction of the two-phase discharge flow in the open
pressuriser relief valve after 1500s, which led to an |

underprediction of system inventory of 20% by 6000s. The error is
believed to be most likely due to air.or errors in modelling inter-
phase drag forces in the reactor pressure vessel, which caused the
quality of fluid entering the hot leg to be underpredicted.

Calculations with the modified code version gave a somewhat
improved agreement with the primary pressure and pressuriser
level; however the mass inventory errors were not significantly
improved.

The calculation was executed at a CPU to real time ratio of 0.75
on a CRAY-XMP computer. ,

35 LOBI Te st BL-02

.

LOBI test BL-02 simulated a 3% cold leg break LOCA in a PWR, with
HHSI systems available and manual depressurisation of the'

secondary system. Primary circulating pumps were tripped early in
the test.

;

The test was calculated by CEGB using RELAP5/ Mod 2/ Cycle 36.04
[14). The RELAP5 input model for the LOBI f acility utilised 165
nodes, 173 junctions and 150 heat structurws. For the post-test
calculation the break discharge coef ficients for sub-cooled and

) saturated two-phase conditions were set to 0.85 to give a good
i match to the measured break flow.

Results of the post-test calculation are shown in Figure 11. The
calculation is considered satisf actory. Brief dry-outs of the
heater rod extensions in the upper plenum were observed at 213s
and 465s due to liquid level depression in the vessel. The second

265

i



>

\

\
\

\

\

. s< . . .
! /
; /

a ree w 4se towe( , , -
f I

'

/,-
w

8,. -
-. . - ,

\
\

\
k $6 tois6M

e. % _._

e d the No
1wttSEC$l

(a) COLL AP' , LIQU10 LEVELS IN PRES $URfSER & $TE AM OENERATOR
14

n.
.

k
.

E
., ,f N,/'l^~...,

, ~~ --

e4 % n . ., _ - ~ ~ . . .

-

F-

s ec ts.. .

~

.,

s 44 sk me
hwt (18 Cil

(b) PRrM ARY & SECONDARY PRESSURE H1510 RIES

,/

/,,/sn-

/
} /
_

f /nesssw n, sr aus /

1 s,' , ' ,,
*

$
| | _f ' /-
'

y,u. ,/ . /
5

<y ,a.

,/ N. . s i,

e ,

a /
' ./

s'

<< . _ .

0 #E4 0 90 SKe
f *t <1tN 1

ist 1%f EOR ATED W Ass Flow tN PRE 55URISER REUEF VALVE & NHSI

see t e st cra - es., ; cucu,=

FIG 10 REL AP 5/M00 2 CYCLE 3504 CALCUL ATIONS OF LOFT TEST 4.P-FW 01
266



. _ ____ .___-_.__ - - _.- - .- _ _ _ _ _ _ . -. - - . - - - - - - - - - - - - - - - -

see s

,/
,s

-

!
eoe .

A

k yg,
. --
E ~~ -

t
:: , j ( -

j g b 'b| h

.

e 4
,

#

g,t.i.!jh
a w 4

g !!-

5" d dp a'
I

, *

s's.u i A.
. Ij-

,

zu ,

L_ M_m -

0 - .. a,, .a 'eM 8
Yiese 4%EcS8tur (5fCSI

(a) BRE AK DISCHARGE FLOW-R ATE (b) tNTACT LOOP HOT LEG DENS 11Y
.

-

9ff ISfff !
'

ff .aM>u RiiNha .

i

na e.
~ ic u +u

-;-
t get "1 e, .

.x-
. .

- .
. i- . -;

i,.
. .,, -~ n,

"
,

y ,a..e ..

i
i ,

(
,

\. p t w

,,.
- _ ( ),_.

.

~~ %
- "A _ -- . m.

, _ _ -.
i eiwcv

(c) !NTACT LOOP COLD LEG DENSI'*? (d) CLAD TEMPERATURES ON ROD EXTENSONS
(OUTLET NOZZLE ELEVATM)NJ

,,, nt., s catcutaree ~~ " S' #^

F13.11 RELAP S/ MOD 2 CYCLE 36E CALCULATIONS OF LOB 1 IEST BL-02

_ _ _ . - ._ _ _ _ _ _ . _ _ _ _ _ _ _ _ - - _ _ - _ _ _ _ _ - _ _ - . . -- - . .-



:
.

dry-cut was successfully prcdicted by tho coda, indiccting
reasonable modelling of the liquid level trajectory in th? recctor
pressure vessel. RELAP5/Had2 did not accurately describe liquid
hold-up in the hot legs in the period 320-1050s when liquid flow
was restricted by counter-current flooding due to the flow of
steam condensing in the depressurising steam generators. It is
noted however that in LOBI the pipe-work connecting the hot leg to i

the steam generator forms a sharp elbow whereas in a PWR a swept
,

i bend is used. This may have caused the flooding limit to be more
restrictive in the LOBI test than in the equivalent PWR L

transient.4

The calculation was executed at a CPU to real time ratio of,

approximately 2 on a CRAY-XMP computer. -

4. FUTURE WORK

!

J
The assessment of the RELAP5/ Mod 2 code in the UK is ongoing.
Calculations are also in progress within UKAEA and CEGB of the
following tests:

,

LOBI Te s t A2-81 : Small Cold Leg Break
LOBI Test BL-21 Steam Generator Tube Rupture
LOBI Te st ST-02 : Lo s s-of-Fe edwa t e r
LOFT Test L3-5 : Small Cold Leg Break
LOFT Test L3-6 : Small Cold Lag Break -

Semiscale Test S-LH-1 : Small Cold Leg Break
; Semiscale Test S-LH-2 : Small Cold Leg Break

Semiscale Test S-FS-1 : Steam-line Break
M3-2 Phase I Te st 3 : Steam-Line Break

5. DISCUSSION AND CONCLUSIONS

! RELAP5/ Mod 2/Cy 36 is being used in the UK for analysis of some small
LOCAs and pressurised transients in the Sizewell 'B' PWR. To support

i this application, the code is being assessed against a range of :
i separate ef fects and integral experiments in a joint programme |

involving CEGB and UKAEA.
1

In calculations performed so far the code has been found to perform ;

generally satisf actorily, and is felt to represent a major improvement
over RELAP5/Hadl in terms of execution speed, stability, mass error and
accuracy.

The following areas have been highlighted where model improvements may
be desirable to enhance the capabilities of the code for modelling

j,

small LOCAs and pressurised f aults in EVRs t '

(1) critical flow modelling. It has been found that the code can
produce unphysical results for cases where there are large
interphase relative velocities in the volume upstream of the
break.

|
1

1

I

i
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t

(2) horizontal stratificction entreinmsnt modal. Th2 pros nt
RELAP5/ Mod 2 model has been found to systematically under-predict

|the fluid quality in the of f-take branch, when compared with test
data. Improved correlations have been incorporated in a special UK
code versions it would be desirable to include similar
modifications in future released versions of RELAP5.

'

(3) Interphase drag models. The interphase drag relationships in
RELAP5/ Mod 2 have been found to give systematic errors in void
f raction in vertical components. The errors are probably of an
acceptablo magnitude for high pressure conditions. Hewever for
pressures below 1.0 MPa the code is unlikely to give acceptable
predictions of two phase mixture density in vertical components.

(4) flow regime transitions. In the simulation of a LOFT experiment,
the code failed to describe the transition to stratified flow in
the hot leg under forced circulation conditions. Further
experimental data on flow regime transitions in hot leg geometries

j are desirable to help explain the origin of this problem.
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APPLICATION OF RELAP5/ MOD 2 FOR LETERMINATION

OF ACCIDENT MANAGEMENT PROCEDURES

t
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|

Netherlando Enstgy Research Foundation (ECN), P.O. Box 1 ,

1

NL-1755 ZG Petten, The Netherlands

.

.j

i ABSTRACT
,

2 _

This paper presents the results of a number of severe accident
!

transient analyses, which have been performed for the two Nuclear Power

! Plants (NFP's) under operation in the Netherlands, using the
|
J RELAP5/ MOD 2 computer program. The two NPP's include a natural
1

] circulation B'a'R of the early General Electric design, and a P'.lR of the
. Kraf tverk Union design. The transients considered include Station
I

Blackout, ATVS, primary Teed-and-Bleed (PVR), and IB-LOCA (BWR). All'

i

J transients considered may potentially end-up in a core melt situation.

! The influence of operator action on the corrae of the transient events

i has been investigated, especially with respect to the possibility to

{ depressurire the plant before core melt actually occurs. The results of

I the analyses werve as input for a safety evaluation of both NFP's which
1

is presently being performed sa part of the post <hernobyl activities
in the Netherlands.

l
1
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1. INTRODUCTION

Following the accident at the Chernobyl Nuclear Power Plant (NPP), an
additional safaty evaluation of the two NPP's which are in operation in
the Netherlands has been required by the Dutch regulatory body. The two

NPP's are:

* Dodewaard NPP :

A natural circulation Boiling Water Reactor (BWR) of the early
General Electric (GE) design, with a net output of. 58 HWe and in

operation since 1969.
* Borssele NPP:

A Pressurized Water Reactor (PWR) of the Kraf twerk Union (KWU)
design, with a net output of 480 MWe, and on-line since 1973.

At present, a safety evaluation of these two NPP's is being performed.
As input for this safety evaluation ECN was requested to analyze a
number of severe accident type of transients using the RELAP5/ MOD 2/

Cycle 36.04 computer program (1). The following transients, which have
in common that they all potentially end-up in a core melt situation,

have been considered:
. Dodewaard BWR:

- Station Blackout

- Anticipated Transient Without Scram (ATWS)

- Intermediate Break Loss-of-Coolant Accident (IB-LOCA).
* Borssele PWR:

- Loss-of-all-feedwater followed by primary feed-and-bleed

- Station Blackout

- ATWS.

For each type of accident, sensitivity analyses have been performed

to determine the influence of specific plant parameters including

possible operator actions on the course of the event. These operators
actions mainly concern possible actions to bring the NPP under safe

conditions, or in case melting of the core can not be prevented,
actions to depressurize the system in order to avoid a high pressure
core melt condition. This latter condition is generally considered to

result in a more severe type of accident and therefore should be

prevented whenever possible.
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2. DODEWAARD ANALYSES

|

2.1. Dodewaard plant description

As mentioned above, the Dodewaard NPP is a BWR of the early CE design.

No jet pumps or recirculation pumps are installed, and flow through the

core is controlled by natural circulation. The pressure suppression !
i

concept is illustrated in fig. 2.1., and consists of two blowdown
tanks. Some of the relevant rated plant conditions have been listed in |

table 2.1.

The Emergency Core Cooling (ECC) system is divided into a High Pressure

(HP-ECC) and a Low Pressure (LP-ECC) part. The HP-ECC system consists

of an Isolation Condenser (IC), which hao the capacity to remove up to

12% rated core power for a period of 6 hours. When activated

automatically at high Reactor Pressure Vessel (RPV) pressure, 50% of

this capacity becomes available. Utilization of the remaining 50%

capacity requires additional operator action. The isolation condenser

can also be activated manually, independent of the system pressure. The

isolation condenser system operates by natural circulation, with steam

flowing from the RPV steam dome through a condensing heat exchanger,
and the condensate returning by gravity to the RPV.

A total of five Dikkers Safety / Relief (S/R) valves have been installed

on top of the RPV, having a total capacity equal to 2.5 times the rated

turbine eteam flow rate. The lowest two setpoint valves serve as

Automatic Depressurization (ADS) valves, discharging steam directly to

the pressure suppression system. The remaining three S/R valves
discharge steam into the drywell. The different setpoint pressures of

the S/R valves have been listed in table 2.2.

A number of important setpoints with respect to the automatic

activation of the ECC systems and ths reactor protection system have

been listed in table 2.3.
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2.2. Dodswaard RELAP5/FDD2 model

Fig. 2.2. represents the nodalization scheme as used for simulation of

the Dodewaard reactor system and associated systems.'The model includes
about.50 volumes and 50 junctions. The heat capacity of the RPV and

connected piping has not been included. The numbering system as used
for the various hydraulic component is given in table 2.4.

_

Process Parameter Value

Thermal power 183 MW
h

System pressure 7.55 MPa

System temperature 564 K

Core subcooling 4.8 K

Turbine steam flow 84 kg/s

Core mass flow 1200 kg/s

Core bypass flow 156 kg/s

Downcomer water level 0.54 m

Table 2.1. Dodewaard normal operating conditions.

!

Valve nr. Function Setpoint (MPa)

1 ADS-1 8.62

2 ADS-2 8.67

3 Safety valve 8.72

4 Safety valve 8.77

5 Safety valve 8.82

t

|

Table 2.2. S/R valve data.

|
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Signal Setpoint

|

HP-ECC system 8.14 MPa
LP-ECC system 1.55 MPa
High drywell pressure 0.118 MPa

Low RPV level . - 0.075 m
Low low RPV level - 1.0 m

Table 2.3. Dodewaard setpoint values.

Se ries De scription

100 Downcomer

200 RPV lower plenum

300 Core flow path

400 Core bypass

500 Chimney

600 RPV upper plenum

700 LP-ECC system and main steam line

800 HP-ECC system

900 Feedwater system

Table 2.4. RELAPS/ MOD 2 nodalization index.

1

I
i

!
:

|
I
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2.3 Station Blackout

In the event of a station blackout transient, the turbine control

valves will be closed rapidly due to turbine overspeed. Simultaneously,
the steam bypass valve will open to limit the pressure increase inside ;

the reactor system. Furthermore, the loss of the 3 KV net will result
t

in a shut-off of the feedwater pumps and an isolation scram signal
af ter 3 seconds. Such an isolation scram signal initiates:
. Reactor scram

Main Steam Line (MSL) closure..

The following four station blackout situations have been analyzed:
1. 50% availability of the isolation condenser; no operator action

2. Isolation condenser unavailable; no operator action
3. Isolation condenser unavailable; opening of 1 ADS valve at RPV level

= -1.0 m

4. Isolation condenser unavailable; opening of 1 ADS valve at 1/3 core
level.

The resulting pressure and maximum fuel cladding temperature time
histories for these four station blackout analyses are presented in
resp. fig. 2.3. and 2.4. As can be observed, the availability of 50% of
the isolation condenser capacity is sufficient to bring the station
blackout event under control. In case of failure of the isolation
condenser system, the transient will end-up in a high pressure core
melt situation. Opening of one ADS valve after 20 minutes or 2.6 hours,
when the RPV water level has dropped till respectivelf -1.0 m or 1/3 of
the core height, will depressurize the system before core melt occurs.

"

Table 2.5. summarizes the results of the four dif ferent station
blackout analyses.
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Time (s)

Event

Run 1 Run 2 Run 3 Run 4 -

Normal operation <0 <0 t t

I Los s-o f-f eedwate r 0 0

Scram and MSL closure 0 3

MSL's fully closed 5.4 13 * *

IC system activated 6.2 13

24 +S/R valve opening -

1247 1247** +Water level = -1.0 m -

9430 3415 9430** !1/3 core level -

12903 8635 11893 |Cladding temp > 1500 K -

RPV pressures at 1500 K 8.62 0.3 0.3-

(MPa)
:|

,

* Identical to run 2

** Opening of 1 ADS valve

Table 2.5. Dodewaard station blackout sequence of events.;

|

.

I

e
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204 o ATWS

Two initiating events have been considered for the ATWS transient

event:

1. Loss-of-all-feedwater
2. Main steam line closure

In both cases, a normal 50% availability of the isolation condenser has
been assumed. Furthermore, the ADS system is considered not to be

activated after a low-low RPV water level has been reached.

During an ATWS transient event, a strong coupling exists between the

power produced by the reactor core and the moderator density
coefficient. In both cases considered, the aystem pressure will be
controlled by the S/R valves which are positioned on top of the RPV.!

Since the opening and closure behaviour of these valves directly
effects the moderator density and so the reactor power, special
attention has been payed to the accurate modelling of the S/R valve
behaviour. Fig. 2.5. shows the resulting S/R valve model as included in
the RELAPS/ MOD 2 input deck.

In case of the first ATWS analysis, which is initiated by a
loss-of-all-feedwater event, the RPV water level will drop. A low RPV
water level signal is obtained after 64 seconds, after which an
isolation scram occurs. As mentioned in section 2.3. , such an isolation
scram includes MSL closure, while in case of an ATWS event reactor
scram fails to take place. The closure of the MSL results in an
increase of the RPV pressure untill the setpoint pressure of the S/R
valves is reached, as shown in fig. 2.6. Prior to this, the isolation
condenser has been activated. The loss-of-inventory through the S/R

valves produces a negative reactivity feedback effect which leads to a
strong reduction of reactor power. As can be observed from figs.
2.7.-2.9., a more or less quasi-steady state situation exists after 800
seconds, when the analysis has been terminated. The steam release

through the S/R valves approaches zero, while all the energy still
produced by the reactor core is being exchanged by the IC. In this
steady state condition, the thermal power production of the reactor

core has been reduced to 6.1% of its nominal value.
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The sacond ATWS ev:nt analyzsd is being initisted by MSL closure at
time zero. As a consequence, the RPV pressure will increase towards the
setpoint pressure of the S/R valves, and steam is being discharged to
the blowdown tanks as well as to the drywell. In this ATWS event, an

isolation scram is being initiated af ter a high drywell pressure signal
has been obtained. Based on containment pressurization analyses, this

will occur af ter 18 seconds. Apart from an isolation scram, a high
drywell pressure signal actuates the high pressure feedwater system,
ensuring sufficient feedwater supply to the RPV for a period of 1000
seconds. For computational reasons the end of feedwater supply to the
RPV is assumed to occur af ter 500 seconds. The loss-of-inventory that

follows, results in a negative moderator density coefficient and

thereby in a decrease,of reactor power. Figs. 2.10.-2.13. show the
results of this ATWS analysis, which has been terminated af ter 1600

seconds. At this point in time, only a minor amount of steam is still
being discharged through the lowest setpoint S/R valve. The power
production of the reactor core amounts 7.4% of its nominal value.

As can be concluded from the two ATWS events analyzed, the availability

of the natural circulation isolation condenser makes that these events

end-up in a steady-state condition in which the energy produced by the |

reactor core is equal to the energy being exchanged by the isolation I

condenser. The sequence of events for these two ATWS cases has been

summarized in table 2.6.
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Tir' (s)
Ev nt

Run 1 Run 2

Normal operation <0 <0

loss-of-feedwater 0 -

Low RPV water level 64 -

MSL closure
'

64 0

IC actuation 89 8.4

SRV setpoint pressure 92 12.2

High drywell pressure 100 18

End of feedwater 500-

End of calculation 800 1600
i

,

1 Final steady state

conditions:

Reactor power (MWg) 11.2 13.5

RPV pressurc (MPa) 8.61 8.61

Table 2.6. Dodewaard ATWS sequence of events.
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i

2.5 IB-LOCA

i
The IB-LOCA considered corresponds to a failure of one control rod

drive penetration in the bottom of the Dodewaard RPV, which corresponds
2to an equivalent cross-sectional break area of 0.003 m . Within one

{
second after the break occurs, a high drywell pressure signal is being I

generated resulting in an isolation scram and activation of the high
pressure feedwater system. Similar to the ATWS analysis as described in
section 2.4, this quaranties an undisturbed feedwater supply to the RPV
for a period of 1000 seconds. the high drywell pressure signal also
activates the LP-ECC system. Two IB-LOCA cases have been analyzed:
1. IB-LOCA j
2. IB-LOCA and loss-of-all-feedwater j

i

i

In both IB-LOCA analyses, a 50% availability of the isolation condenser |
|has been considered. The ADS system is not assumed to be activated when
|

the RPV water level drops below -1.0 m. The main objective of the j

analyses has been to determine whether core melt conditions occur

before the LP-ECC system injects water into the RPV below a system
pressure of 1.55 MPa. The results of the two IB-LOCA analyses are
presented in figs. 2.10.-2.13.

The IB-LOCA case with availability of feedwater shows a minor increase
of the system pressure following reactor scram and MSL closure. The
maximum pressure however does not exceed the isolation conde user

initiation pressure, reason why this system will not be activated
automatically. The break mass flow rate exceeds the feedwater mass flow
rate for the first 180 seconds. This, plus the fact that the injected
water is relatively cold, leads to a rapid depressurization of the
reactor system. Injection of cold ECC water by the LP-ECC system starts
after 424 seconds. As can be observed, the core is sufficiently cooled
for the complete duration of the transient and no high fuel cladding
temperatures are to be expected.

The IB-LOCA event without feedwater availability results in an initial
pressure increase high enough to activate the isolation condenser. The

core water level drops rapidly due to the loss-of-inventory, resulting
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\

in an empty core af ter 200 seconds. The fuel cladding temperature

increases but does not exceed a value of 710 K before ECC water
injection by the LP-ECC system starts.

Based on these analyses it can be concluded that an IB-LOCA event with
a break size of 0.003 m2 does not endanger the integrity of the fuel.
The sequence of events for these analyses has been summarized in table
2.7.

I

_

Time (s)

j Event -

Run 1 Run 2*

Normal operation <0 <0

IB-LOCA 0 0

Reactor scram and MSL

closure 0.8 0.8

MSL's closed 10.8 10.8

16.5IC actuation -

LP-ECC injection 424 396

Max. cladding temp. (K) 570 710

* No feedwater

Table 2.7. Dodevaard IB-LOCA sequence of events .
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3. BORSSELE TRANSIENT ANALYSES

3.1. Borssele plant description

The Borssele NPP is a two-loop PWR of the KWU design. A schematic
.

picture of the installation is shown in fig. 3.1. A total number of six
S/R valves are mounted on top of the pressurizer, which is connected to
primary loop 01. The three lowest setpoint valves are the so-called
Power Operated Relief Valves (PORV's), which can be opened by the
operator. The S/R valve setpoints and capacity are given in table 3.1.

As indicated in fig. 3.1., ECC takes place by combined injection into
the hot and cold legs of the primary loops. The ECC system consists of
the following three sub-systems:

. HP-ECC system;

Four HP-ECC pumps are installed, each with a maximum capacity of -73 6

kg/s. The HP-ECC system is a non-recirculating system, having a j

maximum volume of 425 m3 of borated water availabic for injection.

. Accumulators;

Four accumulators are available, each containing 21.5 a 3 of borated
water.

. LP-ECC system;

Four LP-ECC pumps are installed, each with a maximum capacity of 200
* kg/s. Three modes of operation are possible, being a
! non-recirculation mode in which water is being taken from the ECC
1
' storage tanks, a recirculating mode in which water is being taken

'
! from the reactor building sumps, and finally a recirculation mode by

1 taking water out of the hot legs and injection into the cold legs of

the primary system (shutdown cooling). [

,

'

Table 3.2. provides a list of the most important normal operating
conditions of the Borssele NPP. A number of relevant setpoint values

related to t' e Steam Generator (SG) water level and ECC system !

activation are given in respectively tabic 3.3. and 3.4. I

;

i
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3.2. Borssele RELAP5/ MOD 2 input model

Fig. 3.2. represents the nodalization scheme as used for simulation of
the Borssele reactor system and associated systems. The corresponding
numbering system is given in table 3.5. The model includes the reactor
coolant pressure control system, the Volume Control System (VCS), the
SG water level control system and the maximum steam pressure control.
system. Heat transfer to and from the hydraulic components is accounted
for. The input model counts roughly 140 hydraulic volumes, an equal
number of junctions, and about 85 heat slabs.

Valve nr. Setpoint (MPa) Rated capacity (kg/s)
,

1 16.38 16.67

2 16.38 16.67

3 16.78 33.33
4 17.17 33.33
5 17.76 33.33

i

; 6 17.76 33.33

!
|

Table 3.1. S/R valve data. ;

i

_
Process parameter Value

_,

Thermal power 1366 MW

Primary pressure 15.5 MPa

Secondary pressure 6.0 MPa
.

Core mass flow 9272 kg/s
Core bypass flow 733 kg/s
Steam flow per SG 369.2 kg/s
VCS mass flow 4.0 kg/s
Pressurizer water level 5.1 m

SC water level 8.1 m

Table 3.2. Borssele normal operating conditions.
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,

|

.

(
:

Signal .SG 1evel (m)

|

Normal water level 8.10

3.65Reactor scram

Turbine trip and

emergency feedwater 2.65 ;

Emergency decay heat
a

removal system 1.80
1Zero water level

measurement 0.0

Top of tube plate - 0.35
'

i

Table 3.3. Steam Generator water level data.
:

I
a

I i

|.

? System Pressure (MPa)
!

i

HP-ECC system 10.89
|

j Accumulator 2.5
;

LP-ECC system- 0.8
1

1
,

6

Table 3.4. ECC injection pressures.'

.

i

4

$

i

s
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!'

. ,

4

Se rie s Description
'

.

;

' 100 Primary loop 01
4

200 Primary loop 02

| 300 RPV
'

400 Pressurizer
.

} 500 Secondary side SG 01

600 Secondary side SG 021

4
'

700 VCS
1

800 ECC system,

,

4 -

i

i

i
Table 3.5. RELAP5/ MOD 2 nodalization index.
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3.3. Loss-of-all-feedwater follovad by primary feed-and-bleed

As initiating event a loss-of-all-feedwater event has been considered.
As a consequence the steam generators will boil off causing a reactor
scram and turbine trip due to a low SG water level signal. This occurs
af ter 54 seconds. In this situation, the primary system can be
depressurized by the so-called feed-and-bleed method. The
feed-and-bleed procedure consists of opening of one or more PORV's on *

the pressurizer, shut-off of the Reactor Coolant Pumps (RCP's), and
activation of the HP-ECC system. Af ter the pressure has become less
than the shut-off head of the HP-ECC pumps, cold ECC water is injected
into the primaty system while steam or a steam / water mixture is being
discharged through the PORV's.

The main objective of the feed-and-bleed analyses has been to verify .

whether the limited amount of HP-ECC water is sufficient to
depressurize the primary system to a pressure less than 0.8 MPa without
endangering the fuel integrity. As soon as this low pressure level has !

!

been reached, the LP-ECC system is able to remove the decay heat. ,

4

Paremeters which af fect the course of the event are :

) . The number of PORV's being opened by the operator j

The time when the operator opens the PORV's i.

. The number of HP-ECC pumps available.
2

For this reason, the following four cases have been analyzed: |
1. Opening of largest PORV (33.33 kg/s) af ter 5 minutes
2. Opening of largest PORV (33.33 kg/s) after 15 minutes
3. Opening of largest PORY (33.33 kg/s) af ter 38 minutes
4. Opening of maximus PORV capacity (66.67 kg/s) after 38 minutes. |

1
,

; In all four cases, 50% of the HP-ECC pumps are assumed to be available.

i The 5 minutes period has been chosen since the SG's are boiled empty at
this point in time. The 38 minute period has been selected because at
this point in time the core water level has dropped till 1/3 of the )
core height, while the 15 minute period has been chosen arbitrarily in

i between.

a |

I
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Ihe rssulting pressure and otximum fuel cladding temperature
time-histories for all four cases considered are shown in figs. 3.3.

and 3.4. The corresponding sequence of events has been given in table
3.6. The most important findings are:

All transients analyzed show a similar tendency. Af ter opening of the.

PORV('s), the primary pressure decreases to a minimum value while

two phase conditions exist inside the primary system. After the
primary system becomes solid, i.e. completely filled with water, the
primary pressure increases to a higher level. In this situation,
critical two-phase flow conditions exist inside the PORV throat.
After this PORV flow changes into non-critical water discharge, a
second pressure increase occurs.

The ultimate pressure of interest is the primary pressure which.

remains af ter shut-of f of the HP-ECC pumps. In all cases analyzed

this pressure is higher than the LP-ECC system injection pressure.
Moreover, this pressure can not be decreased any further due to the
presence of zero flow conditions and hot spots inside the SG U-tubes.
A similar phenomenon has been observed during the execution of a
comparable experiment at the LOBI-MOD 2 test facility [3 ). In the
Borssele analyses thermal mixing by restart of the RCP's is required
to enable further primary system depressurization. Since restart of
the RCP's requires half an hour preparation time, this snould be
considered as part of the operating procedure for this a:cident

event.

Restart of the RCP's has been included into the analyses for cases 1.

and 3. As shown, the pri=ary pressure in both cases decreases to a

value of 0.7 MPa. Also for cases 2 and 4 a similar condition is l

expected to occur af ter thermal mixing by restart of the RCP's has
been achieved.
The RP-ECC water supply appears to be sufficient to depressurize the.

f

system.

In most of the feed-and-bleed calculations, a temporary increase of.

the fuel cladding temperature occurs prior to HP-ECC system
injection. The maximum fuel cladding temperature has been calculated
for case 3 and equals 1500 K.
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|

Time (s) |

Event ]

Run 1 Run 2 Run 3 Run 4 i

1

)

!Loss-of-all-feedwater 0.0 t t +
i

Scram + turbine trip 54 :

Bypass valve opening 60 *o* *o* *C*

SG's empty 300* + + +

Opening of PRZ S/RV 790 790 790 ;
-

15 min. after start 900* - - ;-

Start of core boiling 410 990 1520 1520 |

1/3 core level - 3030 2270* 2270**

2930Core empty -- -

HP-ECC injection 386 3265 3020 2643 i

Solid prim. system 2940 **** 4800 4050 l

Non-critical PORV flow 3485 **** 5700 4230

HP-ECC pumps off 3700 **** 5800 5200

RCP thermal mixing 3400 **** 5900 ****

End of calculation 3800 4500 7430 5300

i
Pressure data (MPa) :

- min. 2 phase 4.6 2.7 1.8 1.1 ;

- solid 4.8 **** 4.9 2.0 !

I
- non-critical PORV 6.9 **** 65 3.4 '

- final 0.7 **** 0.7 ****.

'
1
'

Remaining HP-ECC
3 |water (m ) 127 324 153 127

i

Max. cladding temp.

(K) 620 1100 1500 917

__

!

! * Opening PORV = 33.33 kg/s

** Opening PORY = 66.67 kg/s

*** Identical to Run 1

**** Not further analyzed

Table 3.6. Borssele feed-and-bleed sequence of events.
i

i
|
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us. 1 2. PORV s 33.33 KG/S AT 15 MIN.

3. PORV s 33.33 KG/S AT 38 MIN.
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Fig. 3.3. Borssele feed-and-bleed pressurizer pressure.
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Fig. 3.4. Borssele feed-and-bleed naximum fuel cladding temperature.
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3.4. Station Bicekout

A station blackout accident is characterized by a complete loss-of-all

on- and offside AC-power. Under these circumstances turbine trip and

RCP trip occur at time zero, while the reactor scrams due to low RCP

pump speed within one second. During the course of the event no VCS

system or ECC systems will be available.

Without any further operator action, the station blackout event will

ultimately terminate in a high pressure core melt situation, as a

consequence of the continuous loss-of-inventory via the S/R valve (s). t

Although melting of the core can nr. te prevented, the primary system,

may be depressurized by opening of .e PORV's. For this reason, the

following station blackout cases have been considered:

1. TMLB'

2. Opening of minimum PORV capacity (16.67 kg/s) af ter 50 minutes
' 3. Opening of maximum PORV capacity (66.68 kg/s) after 50 minutes

4. Opening of mimimum PORV capacity (16.67 kg/s) af ter 108 minutes

5. Opening of maximum PORV capacity (66.68 kg/s) after 108 minutes
,

The 50 minute period corresponds to the moment that the SG's have been

boiled empty. The 108 minute period has been chosen, since at this
4

point in time the core water level has dropped to 1/3 of the core

height.

The resu! ting pressure and maximum fuel cladding temp 9tature time

histories for all five station blackout events considered are presented

in respectively figs. 3.5. and 3.6. The corresp;nding sequence of
events has been given in table 3.7. As can be observed, only opening of
the maximuu PORV capacity is sufficient to depressurize the primary
system before melting of the core occurs. This appears to be relatively

.

independent of the time when the PORV's ar being opened-
!

,

9 99'

l
1
\ |
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Time (s)
Event -

Run 1 Run 2 Run 3 Run 4 Run 5

Normal operation <0 t t t t

Station Blackout 0.0

Sc ram 0.7 *** ***

Opening of SG S/RV 88.2 *** ***

Opening of PRZ S/RV 2564 + +

SG's empty 3000 3000* 3000**

Start of core boiling 4408 3187 3054 + +

1/3 Core level 6500 5600 5340 6500* 6500**

Cladding temp. > 1500 K 7380 6860 6600 7728 7866

RPV pressure at 1500 K

(M Pa) 16.2 12.3 1.9 13.1 2.6

* Opening of min. PORV capacity

* * Opening of max. PORV capacity

*** Identical to tun 1

Table 3.7. Borssele station blackout sequence of events.
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Fig. 3.5. Borssele station blackout pressurizer pressure.
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Fig. 3.6. Borssele station blackout maximum fuel cladding temperature.
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3.5. ATWS

The An'S scenario has been investigated to determine the influence of
the moderator temperature coefficient on transient behaviour. Also in

this case, the initiatir.g event is thought to be a
loss-of-all-feedwater event. Since the magnitude of the moderator

temperature coefficient differs significantly between the begin and end
| of a fuel cycle, the following three cases have been analyzed:

; 1. Moderator temperature coef ficient = -1 10-2 g/ *C
2. Moderator temperature coef ficient = -4 10-2 gf.C

4

3. Moderator temperature coef ficient = -8 10-2 $/*C

I

The first value corresponds to the begin-of-life value of the first

| core of the Borssele reactor. We second value compares to the
J

begin-of-life value for the Borssele equilibrium core, while the final'

l
value is equal to the end-of-life value of this equilibrium core.<

| The initial part of the transient is identical to the feed-and-bleed
4

! analysis as presented in section 3.3. A turbine trip signal is obtained
after 54 seconds due to a low SG water level while in the ATWS

.

i situation reactor scram fails to take place. Reactor power remains at a
!

j high level, thereby increasing the primary pressure and temperature,
t

especially af ter 90 seconds when the SG's have been boiled empty. he
increase in moderator temperature will lead to a decrease of reactor;

power. W e greater the moderator temperature coefficient, the stronger
the reduction of reactor power will be, and the milder the primary
system pressure transient.

.

The main interest of this ATWS sensitivity analysis concerns the i

initial pressure increase within the primary system, which may endanger
the structural integrity.

The results of the ATWS analyses are shown in figs. 3.7. and 3.8. As '

! can be observed a strong pressure rise appears for the lowest moderator
temperature coefficient considered. The initial primary system pressure

; increase for the two equilibrium core values of the moderator

temperature coefficient is limited due to opening of the pressurizer
S/R valves. No high fuel cladding temperature occurs during these short i

term transients., -
'

302

|

e - ,



'

N* i '

1 LEGEND:
1. MTC o -1.10-8 $/'C-

2 2. MTC e -4.10 8 $/*C i

,u. 3. MTC o -8.10 8 $/'C

/ ~
e

f M~

3 3il

||
"' Wg,,, s

X
g.

_

m.a .

u god the aca Ene au 33M 3h4 ease esa DL4

TIME (S)
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4. CONCLUSIONS

Based on the RELAP5/ MOD 2 severe accident transient analyses for the
Dodewaard BWR and the Borssele PVR, the following conclusions have been
reached:

* The availability of 50% of the natural circulation isolation

condenser for the Dodewaard BWR appears to be a powerfull (passive!)
safety feature to limit the possible consequences of the accident
events which have been considered.

* Unavailability of this isolation condenser system for a station
blackout transient will result in a high pressure core melt
situation. Opening of one ADS valve by the operator prior to core
uncovery is sufficient to depressurize the reactor system before
melting actually occurs.

* During the primary feed-and-bleed following a loss-of-all-feedwater
event at the Borssele PWR, hot spots may be present inside the SG

U-tubes as a consequence of a zero flow condition. These hot spots,
which also have been observed during a similar experiment at the
LOBI-MOD 2 integral test facility, do not allow a further
depressurization of the primary system. Since RCP restart requires a
30 minutes preparation period, this should be considered in the
operating procedures for this type of accident.

* During a station blackout transient event, the maximum PORY capacity
will be required to depressurize the primary system of the Borssele
NPP before melting of the core occurs.

* The initial primary system pressure increase during an ATWS event at

the Borssele PVR will not endanger the integrity of the primary
system, when considering plant specific values of the moderator
temperature coefficient.

* Based on the various RELAP5/ MOD 2 accident analyses for both NPP's and

the corresponding sensitivity studies performed, much insight has
been gained with respect to the course of the accident events, the
phenomena which take place and the operator actions required to limit
the possible consequence as much as possible.
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VALIDATION OF TRAC-PFl/ MOD 1 AGAINST EXPERIMENT LP-02-6
0F THE OECD-LOFT SERIES

(J.V. L6pez; J. Blanco; J. Rivero and A. Alonso; Department of Nuclear
Technology, Madrid Polytechnical University)

ABSTRACT

Experiment LP-02-6 of the LOFT-0 ECD ceries has been analysed
with TRAC-PD2 and TRAC-PFl. Steady state, pretest and postest
calculations with TRAC-PD2 were reported in the 14th WRSIM
(1986). Modifications into the code were proposed to predict
better rod temperature profile and other parameters. In this

t report the experieent is analysed with a frozen version of
TRAC-PFl/ MOD 1 to serve as an ICAP exercise. The result of this
work is compared with the old resultc from TRAC-PD2 before
being modified. Although TRAC-PF1 renders results closer to
experiment, still it does not reproduce correctly the rod
temperature profile. No effort has been put in introducing new
correlations for the minimum film boiling temperature as it
was done, with positive recults, for TRAC-PD2.

1

I.- INTRODUCTION

Experiment LP-02-6, successfully completed on October 3, 1983,
is one of eight in the OECD-LOFT series. It simulates a dcuble-ended

; break of a PWR main coolant inlet pipe, and was initiated from condi-
tions representative of PWR operating conditions.

This report presents the second of the two calculations perfor-
ned by the Spanish Group responsible for experiment LP-02-6. In this
second calculation TRAC-PFl/ MOD 1 was used. The first calculation was
reported at the 14th WRSIM (Ref.1). The present study shows the main
differences between this calculation and the first made with version
PDP/ MOD 1 of TRAC, reported at length in an internal document (Ref.2).

'In general, the thermohydraulic behaviour of the experiment has
been cimulated well in both calculationc. Moreover, come improvements |
have been achieved with TRAC-PFl. mainly related to flow distribu- '

tion.'

|
t

1

! II.- EXPERIMENT CONDUCT

I A summsry of the measured system conditions inmediately prior
to Experiment LP-02-6 is Eiven in Table I. Table II enumerates the

1
1

I
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.

operational setpoints and Table III lists some significant events.

Experiment LP-02-6 was initiated by opening both quick-opening
blowdown valves in the simulated broken loop. The reactor scrammed on

,

low hot leg pressure at 0.1 s, and the pumps were tripped at 0.8 s.,

i The pumps coasted down until 16.5 s, when they were disconnected from
'

the flywheels. Flow in the core reversed almost instantaneously with
experiment initiation, and fuel rod cladding temperatures started to
increase at 0.9 s . The entire core heated up until 5.2 s, when

. positive core flow was again established due to choking of the flow
; in the broken cold leg. This positive core flow quenched the lower -
i 2/3 of the core until - 10 s when flow in the intact cold leg decree-

sed to below that of the broken cold leg and the core again started4

"

to heat up. A partial top-down core quench initiated at 14.8 s and
lasted until 18.6 s. The lower plenum was filled by 30.7 s, the core
quench was complete by 56 s, and core reflood was complete by 59 s.

Table I
Initial Conditions for Experiment LP-02-6

I

Parameter Measured Value

;

Primary Coolant System
2

Core AT (K) 33.1 + 1.4'
Hot leg pressure (MPa) 15.09 I 0.08
Cold leg temperature (K) 555.9 7 1.1
Mass flow rate (kg/s) 248.7 7 2.6.

'
-

Reactor Vessel
!

!

Power level (MW) 46.0 + 1.2
Maximum linear heat ~

generation rate (kW/m) 48.8 + 3.6

Steam Generator Secondary Side '

! As per plant Operating Manual '

Pressurizer,

| Liquid volume (m ) 0.607+ 0.02 !
3
3j Steam volume (m ) 0.39 I 0.02

) Water temperature (K) 615.6 I 58
i Pressure (MPa) 15.3 7 0.11
i Liquid level (m) 1.04 I 0.041

-

.

i

!
>

>
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Table I I

Initial Conditions for Experiment LP-02-6 (Cont.) I

|:

Parameter Measured Value
i

Broken Loop

j Cold leg temperature (K) 553 1 6
Hot leg temperaturo (K) 560 g 6'

Suppression Tank

Liquid level (m) 1.34 + 0.02
Water temperature (K) 360 1 3
Pressure (gas space) (kPs) 160.5 1 2.9
Emergency Core Cooling System

Accumulator liquid level (n) 2.10 ; 0.0
Accuraulator standpipe position (above in-
side botton of tank)(m) 1.44 + 0.03,

Accumulator pressure (MPs) 4.11 ,7 0.06|

! Accumulator liquid temperature (K) 302 + 6.1
i High-pressure injection flow rate (1/s) 1.04 7 0.04

High-precsure injection liquid temperature (K) 305 _I 7
: Low-pressure injection flow rate (1/4) Verified
| Lew-precsure injection liquid temperature (K) 305 g 7

i

Table II
Experiment LP-02-6 Operational Setpoints

4

1

i Action Reference Measured Setpoint

! !
'

i Blowdown valvec cpened Time (s) 0 I
' ;

IReactor scrat.med Intact loop hot leg '

(autemstic) pressure (MPa) 14.8 + 0.1

I
Primary coolant pumpc '

tripped (-anuel) Time (s) 0.8

1

High-preccure injection
initieted (manual) Time (s) 21.8

Lo.-pressure injection
initisted (?anual) Time (s) 34.8

!
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Table III ;'

Chronology of Events for Experiment LP-02-6 |
'

,

N

Event Measured Data
; , Tine (s) ;

!
'

s -

0 '

j Blowdown valves opened
!

]
End of subcooled blowdown 0.05 g 0.05

1 Reactor scrammed 0.1 + 0.01

0.8 [ 0.01.Primary coolant pumps tripped
_

j Cladding temperatures initially deviated from F

saturation 0.9 + 0.01'

j Control rods on bottom 1.7 0.01-

j End of subcooled break flow 4.0 g 0.5
'

,

Maximum cladding temperature reached (blowdown) 4.9 + 0.2
Bottom-up core rewet initiated 5.2 1 0.2 :

Bottom-up core rewet cmapleted 9.1 g 0.2
Partial core top-down quench initiated 14.8 + 0.2 ;

| Pressurizer emptied 15.5 g 0.5 ;

! Primary coolant pumps disconnected from flywheels 16.5 g 0.01 ,

: Accumulator injection initiated 17.5 1 0.5 j

l Partial core top-down quench completed 18.6 1 0.2 ;

] High-pressure injection initiated 21.8 1 0.01 j
j Lower plenum refill completed 30.7 1 0.2
j Low-pressure injection initiated 34.8 1 0.01 |

Maximum cladding temperature reached (reflood) 41.0 1 0.2 |
Accumulator injection completed 57 1 5 !

Core quench completed 56 + 0.2i

| Core reflood ccmpleted 59 + 1
4 r

{ !
'

'
i .

| |
'

i III.- LOFT LP-02-6 PLANT NODALIZATION.
!
i LOFT nodalization -given in figs. 1 through 4- needed to simu-
i late LP-02-6 with TRAC-PFl/ MOD 1 was based on that used in TRAC-PD2/-
! MODI calculation, with some modifications, mainly in the broken loop

]
and in the vessel, as follows:

.

|

|

| 1.- The number of fluid cells in the broken loop cold leg has

: been reduced due to the choked flow model incorporated in
TRAC-PFl/MODl. I

i

2.- Two bypass paths have been modeled in the vessel component
to simulate the six real ones in the LOFT vessel.

;
i

i
t
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3.- To study the behaviour of condensation and stratified flow
models, the number of fluid cells near the injection point

of the ECCS has been increased.

4.- Heat transfer between the main body of the . steam generator
necondary side and its downcomer has been included.
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IV.- TRAC-PFl/ MOD 1 CHARACTERISTICS.

TRAC versions at present available to us are TRAC-PD2/ MOD 1 and
TRAC-PFl/MODl. TRAC-PD2/ MOD 1 was developed to analyse mainly large-
break LOCAS in PWRs , and is prior to TRAC-PFl/MODl. Besides the
difference in the numerical scheme for the one-dimensional compo-
nents, other major differences between both include the following,

,

l.- TRAC-PFl/ MOD 1 uses a full two-fluid, six-equation hydrody-
namic model, whereas TRAC-PD2/ MOD 1 uces a five-equation drift-flux
nodel for the one-dimensional components and a six-equation two-fluid
model for the tnree-dimensional component.

1

2.- TRAC-PFl/ MOD 1 incorporates a choked flow model instead of
| relying on the fine noding at the break plane required by TRAC-PD2/-
| MODl.
|
'

3.- In addition to the water liquid and vapor phases, TRAC-PF1-
/ MOD 1 can model a noncondensable gas in the vapor phase and a solute
in the liquid phase.

4.- TRAC-PFl/ MOD 1 allows to model the vessel either as a one-t
'

dinensional or as a three-dimensional component, while there is no
user option when using TRAC-PD2/ MOD 1 and only a three-dimensional
vessel is modeled.

5.- TRAC-PD2/ MOD 1 only includes trips to model control func-
tions and systems. TRAC-PFl/ MOD 1 also includes more generalized
constitutive relations that rire applicable over a broader range of
conditiens.

6.- TRAC-PFl/ MOD 1 steam generator model allows to better repre-
cent the various heat structures associated with the tubes, the
cecondary flow shroud around the bundle and the outside shell.

1

i

V.- CALCULATION RESULTS.

Calculation of the experiment LP-02-6 with TRAC-PFl/MODl,
version 12.7, has been developed in two steps. In the first, the

steady state calculation was carried out with the objective of
fitting, all cysten varinbles to experimental data, and the second

{ step included the transient calculation.

<

A
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For the steady stste calculation with TRAC-PF1/ MOD 1, two impor- [
tant changes were done with regard to the TRAC-PD2/ MOD 1 execution, [

;

| 1.- Several control blocks and trips were added to the input f
I deck and, as a concequence, computer centrst processor unit.(CPU) !

l time during - the steady state calculation got reduced. Variables i
j related to these control blocks and trips include the followingt i
1 |'

. Pump speed to loop mass flow rate. !
; . Steam generator secondary side pressure to main steam j

rass flow rate. i

i
2.- Heat slabs have been added to represent heat transfer2

between the secondary boiler and downcomer sections, and heat losses
,

at the external shell. {
; I

j Table IV shows the results obtained after a run lasting 130 a ;

,
of eteady state. There are few differences in the results with regard !

I to TRAC-PD2/ MOD 1 for the prim'ary system. Secondary system variables ;

| are better calculated with TRAC-PF1/ MOD 1 Jue to heat structures. L

i ;

I :
Table IV '

) LOFT LP-02-6 Initial Conditions |

! i
i PARAMETER MEASURED VALUE TRAC-PD2 TRAC-PF1 [
j / MOD 1 / MOD 1 (
l !
1 Reactor Vessel !

) !

i
Power (MW) 46.0 1 1.2 ...... 46.0 ....... 46.0 [...............

4 ,

| Intact Loop
|1

| Mass flow rate (kg/s ... 248.7 g 2. 6 . . . . . 2 50.0 . . . . . 2 50.0
|

1 Hot leg pressure (MPa) 15.09 + 0.08 ..... 15.07 ..... 15.08 t...

| Hot leg temperature (K) . 589.0 { 1.1 ..... 590.1 ..... 590.1
! Cold leg temperature (K). 555.9 + 1.1 ..... 556.8 .... 556.6
]

| Steam Generator
,

* Pressure (MPa) 5.62 1 0.10 ..... 5.62 ..... 5.61...........

: Feedwater mass flow
| rate (kg/s) .............. 24.28 ............ 30.53 ..... 24.28
j Main steam mass flow
j rate (kg/s) 24.28 ............ 30.53 ..... 24.29..............

1

I

4
j
i
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For the transient calculation both codes provide very similar
results, and the small differences are due to those new models intro-

duced in TRAC-PF1/ MOD 1.

The most significant improvement is the evaluation of the mass
,

flow rate in the broken loop cold leg (Fig. 5). The difference bet-
'

ween both calculations is related to the choked flow model in version
PF1, which avoids the use of a fine nodalization near the break
plane, and becoines important during the subcooled discharge phase.
While TRAC-PD2/ MOD 1 assumes two-phase flow since the start, TRAC-PF1-
/ MOD 1 introduces a delay in the nucleation of the fluid occupying the
broken loop cold leg, and this fact is governing the mass of coolant
discharged through the break. Figure 6 shows the void fraction evolu-
tion in the broken loop cold leg for both calculations during the
early seconds of the transient.

The above-mentioned improvement leads to a lower inventory in
the system during the whole calculation and, as a consequence, to a

lower calculated pressure, which is more realistic and closer to
experimental data (Fig. 7).
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Figure 5.- Broken loop cold leg mass flow rate.
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?

;

The descent of the calculated pressure form 16 s onwards is due j
to the cold water discharge coming from the accumulator to the intact ;

loop cold leg. This fact increases the condensation rate and contri-
|butes to depressurization during the discharge phase. '

The succeeding evolution is right, except at 50 s, moment at
which the system gets slightly pressurized again because of the
nitrogen gas coming from the accumulator.

Pump speed calculation is acceptable during the initial- ins-
!

tants of the transient (Fig. 8). The change of slope that can be ;

| observed in figure 9 when reaching 800 r.p.m. is due to flywheel
i

disconnection. Neither code reproduces the entire calculation corree-
tly. In our previous postest calculation with PD2 this discrepancy '

,

was observed (Ref. 1 & 2). In that case the torque and head multi- ,

; pliers were changed with excellent results. In this case, the origi- [
.

nel values have been kept.
'
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; Mass flow rate through the core depends strongly on the coolant ,

j mass escaping through the break and on the hydraulio resistance of '

I the flow path. Figures 9 and 10 show the evolution of core inlet and
outlet mass flow rates. Both calculations behave similarly. The
continuous flow of coolant from the primary system to the blowdown

Isuppression tank reduces the liquid inventory and the core becomes
uncovered. Figure 11 presents the core liquid fraction, where a first

; uncovery takes place around 4 s into the transient. |
r

1

3 tem .

!# g .
,

m
3 .

, -

,

m . } k ,

,

in . J

h
' 'y,. . ,- .

;
.

-t es . j

.m . Y
'

.
.

i !

; .see - <

l i

i ~. A e e. . i. . .. ,

jt m
j
4 Figure 9.- Core inlet mass flow rate. !

!'
ism
**

i

"n - ,

,

m .

>

$
1 ise .

-Ihe _1"- A i

.,. . ,.

-M . -

1

; -a . ,

j

! * *' s k s k -- is im
t isi

] Figure 10.- Core outlet mass flow rate.i

:)
d

1

4

1

318
4

3

-__ . _ . . - _ , , _ . _ _ . . . . _ . _ _. . _ _ . . - _ . - _ _ _ __



_ . _ _ _ _ _

i

!

|

1. 0 - ----c~ i\''

! I )

! e. 9 - }
M
._._

( -
W1 -

e.s - i ! --
,

e.7 . !
' ''

-

-[

Ye.6 - ' W
-

;

'
W.5 I -

}
h !

e.4 1

4
- '

i

e.3 ' (
- '

:
.

,; r

i e.2 - i Il '

}
-

o -

t

,
-

e.t y -

0.0 , pI ," h as les 128

T ts) :
J !
! Figure 11.- Core liquid fraction.

i
i

A discrepancy between both calculations can be appreciated when
' considering figures 9 and 10, which is referred to the moment at '

which core reflood begins. It becomes earlier in the TRAC-PFl/ MODI
calculation, because of the simulation of bypass flow paths existing
in the vessel.

,

1

) 1.0FT vessel was primarly designed to contain electrical resis-
tances instead of nuclear fuel rods. Later, the vessel was adapted to

; house nuclear fuel. This process led to the insertion of internals to
I reproduce thermohydraulic conditions of a commercial plant.

Vessel internale do not fix perfectly one to each other, so
coolant flow finds ways of reaching the upper plenum without entering;

the core. There are eix core bypass paths (Fig. 12), as explained in
the work by W.C. Jones (Ref. 6), which can be gathered into two

; groups:

- downcorrer/ upper plenum bypass (pathe 4 and 5)

- lower plenum / upper plenum bypass (paths 1, 2, 3 and 6)

!

1
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i

|

It is important to simulate bypasses, because it helps in
diminishing the pressure difference between upper and lower plena, so
that the lower plenum refill and the core reflood can be reproduced
with mere realism.,

|
'

During the period of time when the core is essentially uncove-
red, the steam escaping the core through the broken loop cold leg
inhibits the entrance of cold water coming from the ECCS. This effect
is smoothed due to the downcoe.er/ upper plenum bypass, as pressure

difference between downcomer and core is diminished.

Bypass paths are also important when considering the steam
binding effect. Their simulation with TRAC-PFl/ MOD 1 leads to a higher
depressurizstion rate and facilitates the entrance of liquid into the

; core.

Figure 13 shows the hottest cladding temperature at the midpla-
ne (0.647m), which corresponds to the hottest spot.

,

1

i

'
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Two-phase flow conditions in the core are reached almost ins-
tantaneously when the transient begins. That means cooling degrada-
tien of fuel rods. Departure frem nucleate boiling is reached few
instants into the trancient. Both codes covered well the simulation
of thic phase, although DNB is forwrtrded in TRAC-Pfl/ MOD 1 due to the l
higher mass evacuated through the break, which brings to a rapid
reduction of the syttem inventory. |

|
The first experi-entsl te?.perature peak is near 1070 K. Both !

codec reprcduced correctly this value, being TRAC-PF1/ MODI calcula-
tien advanced because cf the previously mentioned fact. )

1

Experimental data show an early cladding quench at all axial j
levels. Neither code simulated this phenonenen with the required
precicien. TPAC-PFl/"CD1 calculstion provides a minimum of 810 K.
While TRAC-Pp?/M001 deet not fall below 890 K. There is still dis-
eustien ebeut the relinbility of cladding tempernture data. It is
potsible that the heat transfer package incorpcrated in both codes is
not n'aitable for high-presture lew-quality cituations. Alco, there is

|

,

d
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the ruspicion that external thernocouples affect quenching temperatu-
res, so that the behaviour would not be the same without them. Fina-
lly, the most accepted theory is thqt, for simulating the bottom-up
quench, a fine cniculntion of flowo entering and escaping the core is
needed, whieb is a thing that neither TRAC-PF1/ MOD 1 nor TRAC-PD2/-
MOD 1 do.

The first cladding temperature peak is not very important from
the viewpoint of damage, because the pressure difference between the
gap and the system is not high. The second peak is more important due
to that pressure difference and to possible structural deterioration
of the zicalloy. TRAC-PF1/ MODI calculation for this second cladding
temperature peak is the best of the two and the final quench is
attain *d aarlier, as a consequence of vessel bypasses simulation.

In our previous work with PD2 (Ref. 2 & 7) we discussed the
effect of the minimum film boiling temperature and proposed Sakurai'r,

correlation for low pressures, , obtaining a much better prediction of
clnd temperature evolution and tive to bottom-up quench. In this case
such nodifications have not been introduced into TRAC-PF1 due to the
frozen nature of our calculations.

I

V.- CONCLUSIONS.

The TRAC-PF1/ MOD 1 thermohydraulic simulation for experiment
LP-02-6 is quite accurate. Results are very similar to those obtained
with TRAC-PD2/ MOD 1, apart from few differences related to new models
incorporated and nodalization changes.

TRAC-PF1/ MOD 1 calculation improves the broken loop cold leg
mess flow rate. Neither code simulated well the bottom-up quench and
pumps behaviour. The reason for the former is not clear yet. With
respect to pu.tps speed, it is needed a revision of inertia equation
coefficients or of torque and head curves.

Cladding temperatures estimated by TRAC-PF1/ MOD 1 are lightly
better than those by TRAC-PD2/ MODI, mainly in relation with the final
rewetting, although both show a delay with respect to data because of
the defficiency in the early quench simulation.
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STAT')$ OF THE. RELAP5 USER GUIDELINES

J. L. Jacobson and R. G. Hanson
Idaho National Engineering Laboratory ;

|
EG5G Idaho, Inc. !

-

;.

ABSTRACT |

This saper presents an overview of a RELAP5 User Guidelines ,

| document witch is currently being developed under the sponsorship |

| of the U.S. Nuclear Regulatory Commission (USNRC) at the. Idaho !

| National Engineering Laboratory (INEL). The RELAP5 User !

Guidelines will provide insight for proper code use for specific i4

j applications and specific guidance relative to nodalization of !
i nuclear power plants and experimental facilities based on a |

standard nodalization philosophy. |,

| I.

i 1. INTRODUCTION j
! ,

The International Code Assessment and Applications Program (ICAP) has i

: l'een organized by the USNRC to coordinate the domestic and international ;

code assessment efforts. Based on these assessment efforts and specific ;

i studies to further understand nodalization effects, a User Guidelines is !
i being produced which will assist the code user in consistent use of the |
4 RELAP5 code for applications to experimental facilities and full scale :

i nuclear power plants. The code user will be provided with infornation :

! relative to plant modeling, input deck organization and data requirements, :
j the execution of the code from steady state through transient calculations, !

and the interpretation of the code output. The User Guidelines document
will also provide quick reference on codc input requirements.

; This paper presents a summary of the User Guideline that will be i

; published in the Spring of 1988. Section 2 presents a discussion of the ;

| regulatory significance of consistent use of a quantified computer code in >

; the evaluation of transient response to accident sequences. Section 3
presents an overview of the contents of the User Guidelines. Section 4 :

; provides a summary and a status discussion for the User Guidelines |
! development effort. Section 5 is a list of references that represent an '

| overview of the documents to be cited in the User Guidelines. .

! !
i 2. MOTIVATION FOR A CODE USER GUIDELINES i

! I
The USNRC is currently revising the licensing requirements for nuclear' I

( power plants to provide an optional best estimate calculational approach for i

licensing submittals. in support of these changes the USNRC is involved in i
an effort to characterize and quantify the best estimate use of t

thermal-hydraulic computer codes for accident evaluation. The on going |research is endeavoring to determine the scalability, applicability, and ;

calculational uncertainty of the codes. The ICAP code assessment work :
!
;

a. Work supported by the U.S. Nuclear Regulatory Commission. Office of ;

Nuclear Regulatory Research under DOE Contract No. DE AC07-761001570. |

I

!
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_ .

directly supports this code quantification effort through assessment studies i
i and nndalization studies. The code assessment also directly supports the |
2 develoonent and maintenance of User Guidelines. The use of assessment and :
4 applict ton calculations for the quantification of code capability andi '

j appli W lity require that the code is used in a consistent and appropriate
! manner relative to nodalization and code options and application. :
! Ultimately, the use of the code for best estimate licensing purposes or {safety evaluations will require that the code be used consistently with :

guidelines that have been determined to be essential relative to Code, ;
i Scalability, Applicability, and Uncertainty (CSAU) considerations. An

j'

important part of these guidelines is the specification of a standardized
1

| nodalization philosophy which, when used in the assessments, will insure ;
I they fully support the CSAU methodology. :
!

] 3. USER GUIDELINES OVERVIEW
,

,

i The User Guidelines is intended to be a comprehensive source of !
) guidance to the code user over the range of applicable code applications. |
; The User Guidelines is outlined below and this section will present a |' general discussion of selected sections from the outline. !

|

1. RELAp5 CODE OVERVIEW
i: 1.1 Code description '

4 1.2 Code applications
] 1.3 Code limitations

,

1.4 Code use-

i 1.4.1 Input preparation
j 1.4.2 Steady state calculation
! 1.4.3 Transient calculation

i1.4.4 Output
1.5 temputer requirements j

!1.6 Execution procedures ;,

1.7 Support programs
1.7.1 PYGI,

( l.7.2 GANJA
J 2. DATA REQUIREMENTS

2.1 Hydrodynamic geometry
2.2 Heat structure parameters

| 2.3 Core and neutronics data
j 2.4 Control systems and trip information

2.5 Initial and boundary conditionsa

{
i2.6 Data sources 1

2.7 Data documents3

j 3. GUIDELINES
i 3.1 Input preparation
! 3.1.1 General modeling discussion

3.1.2 Facility nodalization
3.1.2.1 Westinghouse standard plant model
3.1.2.2 Combustion engineering standard

plant model
3.1.2.3 Babcock and Wilcox standard plant

j model
1 3.1.2.4 Nodalization recommendations for
i test facilities
1
.

!
!
!

!
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I

) 3.1.3 Calculation controls and trips
I
-

3.1.3.1 Miscellaneous input i

3.1.3.2 Trip input |
3.1.4 Hydrodynamic input t

3.1.4.1 Hydrodynamic components j
3.1.4.2 Single volume'

3.1.4.3 Time dependent volume '

3.1.4.4 Single junction !*

3.1.4.5 Time dependent junction !
'

3.1.4.6 Pipe and annulus :

! 3.1.4.7 Branch, separator, jet mixer, and i

turbine !
i 3.1.4.8 Accumulator ;

; 3.1.4.9 Valve !

! 3.1.4.10 Pur,ip i

3.1.5 Heat structures and tables !'

i 3.1.5.1 Heat structure input
i 3.1.5.2 General table
'

3.1.5.3 Thermal conductivity table !
3.1.5.4 Volume heat capacity table

~

t 3.1.6 Reactor core modeling t

4 3.1.7 Neutronics -

! 3.1.8 Control systems and trips t

3.1.9 Internal plotting package
.

3.1.10 Specific guidelines ,

! 3.1.10.1 Breakflow L

3.1.10.2 Flow restrictions
| 3.1.10.3 Time-step size

3.1.10.4 Boron !4

3.1.10.5 Pressurizer spray and heaters ;y

j 3.1.10.6 Pipe wall heat loss [
3.1.10.7 Leakage paths ;

,

! 3.1.10.8 Noncondensibles !
' 3.1.10.9 Pressure drops i

4

; 3.1.11 Deck assembly
i 3.1.12 Alteration of existing deck j

| 3.2 Steady state calculation
i 3.3 Transient calculation -

| 3.3.1 General transient calculation discussion ;

| 3.3.2 Renodalization j
3.3.3 Restart !j

3.4 Interpreting output !

; 3.4.1 General output discussion !
; 3.4.2 Integral plotting package !

3.4.3 Minor and extended edits ;

As shown in the outline, the User Guidelines is divided into three major !
sections: an overview of the RELAP5 code; a discussion of data requirements j

for the development of a facility model; and code use guidelines. |

|

|
|
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; 3.1 RELAP5 Code Overview
i

This section of the document will present a description ordhe RELAP5
code, its limitations and range of application. A general discussion will.

| address the use of the code, execution procedures, and supporting programs
i for deck and output data conditioning.

| The RELAPS computer code has been ccveloped for best estimate transient
simulation of PWRs and associated systems. The code is based on,

j non homogeneous and non-equilibrium models for the one dimensional two phase
flow system that is solved by a fast, partially implicit numerical scheme toa

i permit economical evaluation of system transients. *

|

| 3.2 Data Reauirements

This section presents the data required to construct an input deck for
i a facility and perform a transient calculation. The types of data needed

for the development of a facility (or power plant) input deck include a4

! detailed description of the hydrodynamic geometry, geometry that will
{ control the transfer of energy from structures to fluids, end core related
i data (electrical heating information or neutronics information

characterizing a nuclear core). In addition, required control systems (and
'

trip information), steady state initial conditions, and transient dependent
boundary conditions are discussed. As an example the thermal-hydraulic

1 geometrical data required to model sections of a Pressurized Water Reactor
! (PWR) reactor vessel is presented below. ,

s

; 3.2.1 Reactor Vessel (Inlet Nozzies. Downcomer., Lower Plenum) ,

! i i,

1 1, Inlet nozzles !

! !,

! Inside diameter at nozzle inlet m, ft !

' Inside diameter at nozzle inlet m, ft

! Distance from nozzle inlet to nozzle outlet m, ft ,
'

! Forward flow energy loss coefficient
i Reverse flow energy loss coefficient
j Inside surface roughness m, ft

;

2. Downcomer
!

Flow area as a function of elevation, relative !

to inlet nozzle centerline 2 ft2 Im ,O
,

Full power inlet temperature K. F ;

|
Full power inlet pressure Pa, psia !

Elevation of top of downcomer, relative to i,

| inlet nozzle centerline m, ft !

| Forward flow energy loss coefficient '

i Reverse flow energy loss coefficient
Surface roughness m, ft

'

Hydraulic diameter as a function of elevation, t

relative to the inlet nozzle centerline m, ft |
!

i
:

i I
i l

i
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- ;

i 3. Lower Plenum (beloc flow distributer) !'

! I !
'

1 Flow area as a function of elevation, |
d, 2 -relative to inlet nozzle centerline m , fta

m , p.33Total volume including structural material
3

i Metal to water volume ratio !

i Forward flow energy loss coefficient !
'

) Reverse flow energy loss coefficient {
; Surface roughness m, ft

| Fractional composition of structural components
'
,

i (e.g., SS 306 26.4%, etc.)
hydraulic diameter as a function of elevation, i'

islative to inlet nozzle centerline m, ft i
.

!
4. Lower plenum flow distributor i

"

2 2 !

Flow area m , fg

Forward flow energy loss coefficient '
,

Reversed flow energy loss coefficient i

Material composit;un '!
Axial elevation at center and at edge m, ft !

: Thickness m, ft
,

$ I

5. Lower plenum between distributor and lower core
plate ;,

2 ?I Flow area m , ft
'

Hydraulic diameter m, ft2

Forward flow energy loss coefficient
Reverse flow energy loss coefficient {''Surface roughness m, ft ;

Material composition '

4

i 3 3j Total volume including structural material n , ft !
i Metal to water volume ratio

'

|r

Within this section in the User Guidelines a discusion of sources for j
'

| the required data will be presented. Also, and of primary importance, the t
'

necessity of good documentation of the data, deck construction, assumptions,-

and review process will be expanded upon.

! 3.3 Guidelines i

!|
!

I This section of the User Guidelines will provide detailed guidance
| relative to model and code input preparation, steady st s calculations, ),

transient calculations, and the interpretation of output. In this section' ,

'the discussion will be very specific relative to the development of input
decks and the interface with the RELAP5 code required to perform

,
,

calculations.j

Relative to input preparation and the development of a facility model !
the User Guidelinec will contain guidance with respect to nodalization, T hr.

1

primary source of input for noddization guidance stems from a standavd
nodalization philosophy. The standard nodalization philosophy emphasizes

/

s

'
,
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'
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code. The standard nodalization pidiosophy will be specific for transientg

assessnent s)tudies suggest tAat a change is required. types (LBLOC , SBLOCA, et% ) and will be subject to change if, future codeN- i

A complete discussionN
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N of the standiyd nodalizatisd philo

l t0CA 4.ypW transients. > '
* ,i
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i 3T,

' input reruired to develop an input mh1 cf a facility including the'
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.

6. Pip) wall heat lost, '('

,

s ) ,

7. Leakage path, m, odd ing, -'

%

8. Noncondensfble, and

9. Pres,sure drops. , -

3 : 3 , l
,

The mechanics of performMg steady state and transient.calculai. ions 1
,

util be discussed along with guidance relative, to input deci man pulations.

Ed restarting. Finally, ti,e User Gtridalinas xill outline available output
possibilities and +esent decessary infurNtiori to obtain desired output.J,

A ;

hUMWRY/SOsus OF THE RELAP5 USER GUIDELINES
, as'

(', 4.
1

'

he ' Intl is currently c:aveloping the RELAP5 User Guidelines within the
ICAP prCgdain. Code assessment studies a'id user interaction with the code~,

development effort have been a major source of input to the User
^ GuideHnes. Ar other major source of input has been the CSAU program which

has 'aad donsiderfole input relative to standard, nodalization philosophy.,
'
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The User Guidelines is scheduled for release as a draft report for
review in March 1988. The User Guidelines will be a living document. Thus,
as additional user guidelines are provided through code assessment studies,
user experiences, CSAU methodology and other future studies the User
Guidelines will be updated. The RELAP User Guidelines will also be updated
when new frozen versions of the code are released.
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1. INTRODLICTION

Among the questions that need be ansuered by the

'thermalhydraulic assessment program is the scalability of the

physical models used in best estimate advanced computer codes

(Ref. 1).

|

This problem needs a special attention if the basis for plant i

licensing in the area of LOCA and ECCS shifts from "evaluation

models" to "best estimate models", as is the tendency today. l

.

The database for the physical models in the advanced

thermalhydraulic codes is largely based on small scale i

separate effect tests and integral scaled doun facilities -I

(Ref. 2,3).

In visu of the diversity in concept and scale of the various

t e .t facilities, there is a grouing interest in performing

"counterpart tests" in order to verify the scalability of the

constitutive equations in function of an accepted nodalisation

scheme and an applied numerical solution concept for different

best estimate codes (Ref. 4).;

<

The outcome of such counterpart tests can yield some evidence

of the scalability over a range of-scales varying between'

1/1600 and 1/48 , such that the extrapolation to full scale '

remains questionable.

In an attempt to close this scaling gap for specific code

models, full scale separate effect tests offer a good

opportunity. However such facilities are very expensive and

require artificial boundary conditions which may mask some

dominating phenomena induced by loop components and their mode

of operation.

There remains then the question to what extend full scale

plant data could be used to try to close the scaling gap of

the experimental evidence?
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The proposed validation matrices contain indeed very feu plant

transients.and this for different reasons.

This paper tries to compile the different advantages and

disadvantages that full scale plants offer for code

assessment, and presents a practical exercice on a 00EL-4

transient to highlight those points.

2. MAJOR ADVANTAGES

21 It is evident that "full scale" data from existing power

plants offer a major advantage for code assessment. Any

scaling method adapted for the concept of a scaled down

integral test facility has to make compromises on one or

more important areas.

For instance, a commonly used power to volume scaling

(SEMISCALE. LOBI LSTF.BETHSY) leads to distortions in the
areas, downcomer, structural heat, friction losses with

the possible result that some phenomena may be affected

by scale distortion or even scaled out completely.

2 2. The empirical correlations that mostly have been

conceived on the basis of small scale separate effect

tests, and tested against integral scaled down

facilities, may be sensitive to noding, and to the

applied numerical resolution scheme. It is well known

that for every type of best estimate code, a generally

accepted nodalisation scheme has been worked out for

every test facility to fit the experimental data. The

ISP-20 results show that some phenomena (e.g.

I condensation) are not uell reproduced by RELAP 5/ MOD 2,

unless a special nodalisation scheme is used which is
;

different from the generic nadalisation scheme used for

steam generators.

2 3. The most important task in the area of code assessment is

to assure an acceptable simulation for the important

critical parameters for design basis accidents and severe

plant transients (e.g. PCT, core subcooling. DNB, etc...)
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While it is practically excluded to obtain plant date to- |
substantiate the code models and to evaluate these |
critical core parameters, one should however not overlook

-the possibility to check some' fundamental models such as !

heat and momentum transfer in two phase conditions based

on a steam oenerator behaviour during milder plant

transients.
!Example :

The well known dynamic level shrink and sue 11' observed in j

the steam generator under varying conditions of feeduater

flou or steam discharge are a result of heterogeneous

flow processes in the steam generator riser section. A
,

good simulation of these phenomena requires an adequate

treatment of the interfacial momentum transfer under a

vide range of flow regimes, and thus constitutes a good !

check on the validity of these code models at full scale

(Ref. 5).

Extrapolation of such assessment to primary side

behaviour is only possible for those codes which use an

identical flow regime dependent heat and momentum

transfer equation logic for the primary and secondary |

systems (cf. RELAP, TRAC).

2.4. With the advances of numerical techniques in data

gathering, plant dedicated digital data acquisition

systems can enhance considerably the quality of the data

which could be used for code assessment. Most Belgian

nuclear power plants are equipped with such stand-by

digital data acquisition systems which are triggered by a

logic signal from the plant protection systems.

3. da10R DISADVANTAGES

31 It is obvious that the "hopefully" few abnormal

transients in nuclear pouer plants will not cover the

spectrum of code assessment required to close the scaling

gap of the experimental evidence. Hence any thorough code

assessment matrix should be based essentially on diverse

experimental facility data, while the available plant

!

|
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data should fully be used to confirm the Edequacy of the -

available code models.

3.2. The quality of the data recorded in most nuclear power

plants is rather poor compared to the quality of the data

in experimental facilities. The instrumentation installed

in nuclear pouer plants is more often selected on the

basis of robustness and reliability rather than on the

basis of precision. Furthermore, a serious degradation of

the quality occurs in the recorders installed in the

control room, since the calibration of these devices is

not always reliable. In fact, the operators pilot the

plant more on the trends in recorded data rather than on

the absolute value displayed on the recorders.

The use of a digital data acquisition booked up at the

plant data bus, enables one to avoid this quality

degradation by the recorders.

3.3. The quantity of the data availabl'e in a nuclear power

plants is strictly limited to the essential data required

for safe and reliable operation of the plant. Although

the number of sensors may be large, a large redundancy is

required for safety reasons (there are typically 6

redundant water level measurements in each steam
generator).

It follows that the available data give a picture of the

global status of the plant, while most detailled local

information, about the coolant redistribution, such as !
needed for code assessment, is missing.

! 3.4. Whereas the initial conditions of the plant may be
,

1
1'

assumed to be known with sufficient precision, the'1ack |
1

of data about the boundary conditions during the
|
.

transient constitutes one of the major drawbacks in !

trying to simulate plant transients.

These boundary conditions are influenced by operator )
interventions which are unfortunately not always recorded

with the needed precision. (e.g. valve position as a

function of time).
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The boundery conditions are furthermore strongly

controlled by the plant control systems which, within a

certain range, can override some trends and even

phenomena, due to the negative feedback present in most

control systems.

For instance, a steamsenerator tube rupture will lead to

an increase in the water level in the faulted steam
generator. The feeduater level control system will

however reduce the feeduater flow in an attempt the keep

the measured level at the programmed water level. Hence,

a complete simulation of a transient will require the

simulation of the major plant control systems in order to

reproduce the plant data.

3 5. Even with the above limitations, every available |

information obtained during the start-up tests or )
periodic tests of small or large components or entire

plants, could be of potential benefit for code assessment

and for modelling concepts (e.g. pressuriser spray

efficiency or depressurisation can give an indication of

the adequacy of the code condensation models).

However it is well known that most countries are very

reluctant to release such information. Indeed, the large

amount of information and data (in the form of drawings,
recordings, plant description) that is required for a

good simulation of the tests often has to include

information which either the NSSS supplier, Architect

Engineer or utilles are considering as confidential or

proprietary. This is the main reason why very feu plant

transients are included in the code assessment matrix.
However since the ICAP rules specify that proprietary,
confidential or privileged information can be identified

and restricted from public disclosure, it is possible to

reconcile the needs for non disclosure of certain
information, and the need for access to vital plant data

for code assessment only.Furthermore, transmission of
plant data in form of coded input data, as was the case

|
for the ISP-20 exercise, offers another possibility to
avoid such problems.
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4. PRACTICAL EXAMPLE : 00EL-4 LOSS OF EXTERNAL LOAD TAANSIENI

This example typically illustrates the major advantages and

disadvantages of using full scale plant data for code
;

assessment (Ref. 6).

As part of the pre-commissioning test of the DOEL-4 power

plant (a 3 Loop, 1000 hue Westinghouse LUR, operational since

November 1985) a loss of external load transient was initiated

manually to verify the return to house load without turbine

trip nor reactor trip. A digital data acquisition system (OAS)

was used to record about 150 analog and logic signals.

4 1. RELAP-5 model description.

The transient was simulated by means of the code RELAP.5/ MOD

2/ CYCLE 36.05 in order to gain more insight inte the basic

phenomena that govern such transient.

Fig. 1 illustrates a block nodalisation for the plant, and one

recognises that besides the normal components, a lot of

control systems have been modelled explicitly in order to j

simulate the response of the plant (e.g. feeduater level

control, pressuriser pressure control, steam-dump control

etc...).

By limiting the scope of simulation to the components as shown

in fig. 1, it is essential to impose furthermore suitable

boundary conditions on the RELAP-5 model for those parameters

which are derived from non-simulated components.

E.9 uithout simulation of the turbine - generator set, the

primary coolant pump speed must be imposed as an external

boundary condition, as recorded in the plant.

Table 1 summarises the list of imposed boundary conditions.

|

Besides modeling the control systems conform to the as-built

plant drawings, it is of utmost importance to model plant

component behaviour in terms of inertia and response time to

fast actuation signals (e.g. steam dump valve, feeduater
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regulation, pumps) in order to respect the delays introduced I
by these components.

4 2. Analysis and discussion of the numerical results.

The numerical simulation was performed over a period of 600 s,
including a stabilisation period of 13 s prior to the

initiation of the transient. This period of 600 s covers the

most important phenomena which govern a successfull transition
from full power to house load. At 600 s. feeding of the steam
generator switched over from bottom feed to top feed. This

feature was not retained in the RELAP-5 model simulation. The
most representative results are illustrated in figures 2 to 5

which compare the calculated data (solid lines) to the OAS

( recorded data (dash-dot lines) for come assential parameters,
such as primary pressure (Fig. 2), cold les temperature (Fig.
3), main steam collector pressure (Fig. 4) and steamgenerator

j water level (Fig. 5).

I
,

{ An overall acceptable agreement is observed between calculated
! and measured data, which allous one to assert that the RELAP-5

NDD-2 code is capable to handle such transients and that the
nodalisation is adequate to illustrate the predictive
capability of the code.

|

f Houever, some discrepancies are evident during the first 150
| seconds, which need for ther investigation.

Between 0-13 s : Due to slight differences between the
available steady state input deck for the plant, and the plant
initial conditions, some fluctuations are observed in the
numerical data uhich are believed to be of no importance for
the remainder of the transient.

Between 13 and 30 s An overshoot of about 2 5 bar (Fig. 2)
in the primary pressure should be linked to an excessive rise
in the cold leg temperature (Fig. 3). This is caused by the
absence of structural heat absorption in the steam generator
metal structures, when the pressure (and also the temperature)
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suddenly increases upon closure of the turbine admission

valves. Due to core memory limitations, structural heat was

not modelled. A good representation of the initial pressure

overshoot is essential to justify the absence of reactor trip

on high pressure, or even to verify the actuation of the

pressuriser relief-valves.

For the same period, the calculated steam generator water

level drop (Fig.5) is much smaller than the recorded level

fall. The location of the upper level tap (Just above the

upper deck plate) makes it very sensitive to acoustic pressure

pulses which are generated in the main steam lines upon sudden

closure of the turbine admission valves and reflected in the
| upper dome. Closer examination of the recorded data shous
'

clearly sharp water level spikes which are Just in opposite

phase with the recorded pressure spikes. The crude

nodalisation of the steamlines and the steam generator dome

does not alou one to reproduce thest acoustic phenomena.

Discounting this effect, there still remains a level

discrepancy of about 3 5 % which sfould be attributed to the

separator modeling deficiencies.

Fig. 5 also manifests an excessive level swell following the

opening of the steamdump valves. This anomaly may be traced4

back to too strong a coupling betueen the water and vapour

phase in the riser in the low void regimes, which causes

excessive water entrainment into the separator region where

the delta-P level measurement is located. The deficiency of

RELAP-5 to simulate the level suell phenomena correctly is

attributed to the interfacial shear model. This anomaly feeds

back, via the steam generator water level control system, to a

reduction in the fceduater flou, which is reflected

immediately by too high a cold les temperature, as visible in

Fig. 3 between 20 and 100 s. The design of the preheater

section manifests a very tight thermal coupling between the

feeduater flow rate and the cold les temperature.
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f0MCLUSIONS

. From experience with simulation of the 00EL-2 steam

generator tube rupture (ISP-20)', and the DOEL-4 islanding
test, one recognites the possibility to chtsk the analytical

simulation concept of best estimate codes against full scale
plant data. Houever, such data should not be used to lmannsm
the existing physical models as the initial and boundary
conditions are not known with sufficient precision.

. In view of the potential benefits for code assessment, a
larger effort should be done to search for interesting plant
data (e.g. pre-commissioning tests) which could be useful

for verifying the code scalability even for a limited number

of phenomena.The growing use of high quality data
acquisition systems in nuclear power plants could increase

considerably the quality of full scale plant data.

. More effort should be done to find ways to communicate
essential plant data for code assessment with complete
assurances that sensitive information about plant behaviour,
components and systems shall not be distributed to third
parties.

. For code assessment purposes, available plant data can
constitute a highly desirable complementary data base, but
should never be a substitute for experimental test data.

l

.
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TABLE 1 - LIST OF SIMUL ATED CONTROL SYSTEMS AND IMPOSED
BOUNDARY CONDITIONS

Label Control system Simu- Description / Impact
( Fi g, imposed B. C. lated

1)

RT Plant reference NO DAS data used since turbine
temperature component was not simulated.

No impact on calculation since
Trer drops to constant value r

PP Pressuriser YES Heater power controlled by-
pressure control pressuriser pressure and water
( Heaters, spray _ level. Spray valves controlled
valves) by pressuriser pressure

PL Pressuriser NO DAS data input for charging and
water level letdown. Weak feedback.

RP Reactor coolant NO DAS data used since turbine-
pump speed generator not simulated.

Impacts only the first 20 sec.
'

of the transient.
CR Control rod NO DAS insertion rate used.

position
FT Feedwater NO DAS data used since the balance

temperature of plant was not simulated.
FW Steam generator YES Feedwater flow rate controlled

feedwater flow by calculated water level,
steam and feedwater flows (very
strong f eed ba c k) . No FW pumps.

SD Steam dump YES Bypass steamflow controlled by
control system difference between reference

temperature and calculated
average loop temperature.

TU Turbine admis- NO Preprogrammed position from
sion valve best estimate calculation,
control No feedback on calculated data.

346

. - . - - - - , -. - - . -.



_ _ _ - - _

p| S T E AT1 COLLECIOR }

D CONTROL 5YSTEM

VOLUME\TUR D. STEAM
DUMP O TDV

| JUNCriON
g Z TDJ

ATM -D4- VALVE

@ PUMP

MEATSTRUCTURE

R$ H[AT SCURCE

1 1 1
_ u u

SG02 SG03 SG04
pp PP -pp

- = - gg -

_._

? YIf% ? '#% 7 ~f% ?:_
* N/ N/ \/" -

PP h G , g
rT -- FT r ' - FTz3

I I I
RV-i i l_ ___ _ , . _ ___ _ J-

. _ , _ . , _

! . . 1
''

. _ . - , , __ , . .
,

. CR ^

'

_

gv- ;. . . . . . . , , , m.. . . . ._-. .._ ,
.;

11 d) j
f y

.

..,.w-~ g,

PL(cv) PL(LD) ; g |
=

;
., ,

.,_ 3 | .
? - - - -

'

-
, .

BLOCK |10DALISATION FOR DOEL 4 LOSS OF LOAD TRNISIEllTFIG.1 :

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _



_ _

DOEL4 LOSS OF EXTERNAL LOAD TRANSIENT (23/11/85)

RELAP 5 SIMULATION (06/03/87)
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DOEL4 LOSS OF EXTERNAL LOAD TRANSIENT (23/11/85)

RELAP 5 S!MULATION (06/03/87)
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DOEL4 LOSS OF EXTERNAL LOAD TRANSIENT (23/11/85)

RELAP 5 SIMULAllON (06/03/87)
FIG 4 STEAM COLLECTOR PRESSURE
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DOEL4 LOSS OF EXTERNAL LOAD TRANSIENT (23/11/85)

RELAP 5 SIMULATION (06/03/87)
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UK Experience with TRAC /PF1-MOD 1
in Modelling Small Break LOCA Integral Tests

C G Richards
United Kingdom Atomic Energy Authorit/, Winfrith

Abstract

The TRAC-PFl/ MODI code has been assessed in the UK against LOFT
tests LP-SB-1, LP-SB-2 and LP-SB-3, and LOBI tests A2-81 (ISP18 ),
BL-02 and BL-12. The paper summarises the main conclusions f rom
the IRAC analysis of each test. The adequacy of IRAC for modelling
these tests is then considered in terms of completeness (does TRAC
contain models of the main processes?), accuracy, "quality" (eg
speed, robustness), and useability.

One model omission, namely the representation of branching flow,
and a number of areas requiring improvement or further assessaenc,
are identified. This lis't of areas needing attention includes seae
aspects of IRAC which make life difficult for the code user even
though it is possible to obtain reasonable results with the

| existing code version.

|
1 INTRODUCTION|

As part of the UK assessment of the TRAC code for LOCA applications,
TRAC-PFl/ MODI, Ref 1, has been used to simulate six small break LOCA tests in
integral facilities. These are LOFT tests LP-SB-1, LP-SB-2 and LP-SB-3, and |

LOBI tests A2-81 (ISP18 ), BL-02, and BL-12. The three sets of LOBI
predictions all include blind calculations, where the calculations were ;

completed before any results from the tests were available. In the absence i
of a systematic approach to assessing prediction accuracy, it is arguable i
that blind calculations provide the best indicator of the effectiveness of
codes and code users in predicting thermal-hydraulic transients. In
simulating LOFT tests SB-1 and SB-2, and in post-test calculations of ISP18
attention has been focussed on identifying the areas of the TRAC code which j

need development to obtain significant improvement in these particular 1

transients.

Although the tests listed above do not involve a great deal of overlap they 1

represent only a small sample of possible transient scenarios: there are no )
calculations of PORV LOCA, SGTR, pump suction break, vessel break, RHRS
failure, pump seal failure, intermediate breaks. Future integral test
simulations should examine some of this wider spectrum of possibilities. |

In assessing the code the following factors have been considered:

(a) Completeness - do the basic models allow representation of all the
im po r tan t phenomena?

(b) Accuracy qualitative and quantitative.

(c) Quality - robustness, speed, clarity of coding and/or documentation
etc.
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(d) Useability - input / output , flexibility, documentation etc.

Modelling integral tests provides valuable information in all these areas,
and provides one of the principal inputs into guiding future code development
work. This paper summarises the results of the studies of the six integral
tests and comments on the experience gained under the above four headings.
Integral test analysis is part of a wider assessment of TRAC consisting of
numerical tests, comparison of correlations with data, separate effects test
modelling and plant calculations. This paper is limited as far as pos sible
to conclusions derived from integral test analysis. '

2 LOFT TESTS

A TRAC LOFT deck originally f rom LANL, used for large break LOCA studies, was
modified to simulate the small break LOFT tests. Modifications included
modelling the vessel with 1D components to take f ull advantage of the SETS
numerical scheme. As far as possible the same deck was used for all three
tests. TRAC Version 12.7 with minor error corrections was used for all three
sets of calculations.

2.1 LP-SB-1

This test simulates a 1% hot leg break with pump trip at the time of scram,
and ' minimum safeguard s' HPIS . In the experiment a minimum primary circuit
mass is reached at which the break flow is equal to the HPIS flow, af ter |
which as the primary pressure declines, the system begina to refill slowly.

' At this minimum mass the mixture level remains close to the level of the
vessel nozzles, so that the core is well covered with two phase coolant
throughout the te st.

,

Two principal post-test calcula tions, Ref 2, were carried out with TRAC. The ;

first of these was essentially a standard IRAC calculation. The experiment
'

i shows a marked ef fect of the liquid level in the hot leg on the break
discharge, which is not modelled in the standard version of TRAC. In o rd er
to investigate the ef fect of correcting this deficiency, a second calculation
was carried out in which the off take was modelled using a correlation of
break line quality as a function of level in the hot leg based on Ref 3. ;

Fig 1 shows the break line density. Ag reement for the base case is poor. !

The application of the EPRI correlation for off take quality, however, results |
in only a modest im provemen t . This is because the hot leg level predicted by i

TRAC during the 500-1000 second time period, af ter natural circulation and
while the steam generator tubes are draining, falls below that at which
vapour pull-through should first occur. This reduces the break flow and
delays the full break uncovery. In the experiment the level does not fall
below that at which pull-through is initiated until the steam generator tubes
have d rained . A number of variant calculations carried out sugge st tha t the
problem stems from TRAC's determination of the hot leg level, rather than
with the break flow or off take quality models, but the root cause has not
been resolved. The hot leg level error needed to produce a significant
ef fect is small, however, (< 2 cas) .

The compensating error of underprediction by the TRAC critical flow model of
the subcooled break flow, even using a critical flow multiplier of 1.0 means
t hat the main system parameters of primary pressure and primary mass, Fig 2,
are quite well predicted even for the base case. Thus even though the long

a
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tora hot leg dinsity, Fig 3, is greatly improved by the off taks quality nodel '

the impact of this addition on the calculation of global parameters is -
relatively slight.

2.2 LP-SB-2

This test was run as a counterpart to LP-SB-1, to examine the effects of
delaying the pump trip. In SB-2 the pumps tended to homogenise the primary
coolant, resulting in - an initially lower mass loss than in SB-1. While the
pumps were still operating stratification occurred in the hot legs, resulting
in uncovery of the break line off take, and curtailing the mass loss from the
primary system. Even af ter the pumps were tripped there was no uncovery of
the core in the experiment.<

' Two principal post-test calculations (Ref 4) were carried out. The first of
these was essentially a standard calculation of SB-2. Unlike SB-1, the break '

line density is continually over predicted by TRAC, Fig 4. This.is because
the break line density is always less than the hot leg density in the test. :

Rus the break flow is overpredicted by TRAC and the system mass loss is '

significantly overpredicted, Fig 5, to the extent that when the pumps are
tripped the mixture level in the vessel declines to the top of the core. (In
the experiment a mixture level remains in the hot leg throughout the test).
Nevertheless many system parameters were reasonably well predicted. Fig 6
shows the prie.ary pressure. We most interesting feature of SB-2 was the i

i. flow regime behaviour in the hot and the cold legs. The gamma densitometers
,

indicate that significant phase separation began in the hot leg quite early '

in the experiment (even before the pvmps degrade at around 600 secs) and that
fully stratified flow occurred at 1200 secs, ie while the pumps were still
running. Thus the break line uncovered without the hot legs emptying. TRAC,
although predicting the transition to stratified flow: did not simulate the !

'consequent effect on break line density because of the lack of an off take
m od el . On the other hand the cold leg remainei homogeneous until 1100 secs.

The second calculation of SB-2 was carried out with the break line quality
input as function of hot leg liquid level. (The standard correlations used,

for SB-1 did not give suf ficient agreement in SB-2 and an experiment-specific
correlation was developed). Bis improved the break flow, hot leg density,
primary pressure, Fig 6, and system mass, Fig 5, predictions significantly.
Two problems remain, however. Firstly during the pumped circulation phase,
conditions in the hot and cold legs are predicted to be very similar. Dus
the cold leg is predicted to stratify at about 1100 secs, the same time as
the hot leg stratifies, whereas experimentally the cold leg does not stratif y
until about 1400 secs. Fig 7 shows the calculated fluid distribution in the.

.
system at 1160 secs. Secondly the experimental velocity measurements in the

! hot leg indicate that liquid flow ceases af ter the hot legs have stratified,
so that only steam would be circulating in the steam generator. This
decoupling of the phases in the hot leg is not predicted by 'IRAC.

2.3 LP-SB-3

SB-3 was a 0.5% cold leg break without high pressure injection. In this test I

| the pumps were run during the first 2000 secs of the transient, then tripped .
A boildown phase ensued, leading to core heat-up which was teminated by
depressurising the secondary side and bringing on the accunulator. Following
the core heat up the break was closed.
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A singlo standard TRAC calculation, Raf 5, has besn carried out. Analysis to
date indicates qualitatively good agreement with the data, though the time of
core uncovery is rather late, and the rate of heat up too fast. Fig 8 shows
the peak clad temperature excursion. The delay in heat up is mainly due to
under prediction by TRAC of the discharge rate, even using the multiplier of

1.0 (used for all the LOFT and LOBI tests). The over prediction of the
heat-up rate has been observed and investigated by other workers (Refs 6, 7),
and is thought to be due to 3D ef fects - liquid returning to the vessel from
the hot legs filters down the sides of the core and is boiled off below the
mixture level interface, enhancing cooling of the whole core. In a 1D
calculation this liquid would be dispersed into the top cell of the core

| where it would cool the top of the core preferentially, but would not slow
the temperature rise of the centre of the core. Although the subsequent
depressurisation phase can be reasonably well predicted by adjusting the
steam bypass valve flow area, some problems remain in simulating the

-

accumulator flow.

3 LOBI TESTS

The TRAC model of LGBI was developed at AEEW from basic engineering
information for participation in ISP18, and has subsequently been used with
only minimal modifications for blind predictions of other LOBI tests. The
model uses only the 1D components of TRAC.

3.1 A2-81 (ISP18 )

Test A2-81 was a 1% cold leg break with minimum HPIS and a controlled
secondary side cooldown of 100'C/ hour. The test was used to mount a double-
blind inrcenational Standard Problem. Re f 8, re po r ts AEEW pr e- a nd po s t- te s t
TRAC calculations of the test. The transient was a relatively mild one,
being characterised by a slow emptying of the primary system for about 2400
secs, f c!1 owed by a gradual refill when the pressure had declined

( suf ficiently for the ECCS to exceed the break flow. The bypass between upper
plenum and downcomer was of suf ficient size that the loop seals did not
clear, and the mixture level in the vessel remained at the level of the
nozzles, so there was no clad temperature excursion.

The TRAC pr e- te s t predictions of this test were carried out using a modified
version 12.0. There was significant over prediction of mass loss from the
primary circuit, Fig 9, leading to clearing of the broken loop seal. It

should be noted that high accuracy was not expected, however, since a series
of pre-test sensitivity studies had indicated (Ref 9) that the results were
subject to significant uncertainties. Post-test calculations used version
12.2 of TRAC (with modifications). Parameter studies confirmed sensitivity
to condensation on stratified flow, critical tiow f rom stratified thermal

,

I non-equilibrium conditions, as well as bypass flow size. The test results
could be fitted satisfactorily by varying these (Fig 9 ). The over prediction
by the standard code of condensation on stratified flow is thought to be the
main reason why in the first 1000 secs the break flow is over predicted. The
problem with the later break flow is due to the under prediction of break
flow by the critical flow model itself when supplied with stratified upstream
conditions of subcooled liquid and saturated steam. It was also clear that
heat exchange with structures, and heat losses, play an inportant role, which
creates particular dif ficulties in TRAC. The ef fect of adding an of f take
model was found to be less significant than for the LOFT tests.
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3.2 BL-02

This test was a 3% cold leg break with minimum ECCS. Because of the larger
break size, some depression of the mixture level in the vessel occurs prior |,
to loop seal clearance, as well as af terwards. roth loop seals clear. There '

is no core uncovery. The primary pressure falls to the accumulator set poin t
at about 650 secs and the accumulator refills the primary circuit to the
level of the break.

i

A pre-test calculation was done with TRAC version 12.5, Ref 10. Agre ement '

with the test results is generally reasonable, being closer to the data than !
was achieved for ISP18, but the ' shape' of the vessel mixture level !

depression is wrong - TRAC predicts a level depression to the top of the core
af ter loop seal clearance, and misses the level depression before loop seal ;

clearance. Fig 10 shows the dif ferential pressure between the top of the -

core and the hot leg nozzles. In addition it is predicted that only the
,

broken loop seal clears. These 2 r.at two discrepancies are related to the .
,

absence of hold up in the steam generators in the calculation. The code '

| fails to calculate counter-current flow limitation.in the broken and intact ;
' loop hot leg to steam generator. tube flow path.. The test also suggests that '

the code over predicts the void fraction both in the vessel downcomer and in
,

the core, confirming observations elsewhere, eg Ref 11, on the performance of :
'

the TRAC interphase friction model.

| |

| 3.3 BL-12 +

,

Ine most recent test we have calculated with TRAC-PFl/MODl, using version
j 13.0, is BL-12, a 1% cold leg break with no HPIS and no steam dump recovery.

This potentially severe test gave rise to a prolonged boildown with core i

uncovery at 2000 secs. As the boildown progressed the core heated up so that I

af ter about 700 secs the maximum clad temperature had reached 650*C. |
| Although the pressure had fallen to the accumulator set point (4.1 MPa) i

before this time, injected accumulator water was insuf ficient to turn around I
,

j the clad temperatures, and so the heater power was tripped to avoid damage to
j the heater bundle.

l
; The pre-test calculation gives a goalitatively reasonable prediction of the
! result. Over prediction of the break flow leads to the core beginning to

uncover about 250 sees early. As with LOFT SB-3 the heat-up rate is somewhat
1

,

over predicted, Fig 11, though the reasons may be different. The main I

discrepancy, however, is that the accumulator flow is much higher in the TRAC
calculation than is measured, and it succeeds in turning round the clad
temperature rapidly, just before the 650*C point is reached. Further
analysis of this test is planned. Possible problem areas seem to be,

condensation / mixing of accumulator water and perhaps core interphase
friction.

,,

>

4 CODE ADEQUACY

In the previous sections the basic results of six integral test analyses have
been summarised. It is notable that the pre- and post-test calculations
provide dif ferent sorts of information about the adequacy of codes. The
pre-test calculations give an indication of the sort of accuracy achievable
in practice with one-off predictions of transients with a code and model ,,

' which has not been tuned to a particular facility. The actual accuracy, of !

] course, is dependent on the balance of dominant phenomena, and is rig and i
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traasient dspendcnt. The post-test cciculations allow a datailcd dicgnosis
of the causes of discrepancies, and provide pointers to code improvements
which will reduce these discrepancies, or occasionally suggest t ha t the data
should be re-evaluated, s

The remarks concerning code adequacy set out in the Sectiona below are based
mainly on the experience gathered from the above tests, but_ have inevitably
been reinforced or supplemented by information derived from other sources.
The code assessment conclusions will be considered under the four headings
set out in the introduction.

/

All the analyses teported indicate some deficiencies in modelling accuracy
and/or lack of ability to model governing phenomena. None of the
deficiencies was so serious as to invalidate the use of the code for studying
the above transients. In many cases the deficiencies have only a minor
ef fect on the overall interpretation of the calculation result.

(a) Completeness

In contrast to previous generations of codes, only one major omission
in the basic constitutive models is apparent from the analyses carried
out, namely a model to represent branching flow. Os trently in TR AC the i

quality of flow entering the side pipe of a TEP is unaf fected by the '

flow regime in the main pipe, or by the orient? tiens of the of f take
pi pe and the main pi pe . This is most clearly shown by the LOFT SB-1
and SB-2 simulations, whare the break line was a li inch pipe leaving
the side of an 11 inch horizontal hot leg pipe. The effsat is most
acute when the main pipe flow is stratified. Internally, in the ID )components, TRAC lacks a means of different.'.ating the void fraction

|donored across a cell edge f rom the average cell void fraction. Thi s ;

distinction would probably be a pre-requisite for a physically-based
of f take model. The introduction of junction void fraction as a

,

separate entity f rom the coll void fraction would be beneficial for the '

developient of other models which may be of more importance in
transients other than those analysed so far.' It is possible, for
instance, that the failure to calculate the cessation of liquid flow in
the primary loop in LOPT during test SB-2 is due to the way in which
albows are treated in TRAC. With stratified flow at the inlet to an
upward elbow the liquid content of the outlet flow ought to be
determined by an appropriate entrainment correlation, rather than the
average cell void fraction. A stratification model appropriate to
vertically oriented pipes, and plenums, could also be developed more
easily if a distinction between cell edge and cell centre void fraction
was made. Experimental data to assist in de fining appropriate
correlations to be used in an of f take model appropriate to large pipes
and main pipe flows which are not fully stratified (ie relatively high
mass flux) will be obtained using the pipeline facility at
Harwell, UK.

Other code deficiencies could be classed as defects in existing
constitutive models, although some developments to overcome these
def ects , such as Luprovement of flow regime deternina tion, might
arguably be categorised better as new models. Thase tre discussed in
the next Section.

I
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(b) Accurrey

Improving integral test prediction accuracy is one possible elenen of
increasing confidence in plant. calculations. Qualitative predictions
already appear reasonable for many var!.nbles much of time;
quantitativa accuracy requirements in integral tests are, however, s

dif fic ult to define. Mcdel deficienedes, even when known and
understood, have two practical effects ,vhich need to be considered if
they are to be tolerated. Firstly, they make the process of assessing
the likely outcome of a transient more involved and more difficult.
Secondly, they widen the uncertainty band associated with it. For the
purpose of providing one-off calculations that preserve all the major
features of small LOCA of the type considered above, TRAC cannot ve t b e
judged adequate on the basis of its current per fo rmance. Whether it
matters that qualitative errors occur 51s a question which can only be
resc1ved by observing the effects of similar model uncertainties on
plant calculations.

,

The models which have been found, or. .are strongly suspected, to be the
:ause of the main discrepancies, are the following: s

,

(1) Interphase Friction

|
' The LOBI rig is well-equipped with dif ferental pressure tappings

within the vessel. Using the option INVAN=1 for interphase
iriction in the core, the core void fraction is significantly

.

over predicted while in the bubbly / slug regime; using LMVAN=0 |,

| results in under prediction. Test BL-02 also suggests that ;

interphase friction in the downcomer annulus is over-predicted,
though there are other possible explanations for the predicted *

void ag e . Over prediction of core interphase f riction may also ;

have a role to play in the too rapid heat up of the SB-3 core and -

BL-12 core simulator. |,

In test BL-02, counter-current. flow limiation is not predicted by
TRAC in the hot leg to steam generator tube flow path, whereas it]

,

appears to occur in the experiment. Ar,sessment of the

suitability of the current interphase friction package for
'

predicting possible liquid hold up in steam generator tubes in e
! small break LOCA should be carried out in a more proto-typical
! ge ome t ry. Other work on separate ef fects tests, Ref 12, has

already indicated significant errnes in CCFL prediction in less-
complicated geome try.

(ii) Condensation
,

r
; - s

| Condensation of steam flowing f rom the upper plenum to the top of |

L the downcomer via bypass paths was a significant cont-ibutor to j
error in the pre-test calculations of ISP18. Fig 12 shows the j
sensitivity of ISP18 calculation to condensation heat transfer. |

While the magnitude of the of fect of noding on the overall
condensation rate has not been evaluated in depth, it'seems
likely that the interphase condensation rate predicted by the j

simple model in TRAC was somewhat too high. Indications from
test BL-12 and possibly SB-3 are also that condeusation on the jr

'
t

1'
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'

g' injected acctsaulcttr 11cw has o grect:r.(Neitiva feedback en thei: ,

[, flow-rate than is observed in the exposiments, though f urther;, ,
'

work is needed: to confirm this.' ' Whether _it is possible tos

improve predittionalby improving the cet:t elation used for heat'*
,-

i g ) transfer coefficie10 and surface area, .ec whether current noding
is simply too coar je, allow;ng too much mixf ng by atsnericali

3
; diffusion .has not y.et beer / investigate 1. This is almost4

'' ~ <cen4!nly an area which deserves further attention.
1, |' ' j. i.s

i. i I (iii) Criti cal Flow.

1s ,

. i
'

*

Y \,k
s

f.tveral a.tpects of the critical flow model warraat comment oa the'

| basis of ti.e Jbove analyses. For al!c tests a multiplier of 1.0
,'( hs used fdr both subcooled and two-phase flow. In the very low

'

s

cuality two phase reg 16n TiiAC generally under predicts the
observed break flow mte. For LOBI the ef fective error: appears,

to be les than 10%, but is up to 20% for the 141'T tests.
S Separate ef fects datS1 suggest that the variation of the TRAC

s
\ critic ' l flow wit.'' quality at tery low quaHties is not largei 3 a

' 'x {eno rgh', %is is kaown to be a lifficult regime to model3
-

Ecurately.,

,

A leu justifiable problem with the TRAC critical flow moddl- is
uf ghlighted by the ISP18 edeulations. We current model dona1

i uot cherste in es pbysically reasonable way under conditions where
the sug g yings v.pae is in ' thermal disequi? ibrium, as occurred in,

x test A2-Bl. ;n f act the DAC model can predict decreasing flow,

with increasing subcooling under these conditions. In the ISP18. '

s
s study this lad tu ut. der prediction of the break flow in

1-tsrmediate <,tages of the transient. producing too rapid a
'refilhg of the system.

i
t It should bt o ted that the TRAC critical flow model contains

T considerable i.? ing dependency not described in thed,

d ociumta tion k
'

'

,

?arther assessment f the model against separate effects data is
required, almost certainly acccapanied by improvement of the
existing model to observe the difficulties'esssociated with non-
$quilibritza cr.nditions.

(iv) Plowjegime Map ) ;
1

;

Current flow regime maps are based on local conditions, and
derive mainly f rom dats relating to small pipes. Within R AC the

7 flow regime map is used in ceternining interphase friction and
| interphase mass tranwier. In the final RAC simulation of test

SB-2 the time when the hot leg fully stratifies is fairly well-
pred ic ted . In obtaining this agreement, hcwever, the Taitel-
Dukler expression for critical gas velocity for the transition to ,

stratified flow was corrected to agree with the published Taitel- '

; txtkler formula . Without this correction the time of
* . stratifMatica would have been r: diced significantly latar.:

'
TRAC recognises a transition regici t hetween homogeneous atd

; stratified ficw, preceding rte tiac of complete stratification,
,

4

'

.

.'
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e

but it is elser from the LCFT detc that a significtnt density i

gradient- exists within the hot leg f rom an earlier time than ' 1
suggested- by the VRAC-interpolation region., The effect of this ,

intermediate flow regime on void fraction of branching flows

needs to be taken into account as indicated in (a) above.
|

The second point emerging f rom SB-2 is that some account of inlet ;

conditions will have to be taken in predicting flow regime in the .

Irelatively short pipe runs in plants. The hot and cold leg flow
regimes are predicted to be the same by TRAC in SB-2 whereas in i

practice they were quite dif ferent.

Although the flow regime map in TRAC may be biased towards small -

pipe data, the implementation of the stratified flow transition ,

appears to be about right for the SB-2 hot leg. A review of the
flow map against large pipe data would be helpful, but should not
be carried out in isolation from the ef fect of inlet conditions.

(v) Pumps .t

Several dif ficulties concerned with the pump model arose in the
integral analyses. Two.are discussed below under the heading
code useability. The third concerns difficulties in modelling
the pump's characteristics. While the LOFT facility is
complicated by having two punps in parallel, it is clear that ,

even for LOFT, where separate effects tests of the pumps have |

been undertaken, there is considerable uncertainty regarding the !

correct two-phase characteristics to use. Because the current
pump model is non-mechanistic it is utterly reliant on the supply-
of data from test conditions corresponding closely to those in

,
the transient of interest. If critical plant transients

| involving pumps operating under two phase conditions are to be
,

calculated, then a more mechanistic (and therefore
extrapolatable) model would be highly desirable.,

| (c) Quality
J

f Table 1 gives the running speed obtained with TRAC in the integral test [
] analyses. The running speed of TRAC can be quite variable during the |

calculation of a complete LOCA transient. In ID, t he no rmal s te ady*

s state running speed is high; the code will manage quite happily with
j 0.5-1.0 see time ste ps. Large parts of many transients will also run ;

satisfactorily with a time step of 0.5 secs. The overall CPU time is4

determined mainly by the length of periods during which TRAC runs much
more slowly, with timesteps around or below 0.1 secs. No single reason

,Ifor slow running has been determined. Some observations are:
;

- Stow running is usually associated with oscillatory behaviour |
somewhere in the circuit. j

- Oscillations can occur due to model discontinuities or to physically- )
i based instabilities. Condensation and the presence of levels close

to a junction are both conducive to this problem.,

|

j - Small cells can exacerbate convergence dif ficulties in spite of the
fact that the numerical scheme can violate the Courant limit.

4 361 .
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Outright codo fcilures (usually cppecring cs th3 codo trying to rcduco ;

the time step below a specified minimum) are now relatively rare. It !

will be seen from the table that if the cause of intermittent slow |

running could be eliminated f rom TRAC, a run time ratio of ~ 0.7 should
be achievable for a 200 cell ID problem (time step 0.5 secs)on a
CRAY-XMP. In individual cases substantial knprovements have arisen
-from relatively minor code changes, eg ISP18 (improved implementation
of condensation model). In general, however, this is a neglected area !
of work - most examples of slow running have not beenLinvestigated.
The likely benefits of a consistent attack on this problem are ;

demonstrated by the development of the Ispra version of RELAPS/ MOD 1 - i

RELAP5/MODl/EUR (Ref 13 ). Primary directions in work to improve TRAC
would be to improve the smoothness of the constitutive packages (taking
into account their implementation) and probably to try to increase the
degree of implicitness in some of the interphase terms.

No problems with mass conservation have been observed in TRAC j
c alcula tio ns . |

The current running s peed is suf ficient to allow one-of f calculations
to be carried out satisfactorily; the cost of a calculation is only a,

small contribution to the overall cost of analysing a transient. The
running speed is still slow enough to make extensive sensitivity !

studies dif ficult. !

There are other reasons in addition to sheer s peed, that make it
desirable to have predictions which are ' smoother' than those produced

{by many of the current codes, including TRAC. Rapid fluctuations which '
,

occur in some calculated quantities such as flow rates and densities
! make it dif ficult to relate the course of a transient directly to

individual constitutive models. If these fluctutions are non physical
they can dramatically distort the predicted system response because

'

many phenomena are highly non-linear in nature. Furthermore the
constitutive relationships are of ten based on steady state experiments ,
and may not be appropriate to rapidly fluctuating conditions.

|

It is dif ficult to comment objectively on the quality of the coding.
As is noted in the next Section, considerable reference to the coding
had to be made in the course of working with TRAC. In many ways the
IRAC coding is well structured - its modular component and function
orientated structure and clearly suggestive naming conventions for
ex am pl e . The code does suf fer from some very long subroutines, the use
of bit-packing (eg in the water packing logic) and from being written
in FORTRAN IV rather than FORTRAN 77. Comments are rather sparse and

t

the legacy of having been written for a machine with a small fast
memory is still apparent.

;

(d) Useability

Input / output arrangements in TRAC were found to be broadly satisfactory
when supplemented by local graphics utilities and the LANL EXTRACT
program to simplify restarts involving component change. The local
graphics utilities consist of interactive programs, Refs 14, 15, 16,
to produce line graphs and system mimics from TRAC ouput, and a
graphical input checker which displays the geometry of the input data.

.
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Modalling Flexibility

A number of limitations in the modelling capability of current versions
of TRAC give rise to the need for difficult and perhaps unacceptable
compromises in modelling integral systems. These ares

(i) Heat Structure Modelling

The modelling of heat exchange between the fluid and structures
is particularly important in small integral test riga, where the
surface area to volume ratio of the coolant is relatively large.
The current version of TRAC has only a primitive heat structure
modelling capability. The UK has recently implemented the LANL
PF1/ MOD 2 heat structure coding for ID components, and this ;

provides a much more satisfactory level of detail.
t

(ii) PLENUM Component ;

,

The PLENUM component is a useful addition to TRAC, allowing
multiple connections in areas such as the downcomer annulus or
the upper plenum. It is not entirely satisfactory in its present'

form because the geometry is incompletely specified in the input
data. Quantities such as plenum height, and area of
cross-section in horizontal and vertical direction, are used ,

within the code, but are derived in a rather arbitrary way from
the input plenum volume and junction lengths. In addition the

*

PLENUM cannot contain heat structures.
i

i(iii) PUMP Component

There are two minor defects in the PUMP component. Firstly the
PUMP is a PIPE-type component and does not allow pump seal !

i.

injection within the component. Secondly a no slip condition is
fo rc ed at the rotor, even when the rotor is stationary. Thus
co un te r-current flow through the pump is impossible. These
difficulties may be alleviated by replacing the PUMP by a TEE ,

part way through a transient, but that is not regarded as a
satisfactory permanent solution.

Documentation
i

The current documentation consists of the User Manual and User Guidelines.
'

While extensive, this documentation does not contain suf ficient information
on the way in which constitutive models are implemented in the code to allowi

the user to predict the effects of noding changes on other interactions
between the models and the numerics. In order to answer questions such as :
what is the effect on the flow stratification criterion of lunping together
three pipes , in parallel, or what velocity will be used to determine
interphase condensation heat transfer within a cell, it is necessary to
inspect the relevant FORTRAN coding.

Sensitivity S tudies

Because the uncertainties in some constitutive models across the range of
,

applications for TRAC are large, sensitivity studies are likely to be

363
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| required to establish confidsnco in the deductions from calculations. nssa
sensitfvity studies cannot at present be carried out through input data..

his increases the difficulty of carrying out sensitivity analysis, and makes'

it more error prone. Ideally parameters within models which are uncertain,i

or a compromise, are best identified by the code developers at the
developent stage of a model. By bringing such parameters out as data, while
providing best general default values, frozen code calculations and
sensitivity studies may be carried out with equal integrity.

5 SUMMARY.

Pre-test and post-test calculations using TRAC-PF1/ MOD 1 of six integral small
break tests have been described. Bis experience has. provided information as
part of a wider assessment of TRAC consisting of correlation assessment,
separate effects test modelling and studies relevant to large break IDCA.
The main points arising from the integral studies are set out below.

(a) Completeness

In contrast to previous generations of codes only one major omission in
the basic constitutive models is apparent from the analyses carried
out, namely a model to represent branching flow. Currently in TRAC the
quality of flow entering the side pipe of a IEE is unaffected by the

; flow regime in the main pipe or by the orientations of the of f take pipe
and the main pi pe .

(b) Accuracy

i Although deficiencies are noted in all the calculated transients, these
i are not in general suf ficiently large to give rise to misleading

conclusions. It is clear, however, that a ntsnber of models could

') benefit from further development if all the experimental trends are to i

be qualitatively captured. Quantitative predictions are already j
reasonable for many variables much of the time; quantitative accuracy .

'
requirements in integral tests are, however, dif ficult to define.

,

Models r* quiring improvement include interphase condensation heat i
transfer, interphase friction and critical flow.

d .

j (c) Quality .

|
Running speed is suf ficient to allow one-of f calculations to be i

carried out satisfactorily (ie the cost of a calculation is only a ;

small contribution to the overall cost of analysing a transient). The !
j running speed is still slow enough to make extens'.ve sensitivity !

studies dif ficult. Furthermore, the running speed is very variable
" '

l through the course of some transients. The most recent versions of f
] the code seem to show improved reliability over earlier versions and i

coaplete failures are now rare. However, rapid fluctuations still |
>

. occur in some calculated quantities such as flow rates and densities ,

j and these can make it dif ficult to relate the course of a transient |
directly to individual constitutive models. ;

J

,

a ;

!

I1

:
.
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,

!

(d) Ustebility
,

Input / output arrangements in the code were found to be broadly I
satisfactory when supplemented by local graphics utilities, and the !
LANL EXTRACT program to simplify restarts. A number of limitations in i

the modelling capability of current versions of TRAC give rise to the ,

need for dif ficult and perhaps unacceptable compromises in modelling
,

integral systems. The main ones are the primitive heat structure ;

!modelling capabilities and the incomplete specification of the PLENUM
component geometry.

,

i

Because the uncertainties in some constitutive models across the range |
of applications for TRAC are large, sensitivity studies are likely to

'
be required to establi:S confidence in the deductions from
calc ula tions . These sensitivity studies cannot at present be carried ,

'
out through input data. This increases the dif ficulty of carrying out

| sensitivity analysis and makes it more error prone.

I Current documentation, while extensive, does not contain suf ficient'

information of the way in which the constitutive models are |

! implemented in the code to allow the user to predict the ef fects of
| noding changes or other interactions between the models and . the

numerics . :
<

6 CONCLUSIONS4
;

j Recent versions of TRAC show reasonable predictive capability for major
'

,

! trends. Creater accuracy would be desirable if confidence is to be placed in

| the details rather than the grose features of predictions.
i ;

1 The limitations of the current documentation, which force the user to make !

| reference to the coding, and sensitivity of results to modelling techniques ,

i maan' that there is a long learning curve in applying TRAC to complex problems !

] with confidence. This is not a criticism unique to TRAC.
1

*

' One model ommission and a number of areas requiring improvement or at least
i f urther assessment have been identified, as follows:

Branching flow models !
Flow regime maps 1

j Interphase f riction

i Critical flow I

: Condensa tion !
'

j Pum ps

Plenus'

Heat structures'

| Numeric s-s peed / smoot hnes s

| Doc umen ta t,to n
! Dials
I

j Despite these criticisms the TRAC code ie already a powerful tool for
4 analysing a wide class of water reactor transients. It is becoming steadily
j more refined, and we would hope that it will continue to develop towards a
j more mature product, le a code capable of giving acceptably accurate
'

predictions for a wide class of transients without the user needing a deep
|
1
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i

i
understanding of ths innce workings of th3 code. Snua ccasitivity studiss, j
how:vsr, cre likely to be necessary for some time to come if there. is a need,

to quantify margins of uncertainty. (
!-
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!
TABLE I i

!

!

TRAC Run-Time S tatistics in Small Breaks (1D )
'

!

4
4

Transient CPU /Real Time Cells Average Time Step ;
'

,

!
,

| LP -S B-1 2.8f 142 0.08 secs
; I

)- LP -S B-2 2.3 (KKP) 142 0.10
,

LP -S B-3 1.2 (KKP ) 1 71 0.2 2 ~ ;
,

.!

j LOBI ISP18 2.9 * (IS ) 192 0.16 .|
\'

j LOBI BL-02 3.0 (1S ) 196 0.16
: i

LOBI BL-12 1.6 KKP ) 203 0.20 |
I I
1 l
; i

|
<

1 8 substantial improvement can be obtained by renoding the bypass |

| * final post-test calculation |

!
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0F RELAP-5/ MOD 2 AND TRAC-PF1/ MOD 1 ;
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'
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1 ,
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'
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,

Abstract
. ,

FRG's participation in ICAP with SIEMENS (KWU) and
GRS as executing agents of the BMFT is primarily |
to establish internationally assessed and approved> >

computer codes for accident analysis of LWR's.,
:

In SIEMENS (KWU) RELAP 5/ MOD 2 is used as the main j

thermohydraulic code for LOCA-analysis over the '

entire transient range. Therefore more emphasis is
placed on the updated FRG-ICAP matrix on assessing 1

RELAP 5/M00 2 for large break LOCA-analysis. In KWU3 ,

and GRS TRAC-PF1 is used mainly for multidimensional !4

| PWR-benchmark studies and research in particular for [
. UPTF pre- and post test analysis. The updated FRG- '

| ICAP matrix includes 42 specified assessment studies
l with 8 yet to be defined. In the paper the types
' of analysis performed in the FRG at KWU and GRS using

RELAP-5/ MOD 2 and TRAC-PF1 are explained. Examples4
,

i of results from RELAP-5 and TRAC.PF1 calculation 1

are also presented and significant findings discussed.
i

I. Introduction

| Federal Republic of Germany's participation in ICAP - with I

: SIEMENS (XWU) and GRS as executing agents of the BMFT is-

primarily to establish internationally assessed and approved
i

,

i computer codes for accident analysis of LWR's. |

b |
|
!

;

i
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For this reason the advanced thermohydraulic computer codes

RELAP-5/M00 2
TRAC-PF1
TRAC-BF

have been selected for the performance of

licensing analysis-

best estimate studies of postulated-

accident conditions
benchmark calculations-

thermohydraulic research.-

I

RELAP-5/M002 is used at SIEMENS (KWU) as the main thermohy-
draulic licensing code for

- PWR-LOCA analysis of large breaks and small
,

leaks over the entire transient range from i

blowdown through
refill to
reflood and for

PWR-special transient NON-LOCA accident-

analysis.

In addition to RELAP-5 GRS developed the ATHLET-CODE which
is used at GRS for LOCA, accident and transient analysis
of PWR's and BWR's.

TRAC-PF1/ MOD 1 is applied at both SIEMENS (KWU) and GRS
mainly for

,

PWR-LOCA analysis where multidimensional-

effects are important
- PWR-LOCA benchmark calculations
Best estimate calculations to establish-

initial and boundary conditions for
2D/3D experiments

- Pre- and post Test analysis of UPTF
experiments.

Furthermore TRAC-PF1 is spplied at SIEMENS (KWU) for

- Best estimate PWR-LOCA studies
- Thermohydraulic research
Calculation of single and two phase wave-

propagation in piping systems.

TRAC-BF is planned to be used at SIEMENS (KWU) for BWR-LOCA,

'
benchmark analysis,

i
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For this reason the FRG contribution to ICAP includes the
participation in the assessment of

RELAP-5/ MOD 2
TRAC-PF1
TRAC-BF

for LOCA and NON-LOCA transient analysis.

Based on the application of RELAP-5/ MOD 2 as main thermohy-
draulic licensing code for LOCA-analysis the objectives of
the FRG contribution to ICAP have been modified to place
more emphasis on assessing RELAP-5/ MOD 2 for large break
LOCA-analysis over the entire transient range. In parti-
cular experimental results from the test facilities PKL,
UPTF, CCTF and SCTF will be employed for the large break
RELAP-5 assessment.

| Experimental results from PKL, SCTF, Karlstein component
; test facility with emphasis on UPTF will be used for TRAC-

PF1 assessment.

Both codes and TRAC-8F will utilize PWR and BWR plant
data for transient analysis assessment.

In addition to the ICAP contribution comparable assessment
studies with the GRS code ATHLET are planned in the FRG.

.

II. Updated FRG-ICAP Matrix

The updated FRG-ICAP assessment matrix is shown in Fig.1.
The matrix includes 42 specified assessment studies with
B yet to be defined. 13 assessment studies are performed
or in preparation. In the updated matrix the UPTF test
facility has been given particular emphasis due to its unique ,

full scale feature and realistic simulation of hydrodynamic l
multidimensional effects. |

|

The multidimensional effects and full size feature of UPTF
is useful for assessing the effects of scale and geometry
of both RELAP-5 and the multidimensional TRAC-PF1.

1
i

With regard to the emphasis given to RELAP-5 as a main ]
licensing tool 5 UPTF RELAP-5/M00 2 assessment studies ;

have been included.

III. Experience with RELAP-5/M00 2

In the frame of the extended application of RELAP-5/M00 2
at SIEMENS (KWU) the following types of analysis were per-
formed covering the field from PWR-licensing calculations
to ICAP-studies:

|

|
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PWR large break and small leak LOCA-analysis-

Studies related to the noding of the core-

for realistic simulation of GPWR-type floo-
ding behaviour

- Post test calculation of 1300 MW
GPWR-commissioning test

- Post Test calculations of PKL-I and PKL-II
small leak and large break experiments

- Post Test calculation of experiments related
to pressure wave propagation in piping systems

In particular the following examples of results of RELAP-5/
MOD 2 calculations will be presented and the significant
findings discussed.

1300 MW GPWR N00ALIZATION STUDY with particular interest-

to the noding of the core.

- Post test calculation of the PKL-II B 5 experiment
simulating a 2A cold leg break with cold leg ECC in-
jection.

1300 MW GPWR Nodalization Study

A RELAP-5/M00 2 nodalization study for a 1300 MW GPWR was
performed by Dr. Curca-Tivig (KWU) to achieve realistic simu-

' lation of GPWR-type LOCA flooding behaviour. In this study
3 parallel channel simulation of the core was investigated.
As shown in Fig. 2 the 3 intact loops of the primary system
are simulated by one loop whereas the broken loop is repre-
sented by another single loop. The core noding exists of 3
channels one simulating the break through region with 29 fuel ;

assemblies, one main channel for the flooding region with |

163 fuel assemblies and one hot channel simulating i fuel l
assembly attached to the latter as shown in Fig. 3. !

The calculated pressure transients in the primary system and
the secondary side of the steam generator are depicted in Fig. 4
indicating also the onset of the simultaneous ECC-inj ection
into the hot- and cold legs at 26 bar. The immediate break
through into the core of the ECC water inj ected via the hot
legs can be identified clearly on the response of the collapsed
water level in the break through channel as can be seen in
Fig. 5. The collapsed water level behaviour in the flooding
region represented by the main channel is shown in Fig. 6.
The corresponding steam qualities in the 3 channels simula-
ting the core are depicted for various levels in Fig. 7, Fig. 8
and Fig. 9. The resulting cladding temperatures at the mid-
plane of the active core for the average and hot rods in the
3 core channels are shown in Fig. 10

MO
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The results of this noding study indicate that a realistic
core behaviour description for large break LOCAs can be
achieved by 3 channel simulation of the core using RELAP-5/
MOD 2.

PKL II B 5 Experiment Post Test Calculation

The post test calculation of the cold leg large break with
cold leg ECC inj ection PKL-II B 5 experiment was performed
by Mr. Dang-Viet (KWU). A schematic view of the PKL-II test
facility is shown in Fig. 11. The nodalization scheme applied
to in the study with complete 3 LOOP simulation of the fa-
cility is shown in Fig. 12. The comparison between experi-
mental and calculated collapsed water levels in the downcomes
(Fig, 13, Fig. 14) and in the core region (Fig. 15, Fig. 16)
are in good agreement. The measured temperatures on the pri-
mary side of the steam generator in Fig. 17 indicate clearly
superheated steam in the U tubes. On the contrary the results

. of the RELAP-5/ MOD 2 post test calculation show oscillatory
( decrease down to saturation temperatures (Fig. 18) indicating
i higher water entrainment into the steam generators. The water

entrainment causing additional steam production in the steam
generators leads to steam binding effects. The influence of
the steam binding on the flooding of the electrically heated
rod bundle can be seen in the delayed cladding temperature
response of the calculGted temperatures in Fig. 19.

Main Findings of RELAP-5/ MOD 2 Calculation

GPWR-Nodalization Study:

- For 3 channel simulation of the core RELAP-5/M00 2 predi-
cated major trends of the thermohydraulic in core region
correctly and in agreement with experimental results.

- Water entrainment in the core region seems to be too high
causing too early quenching of the rods in the upper core
region compared to relevant experiments.

,

PKL-II B 5 Post test calculation:

- RELAP-5/M00 2 predicted the major trends of the thermohy-
draulic in particular collapsed water levels in the down-
comers and in the core region correctly and in good agreement
with the experiment,

i - Too high water entrainment into steam generators was calculated
'

causing steam binding and delayed core quench compared with
the experimental results.

IV. Experience with TRAC-PF1

The following types of analysis mainly related to LOCA research
were performed in the FRG at GRS and Siemens (KWU) using TRAC-
PF1.
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- 3 dimensional GPWR large break LOCA-analysis used for speci-
fication of UPTF-experiments.

- Calculations to establish realistic initial and boundary
conditions for UPTF-experiments.

- Pre- and post test calculations for UPTF-experiments.

- Post test calculations of single and two phase pressure wave
propagation in piping systems resulting from rapid valve
opening and closing.

In particular results of the TRAC-PF1 post test calculation
of the UPTF experiment No. 12 will be presented and the sig-
nificant findings discussed.

Post Test TRAC-PF1 Calculation of UPTF Test No. 12

The post test TRAC-PF1 calculation of the UPTF Separate Effect
Test No. 12 was performed by Dr. G16ser at GRS. The aim of
the UPTF Test No. 12 was the investigation of flow behaviour
at the tio plate for hot leg ECC injection and steam upflow
in the core as illustrated in Fig. 21. The radial vessel noding
including the inj ection configuration and the position of the
broken LOOP is depicted below.

In the experiments immediate continous break through at the
tie plate adjacent to the injection ports was observed. The
total mass flow rate across tie plate was calculated much
smaller than measured, see Fig. 20. The calculated tie plate
water mass flow rate in water downflow area indicates oscilla-
tory behaviour not observed in the experiment (Fig. 22). The
comparison of the steam mass flow rates in Fig. 23 shows good
agreement between calculational and experimental results. The
tie plate mass balance in the analysis shows a much smaller
total water downflow than measured in the experiment (F ig . 24).

Part of the reason can be seen as a consequence of the water |
accumulation in the hot leg which can be concluded from the i

high broken hot leg mass flow rate towards the steam generator
calculated by TRAC-PF 1,

Main Findings of TRAC-PF1 Post Test Calculation of UPTF Test
No. 12

- Water mass flow rate downwards through the tie plate u.lculated
much smaller than measured in the experiment.

- No continous break through calculated as observed in experi-
ment.

- Too high mass flow rate in broken hot leg calculated by TRAC-
PF1 compared to experiment.
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V. Conclusions

It is foreseen, that the proposed FRG-ICAP contribution
will be useful for the range of licensing accident
conditions and in particular for the large break LOCA
code assessment. Based on the experience obtained using
RELAP-5/M00 2 and TRAC-PF1 the following remarks and
recommendations related to the application and further
improvement of the codes can be made.

In a broad variety of application RELAP-5/ MOD 2-

and TRAC-PF1/ MOD 1 predicted major trends of
the transients correctly

- The following special areas in the codes need
further improvement

| Counter current flow at tie plate and.

' downcomer

Core void distribution and core heat.

transfer

Condensation in upper plenum, downcomer.

and ECC-inj ection port

Flow regimes in bundles, pipes and anulus..

More emphasis has to be directed in the codes to-

consistence among flow regimes, interfacial drag,
evaporation / condensation and interfacial- and
wall heat transfer.

In our opinion the encouraging outcome of the studies in
connection with new experimental results should be of an
important impact on improving the thermohydraulic models
of the codes and represents an essential contribution in
establishing internationally assessed and approved computer
codes for accident analysis of LWR's.

,
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f CODE NUMBER IDENTIFICATION OF TEST ASSESSMENT STUDIES
OF STUDIES FACILITY AND EXPERIMENT PERFORMED OR DEFINED TOTAL,

IN PREPARATION

- 2 GENERAL CONTRIBUTIONS 2 - 2
NUREG/IA-002, NUREG/IA-003

PKL-I AND PKL-II
LARGE BREAK 2 1 1 6m
SMALL LEAK 1 1g

E 14 UPTF
S INTEGRAL TEST 2

e SEPARATE EFFECT TEST 3 5

d PWR*
CON 11SS10NING-TEST 1 2 3

PKL-II~g LARGE BREAK 1 1

$ UPTF
''

) INTEGRAL TEST 2

& SEPARATE EFFECT TEST 6 10

y KARLSTEIN CALBR. TEST 2

$ PWR
LARGE BREAK 3 3

~

TRAC-BF 7 BWR
COPMISSIONING TEST 7 7

kNLAP-5 PWR
13 COPMISSIONING TEST 5 5OR

EXPERIENT OPEN 8TRA C-PF 1

50 STATUS OF ASSESSENT 13 31 50

FRG - ICAP MATRIX (STATUS Oct. 1987)

____ _ __ .-. _. -
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PHENOMENA IDENTIFICATION AND RANKING TABLES (PIRT) FOR LBLOCAO

R. A. Shaw, R. A. Dimenna, T. K. Larson, G. E. Wilson
Idaho National Engineering Laboratory, EG&G Idaho, Inc.

ABSTRACT

The U. S. Nuclear Regulatory Commission is sponsoring a
program to provide validated reactor safety computer codes with
quantified uncertainties. The intent is to quantify the accuracy
of the codes for use in best estimate licensing applications. One
of the tasks required to complete this program involves the
identification and ranking of thermal-hydraulic phenomena that
occur during particular accidents. This paper provides detailed
tables of phenomena and importance ranks for a PWR LBLOCA.

The phenomena were identified and ranked according to
i perceived impact on peak cladding temperature. Two approaches

were used to complete this task. First, a panel of experts,

| identified the physical processes considered to be most important
.

during LBLOCA. A second team of experienced analysts then, in'

parallel, assembled complete tables of all plausible LBLOCA
phenomena, regardless of perceived importance. Each phenomenon
was then ranked in importance against every other phenomenon
associated with a given component. The results were placed in
matrix format and solved for the principal eigenvector. The
results as determined by each method are presented in this report.

1. INTRODUCTION

The rules governing operttion of emergency core cooling (ECC) on light
water reactors in the United States were based conservatively on the
understanding of ECC performance in 1974. Similar conservatisms were built
into rules concerning computer calculations of ECC performance during
loss-of-cooling accidents (LOCA's). Since 1974 much research has been
performed and the understanding of LOCA's has increased greatly.
Calculations of LOCA's can now be performed with considerably less
uncertainty than in 1974; consequently, new rules have been proposed that
will allow the use of best-est| mate (BE) codes for more realisticsimulations of plant behavior.

| Although the economic benefits of the proposed rule change could be
| large, there are also substantial safety implications. For that reason, the
| new rule will require the licensees to quantify ghe uncertainty in any BE
i LOCA calculation to a high level of probability. That requirement is

consistent with the Nuclear Regulatory Commission's (NRC) desire to have
validated computer codes wir quantified uncertainties,

Work supported by the U.S. Nuclear Regulatory Commission, Office ofo

Nuclear Regulatory Research under DOE Contract No. DE-AC07-761001570.
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OneofthetaskstheNRChasundertakeninsupportofthetrendgowardbest-estimate codes is the uncertainty quantification of the TRAC-PF1
code for a large-break LOCA. The intent is to display the feasibility and a
methodology for the determination of code uncertainty. The large LOCA was
chosen because it has usually been calculated to be the mosg severe andlimiting LOCA when Appendix K calculation methods are used. The
performance of this task will require a thorough knowledge of the
thermal-hydraulic processes present during a large-break LOCA and the models
used in the code. The former of these subtasks is the subject of this
report.

There were several objectives of this work. It was desired to identify
and rank the importance of key plant components with regard to impact on
peak cladding temperature (PCT) during a large-break LOCA. Secondly, it was
desired to identify and rank the importance of all thermal-hydraulic
phenomena present in a particular component during each phase of the
transient, again with respect to PCT. Two semi-independent methods were
used to accomplish these objectives, each of which are discussed in detail
in the following sections.

The first method consisted of assembling a panel of persons each of
whom had extensive experience in reactor safety analysis. This experts
panel included a wide cross-section of the nuclear community, with
representatives from regulation, industry, and research. The decision
method in this case was basically one of consensus agreement. The level of
focus was at the system level and addressed only the phenomena considered to
be of high importance during the LOCA.

The second method, which was performed by another group of experienced
analysts at the Idaho National Engineering Laboratory, consisted of a
literature review and an importance analysis using an analytic hierarchy
method in which all importance rankings were made in a binary (pairwise)
manner. This method consisted of the following steps:

a. Identification of all plausible thermal-hydraulic phenomena
regardless of perceived importance,

b. Initial phenomena ranking at the component level,

c. Ranking of the components,

d. Processing of the data in b and c above to determine the phenomena
ranking at the systems level (i.e. ranking comparable to that of
the experts).

The second section of this paper provides background ini'ormation on the
proposed rule change and the role of the subject work. Sections 3 and 4
discuss both identification and ranking methods and presents the results of
each analysis. The final section summarizes the results and conclusions.

2. BACKGROUND

Title 10 of the Code of Federal Reaulations, Section 50.46,4 provides
the regulations that specify how ECC systems (ECCS) are to be designed for
nuclear power plants in the United States. One section of that document
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requires that calculations of ECCS behavior be performed to show that the
ECCS meet certain criteria in the event of a LOCA; specifically, it places
limits on PCT, cladding oxidation, hydrogen generation, and core geometry.
It also requires that these calculations be performed by usi
outlinedinAppendixKtoPart50,"ECCSEvaluationModels."ggthemethods

These regulations were published in 1974, with a limited knowledge of
LOCA phenomena, ECCS performance, and calculational abilities; however,
nearly one billion dollars has been spent on ECCS research since 1974. The
results include greatly improved understanding of the LOCA and ECCS
performance and reduced uncertainty in calculating ECCS performance.I
Furthermore, this research has shown that Appendix K methods are highly
conservative and that actual temperatures during a large-break LOCA would be
much lower than those calculated using Appendix K methods. Basically, the
research done since 1974 has provided sufficient knowledge to allow
realistic, i.e., best-estimate, calculations of ECCS performance with
quantifiable uncertainty, thus obviating thg excessive conservatism nowrestricting the operation of some reactors.

The NRC staff has been considerina a revision to the ECCS rule since
| 1978, but no formal action was adopted until 1983 when an interim method

~

(SECY-83-472) of evaluatir.g ECCS perforr.ance was adopted until an official
rule change could be pn in place. Lir.ensees seeking to operate under the
interim, or final, rules will be required to perform best-estimate LOCA
calculations in which the models have been compared to applicable
experimental data. Furthermore, an istimate of the uncertainty in the
calculation must be provided at a high probability level. SECY-83-472 and
the proposed final rule do, however, grant the licensees permission to
continue operating under the Appendix K rules.

Current NRC research is directed toward addressing the scalability,
applicability, and uncertainty analyses of the NRC-sponsored best-estimate
thermal-hydraulic codes such as TRAC and RELAP5. The work described in this
report was performed in conjunction with the uncertainty analysis of
TRAC-Pfl/ MODI for large-break LOCA; however, it is sufficiently general as
to be applicable to any large-break LOCA analysis.

The ability to demonstrate a code is applicable to a transient, and
then determine its uncertainty requires a thorough understanding of the
thermal-hydraulic behavior in the plant. Thus, the first step is to

| identify the thermal-hydraulic phenomena present during the transient of
interest. Next, the relative importance upon the key safety criteria of all
phenomcaa that are to be simulated by the best-estimate computer codes must
be estimated. This knowledge will help the code developer identify and
prioritze the models used in his code that require improvement or
replacement.

The transient of interest in this report is a large cold leg break; the
safety criterion upon which all the importance rankings are made was the
peak cladding temperature.
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3. RESULTS OF THE EXPERTS PANEL

The experts panel assembled included representatives from regulation,
industry, and research. Each member has extensive experience in LOCA
analysis. Dr. Novak Zuber of the NRC served as panel chairman. All
decisions were made on the basis of consensus.

Basically, the experts panel performed two functions; they identified
and ranked the phenomena considered to be of highest importance during each
phase of a large-break LOCA, e.g. blowdown, refill, and reflood. The
results are presented in Table 1. There are two items of note regarding
this and all other tables of importance in this report. One, all rankings
were developed on the basis of perceived impact on PCT. It was well
understood that many of the phenomena were coupled, but the ranks represent
the subjective estimate of the individual effect of each on PCT. Second,
all rankings in this report will be cast on a scale of 1-9, with 7-9 being
high importance.

Table 1 shows that the fuel rod stored energy has an important effect
on PCT during blowdown; later, in reflood, decay heat and oxidation become
more important. There are important phenomena taking place in the core in
all three phases of the transient. Entrainment is important in the upper
plenum and hot leg during reflood because it removes mass from the core and
also contributes to the steam binding potential, which is also listed as
highly-important. The phenomena associated with the cold leg and downcomer,
are important during the latter stages of the transient, for example,

i condensation due to ECC injection and 3-D flow in the downcomer during ECC
bypass. The importance of critical flow through the break is high during
blowdown, but obviously diminishes as the break flow decreases with time and
eventually unchokes.

Observation of Table 1 shows that the experts, by performing their
analysis at an overview or system level, indirectly ranked the component

| importances as well. Table 2 shows the relative importances of the plant
components for each phase of the transient. Note that although particular
components are important during blowdown and refill, there are important
thermal-hydraulic phenomena occurring in most of the components during
reflood.

4. INEL RANKING 0F PHENOMENA USING AHP

Although it can be stated with reasonable certainty that the experts
panel addressed the large break LOCA phenomena of highest importance, a
validation of the panel's conclusions was most desirable. For this reason
and the desire to have a comprehensive ranking of more than just the most
important phenomena, the second stage of the task was started. This second
stage was performed at INEL by non-panel member engineers experienced in
LOCA analysis. It consisted of completing the tables of phenomena,
including those considered to be of medium and low importance with regard to
PCT, performing an importance analysis, comparing the results with the
experts panel results, and resolving any differences. Each of these
subtasks will be discussed in the following paragraphs.

_ _ _ _ _ _ _ _ _ _ _ .



TABLE 1. EXPERTS PANEL RANKINGS OF PWR LARGE-BREAK LOCA PHENOMENA 0F HIGH
IMPORTANCE

Components Phenomena Rank Durina
Blowdown Refill Reflood

Fuel rod Stored energy 9
Decay heat 8
0xidation 8
Gap conductance 8

Core Post-CHF heat transfer 7 8
Rewet/ top quench 8 7

Reflood heat transfer 9

3-D flow 9
Void generation / 9

distribution

Upper plenum Entrainment/deentrainment 9

|

|
Hot leg Entrainment/deentrainment 9

Pressurizer Early quench 7

Steam generator Steam binding 9

2-phase performance 9

Pump 2-phase pressure drop 8
due to form loss

Cold leg /accum Condensation 9
Noncondensible gases 9

Downcomer Entrainment/deentrainment 8
Condensation 9 !

Hot wall 7

Hulti-dimensional flow 9

Lower plenum Sweepout 7

Hot wall 7

i

Break Critical flow 9 7 i

Loops 2-phase pressure drop 7
,

Flow split 7 i

Oscillations 7 9 ;

|
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TABLE 2. PLANT COMPONENTS AND RELATIVE IMPORTANCES FOR PWR LARGE-BREAK LOCA

AS DETERMINED BY THE EXPERTS PANEL.

Component Relative Imoortance

BLOWDOWN REFILL REFLOOD

Fuel rod 9 1 8

Core 8 8 9

Uppr.r plenum 1 1 9
'

Hot leg 1 1 9

Pressurizer 7 1 1

Steam generator 1 1 9 )
Pumps 9 5 8

Cold leg / accumulators 1 9 9 i

Downcomer 1 9 7

Lower plenum 1 7 7

Break 9 7 1

Loops 7 7 9 I

4.1 Phenomena Identification

As mentioned above, this part of the work was performed at INEL by
non-panel members knowledgable in LOCA analyses, both experiments and
codes. The INEL team reviewed the work of the experts and agreed that the
plant had been properly partitioned into components. INEL also agreed with
the experts panel on the selection of the highly important phenomena.

Completion of the tables of phenomen was accomplished following an
extensive review of large-break LOCA literature. The literature covered
most of the domestic experiments and many code calculations. Eventually
tables representing each of the three major phases of the LOCA (blowdown,
refill, and reflood) were completed. The intent in completing these tables
was to include any thermal-hydraulic phenomena thought to occur in a given
component regardless of its perceived importance. Figures 1, 2, and 3
present the completed tables of phenomena for blowdown, refill, and reflood,
respectively; the format is representative of the hierarchical analysis
method described in the next section.
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LEVEL
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Figure 1. Component and phenomena hierarchy during LBLOCA blowdown.
NSLOO715



- - - . . _. . . =-

LDKl.

I REFLL

n COE'OPENTS. FUEL CORC LPPER HOT PZR STEAM PUMP COLD LEG / DrCOha LOWER ENEAK LOOPROOS PLENUM LEG CEN ACCUM PLDAM
UI RN STORED ENTRAN/ / 2 ENTRAN/ CRfTICAL

EPERGY DEENTRAN STEAM PERFORMANCE DEENTRAN FLOW
EXPANSION

OXDATION PHASE AP. FORM COPOENSATION FLASHNG
SEPARATION LOSS

DECAY HOT WALL CONTAIMENT
PEAT CCF (DRAN/ PRESSLRE

FALLBACK) M
GAP
COPOUCTANCE 29 CONVECTION CCF. SLUG, .24 AP'

forEOutDO ENTRAN/ STEAM FLOW OSCILLATIOPC 'DEENTRAN B!POING
POST CW LIO LEVEL OSC FLOW SP'JTHT FLOW REV & ZP. FORM

STAGNATION LOSS 2-p CONVECTICN

TOP OLENC>t VOD OIST. SATtRATEDVOD EN PtJCLEATE
NUCLEATE BOILING& DorJNG 29 CONVECTIONO

* COr0ENSATION SWEEP OUT
19 VAPOR OSCILLATIONS
NC

HOT WALL
NaNCOroENSar

s-o stow GASES uutu-o
FLOWVOD O!ST. WI MDGNGVOD EN

ENTRAN/
DEENTRAN

rtOw REv
& STAGNATION

Figure 2. Component and phenomena hierarchy during LBLOCA refill.
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Figure 3. Component and phenomena hierarchy during LBLOCA reflood.
-

NSLOO717

-.. . - - . - --



l

I
4.2 Imoortance Analysis

)
Once the lists of phenomena were prepared, the importance analysis was

conducted. The method chosen is called the analytic hierarchy I
process (AHP). Basically AHP is a method of breaking down a complex,
unstructured situation into its component parts; arranging these parts into
a hierarchic order; assigning numerical values to subjective judgements on i
the relative importance of each part; and synthesizing the judgements to i

determine which variables have the highest importance.5 By using AHP in '

the subject application, judgements on the relative importance of LOCA
phenomena have to be made on a binary, or pair-wise, basis. Another feature
of AHP is that it provides a measure of consistency for the subjective !

decisions made; too great a departure from perfect consistency indicates a
degree of randomness and the need to reconsider some of the judgements. And
finally, AHP is easy to understand and use and can be run on basic office
computers (i.e., personal computers).

Use of AHP for the current problem required that each phenomenon in a
given component be compared to every other phenomenon occurring in the same
component and each comparison assigned a rank of 1 to 9. A rank of 9 meant
that the first phenomenon was very much more important than the second
phenomenon with regard to PCT. For example, referring to Figure 1, if
stored energy were ranked a 9 versus decay heat, it would mean that stored

i
energy was considered very much more important than decay heat with regard
to PCT during blowdown. A range was also placed on each ranking; this was
done to account for the uncertainties the analysts associated with the
subjective decision-making process. Ranking justifications and references,
where possible, were recorded to provide a permanent record of the rationale
used in assigning the ranks.

After performing the initial importance ranking on a pairwise basis for
all the phenomena, the hierarchy was input into the AHP program. The AHP
then produced the rankings on a system-level basis for comparison with the
experts' rankings. The results were then cast into the familiar 1-9 format
and are presented in Table 3. Note that a dash indicates that that !

1

phenomenon was not included in the analysis of that particular phase of the !
LOCA (i.e., the phenomenon did not occur or was completely insignificant). !

One of the factors that consensus decision-making cannot assure is the
consistency of the input. A certain degree of consistency in establishing
ranks or priorities is necessary to get valid results. Perfect consistency
is not necessary for valid results; however, the judgements could have such
low consistency that they appear to be random. The AHP provides a measure
of consistency for eacg set of input. Called a consistency ratio, it should
not exceed 10 percent. If the value is more than 10 percent, the
judgements may be somewhat random, or inconsistent, and should be revised.
The AHP input used in these calculations resulted in consistency ratios of
3.3%, 4.7%, and 3.6% for the blowdown, refill, and reflood hierarchies
respectively. It can thus be assumed that adequate consistency exists in
the binary ranks.
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. TABLE 3. SUMMARY OF EXPERTS RANKINGS AND AHP CALCULATED RESULTS-

BLOWDOWN REFILL REFLOOD

Exp Base Exp Base Exp Base
Rank (AHP) Bank (AHP) Bank (AHP)

Fuel rod
stored energy 9 9 2 2
oxidation 1 8 7-

decay heat 2 1 8 8
gas conductance 3 1 8 6

Core
DNB 6 2 2
post-CHF 7 5 8 8 4
rewet 8 8 7 6 1

reflood heat transfer 9 9- -

nucleate boiling 4 2 2
1-phase vapor nat circ 6 4-

3-D flow 1 3 9 7
void generation /dist 4 6 9 7

entrainment/deentrainment 2 3 6
flow reversal / stagnation 3 1 1
radiation heat transfer 3

Upper plenum
entrainment/deentrainment 1 1 9 9
phase separation 2 1 2
CCF drain / fallback 1 2 6
2-phase convection 2 1 5

Hot leg
entrainment/deentrainment 1 1 9 9
flow reversal 2 1 -

void distribution 1 1 4
2-phase convection 2 2 3

Pressurizer
early quench 7 7 - -

critical flow in s.l. 7 - -

flashing 7 2 2

Steam generator
steam binding 2 9 9-

delta-p, form losses 2 2 2

Pump
2-phase performance 9 9 5 5
delta-p, form losses 3 3 8 8
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TABLE 3. (CONT'D)

i

BLOWDOWN REFILL REFLOOD |

Exp Base .Exp Base Exp. Base
Rank (AHP) Rutt (AHP1 Ran_4 (AHP1

Cold leg /accum-
condensation 2 9 9 5
noncondensible gases 1 9 9-

HPI mixing 3 2-

Downcomer
entrainment/deentrainment 2 8 8 2
condensation - 9 9 2 I

countercurrent, slug, noneq 1 8 2 l
hot wall

'

5 4 7 3 1-

2-phase convection 2 3 2 |
saturated nucleate boiling 1 2 2 |

3-D effects 2 9 7 2 |
flashing 1 - -

liquid level oscillations - 3 7 i

Lower plenum
sweep out 2 7 6 5 1

hot wall 1 7 7 6 I

multi-dimensional effects 1 2 7 |
!

Break I

critical flow 9 9 7 7 1
flashing 3 2 1
containment pressure 2 4 2

Loop
2-phase delta-p 7 7 7 6
oscillations 7 7 9 9-

flow split 7 7 7 2
,

4.3 Comoarison of Results

Both the experts' rankings and the AHP results are included in
Table 3. It can be seen that good agreement exists between the two
methods. (Note that direct comparisons can be made only against the
phenomena ranked by the experts panel.) In over 50% of the cases, the two
approaches produced identical ranks. Approximately 80% of the cases were
within 1; over 95% were within 2.

There were a few cases in which the INEL results placed a phenomena in
the high-importance category (7-9) after the experts had not, for example,
critical flow in the surge line (7) and pressurizer flashing (7) during

i
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blowdown, and countercurrent flow in the downcomer (8) and hot wall effects
in the lower plenum (7) during refill. These variations in ranking were
resolved as follows.

The INEL analysts and certain members of the experts panel reexamined
the potentiag pressurizer influgnce on PCT during blowdown. Both

and calculational results tended to show pressurizerexperimental
behavior may be of medium importance (4, 5, 6 rank); thus, it is not likely
to be of high important (7, 8, 9 rank) during blowdown. The INEL ranking of
selected phenomena in the downcomer and lower plenum during refill tended to
be of the same order of importance as the ranking of other phenomena in the
components for which there was good agreement between the two methods of
ranking. Thus, the INEL results tended to confirm the experts ranking of
these two components during refill.

Only one phenomenon produced a significant difference of opinion (>3)
between the experts panel and the INEL team. The experts ranked hot wall
effects in the downcomer during reflood as a 7, whereas the INEL results
using AHP produced a rank of 3. Review of the pairwise rankings that led
AHP to produce the lower importance shows that the INEL group believed that
most of the energy in the downcomer structure would be removed during the

,

refill phase of the transient and that this phenomena was subject to scaleI

considerations. It was judged that the safer course of action will be to
consider the downcomer as highly important during both refill and refloed.

4.4 Sensitivity Studies

It was understood that the importance ranking process was a subjective
exercise and, thus, any particular ranking would be open to debate. In an
effort to address the sensitivities of the results to realistic variations
in individual rankings, a range was applied to the rankings involving the
high importance phenomena as determined by the experts panel. A separate AHP
run was then performed with the rank of each highly-important phenomenon set
to its upper limit, and a second with the rank set to its lower limit. To
illustrate, consider the stored energy in the fuel rod during blowdown. The
experts ranked it as highly-important; therefore, it was desired to examine
the sensitivity of its ranks. In this case, that meant that only the stored
energy-vs-decay heat rank and the stored energy-vs-gap conductance rank had
to be exercised over their range. (Note that oxidation w n not considered
during blowdown.) Similar studies were performed for each of the phenomena
ranked highly important by the experts panel.

,

I

The results of the sensitivity calculations showed that the effects of
realistic changes in individual rankings of highly-important phenomena in a
certain component were limited to that component. For example, when fuel
rod stored energy during blowdown was studied, changes in overall importance
ranking was noticed only within the fuel rod component; no changes occurred
in phenomena importarces in any other component. In addition, the changes
that did occur were in general of low significance (<3 units from the

i baseline calculations). These facts are considered confirmation of the
validity of the baseline results.
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5. CONCLUSIONS

Based upon two separate assessments, the most important
thermal-hydraulic phenomena during the blowdown phase of a large-break LOCA
are stored energy in the fuel rod, flow resistance through the pumps, and
break critical flow. During the refill phase, condensation in the cold leg
and downcomer and 3-D effects in the downcomer are the most imoortant
phenomena. Upper plenum and hot leg entrainment, the related steam binding
and the effects of noncondensible gases that may enter the system when the
accumulators empty are the phenomena of highest importance during reflood.
It may thus be concluded that these are the areas upon which the code
applicability and uncertainty efforts must be concentrated.

The AHP proved to be a good method to rank the importance of
thermal-hydraulic phenomena occurring during a large-break LOCA. The method
was simple and inexpensive to use on ordinary office personal computers.

The documentation of individual' rankings 8 provides a detailed
reference of all reasons for the AHP input and the subsequent uniformity in
system level rankings by two methods.

Good agreement was obtained between the results of the experts panel
and the AHP analysis, both qualitatively and quantitatively. In over 95% of
the comparisons of highly-important phenomena, the difference between the
two methods was two or less.

Sensitivity calculations were performed to identify the effects of
realistic variations in individual rankings. The principal conclusion drawn
from these studies was that the uncertainty associated with an individual
ranking was not sufficient to significantly shift the baseline results. ,

This supports the validity of rankings of the high importance phenomena and
components.

.
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TRAC-PFl/ MODI UNCERTAINTY QUANTIFICATION
FOR LBLOCA BLOWDOWN PCTa

K. R. Katsma, R. A. Dimenna, and G. E. Wilson
Idaho National Engineering Laboratory

EG&G Idaho, Inc.
P.O. Box 1625

Idaho Falls, ID 83415

ABSTRACT

Over the past few years, an effort has been made to define
and quantify the uncertainty in NRC supported computer programs
designed to predict the response of nuclear power plants to
hypothetical accident scenarios. This paper describes a method to
assess the many mathematical models, correlations, and empiricisms
used in the codes, and to determine the uncertainty in their
predictive capability due to scale effects, lack of data base,
variability in the input or thermo-physical data, plant
conditions, etc. The Code Scaling, Applicability, and Uncertainty
evaluation methodology is a structured process to analyze the

i combination of these models and correlations and their numerical
i representation of interrelated thermo-hydraulic processes that
l take place during a transient event. It provides criteria to

determine their ability to accurately represent the significant
phenomena that occur during the transient, and to quantify the
uncertainty in the final calculated results. The initial
application of the methodology to a large break loss-of-coolant
accident is described. I

1. INTRODUCTION

In 1974, a set of licensing criteria for nuclear power plants (NPPs) I

was established by NRC (10CFR50 ) that required calculations be performed 1
to show that the ECCS would maintain fuel cladding temperatures below a !specified limit in the event of a break in a reactor coolant pipe or an
inadvertent valve opening. The purpose of the criteria was to prevent
cladding oxidation and hydrogen generation. A large amount of conservatism

~

was inclund, as the understanding of ECCS performance was limited. To .

I
,

account for potential uncertainty, a calculational procedure, Appendix K , |
was defined. Each step of this procedure included conservative assumptions
to ensure that calculated cladding temperatures provided a large safety
margin.

During the past thirteen years, significant progress has been made in
the understanding of ECCS performance during loss-of-coolant scenarios.
Computer codes advanced from homogenous equilibrium assumptions to
nonhomogenous calculations with separate mass, momentum, and energy
equations for vapor and liquid phases. Separate effects experiments have

,

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of !
Nuclear Regulatory Research under DOE Contract No. DE-AC07-761001570, i

!

.
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been conducted to develop and assess models in the codes and study -
particular phenomena. Integral test facilities have been developed to
assess the codes over temperature and pressure ranges typical of those
expected during a LOCA transient. Experimental facil.ities and the improved
codes have demonstrated that calculations based on th6 Apr adix K procedure
are highly conservative.

The increased understanding of large break LOCA (LB CA) and ECCS
2phenomena lead the NRC to propose a rule change that wouid allcw for best

estimate calculations to be used in place of the current Appendix K
conservatisms. However, the use of best estimate codes will require that
the uncertainty in the calculation be quantified. This uncertainty must
then be included with any calculated results used to meet licensing
requirements.

TheNRChasproposedaCgdeScaling, Applicability,andUncertainty $
(' SAU) evaluation methodology with several purposes in mind. The oneJ
addressed here, is to quantify the uncertainty in thermal-hydraulic codes h

when applied to nuclear reactor safety analysis. The process,is designed to
evaluate a) the applicability of the code to simulate various nuclear
reactor transients by evaluating and ranking sign?ficant phenomena during
the transient, b) the ability of the code to repre.sent those phenomena, and
c) the uncertainty in the code simulation as measured by comparison to
separate and integral effects experiments.

,
,

A Technical Program Group (TPG) was. formed to develop, implement, and
demonstrate the CSAV methodology. The initial application of this
methodology has been initiated at the Idaho National Engineering Laboratory
(INEL)toquantifytheyncertaintyinthepeakcladtemperatureforaLBLOCA ,

using the TRAC-PFl/ MODI code. '

This paper describes the current work to identify sources of !
calculational uncertainty in the application of TRAC to the blowdown phase
of a LBLOCA transient. It includes the steps taken to minimize
uncertainties where possible, and to quantify those that remain. !,

1 Uncertainty quantification for the refill and reflood the. domains will
proceed at the completion of the blowdown phase. ,,

2. THE CSAU METHODOLOGY |

The NRC has initiated a study to quantify the uncertainty in the peak
cladding temperature as computed by the TRAC-PFl/ MODI code for a large break
loss of coolant accident using the CSAV methodology. The methodology is

i outlined by the flow diagram shown in Figure 1. It represents a structured
procedure to identify and quantify the uncertainty in code calculations from4

four general sources.
'

The four general sources of calculational uncertainty identified in
applications of large thermal-hydraulic codes to reactor accident transients
are:

?
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1. Uncertainty froa code input. This includes such input 4

specifications as: phnt operating parameters, initial conditions,
and user supplied boundary conditions needed to' completely specify
the accident transient.

This includes; +
Uncertaintyfromcodeandexpek'imentassessment.

2.
the assessment of code calcula onal ability through separate
effects and integral: effects experiment comparisons. Measurement '
uncertainties and other errors associated with carefully performed
experiments would be considered in,this category. Though they are
not code uncertainties per se, they affect the determination of x
code calculational capability.'

3. Uncertaint'tes from code deficiencies. Code defAciencies are
considered thoseIcalculAtional aspects of the cc,de that are not
adequately supported by experimental data, that represent only *

cstimated reactor system response, or that are not available to
represent a given phenomenon. In these cases, the uncertainty of
the code in representing the phenomena is estimated and carried as

| a penalty on the final calculated result.
|

| 4. Uncertainty from differences in scale. Code assessments against
I experimental data are susceptible to uncertainties because of

differences in scale between the experimental facility and the -

.

full scale nuclear reactor plant. These r,ule differences can be ' i

manifested as differences in observed phenomena in the
experimental facility or as differences in the code calculated
response, correctly or incorrectly, as it is applied to different
facilities. These effects are quantified and applied to the
uncertainty of the final calculated resul,t.

>

The various steps in the CSAU process as applied to the LBLOCA l
; transient are discussed next. |,

< 2.1 Scenario Soecificatiorl

The determination of code applicability and uncertainty is transient
dependent, for the models and correlations exercised in performing the
calculation change to represent the local phenomena. Therefore, the
selectionandapplicationofacomputercodetoashocifiedreactor
transient requires an evaluation of the transient babd on the phenomena

| that are expected to occur. The transient scenario identifies those
processes which have to be addressed and which at a later step will be used
to determine the important phenomena and aid in the evaluation of the code,

models. The CSAV methodology focuses on those prccesses considered to be
important to a specific scenario.

Scoping studies for a LBLOCA have shown that the large double ended
cold leg guillotine (DECLG) break is the limiting transient with respect to j
peak cladding temperature. Such a transient is conveniently analyzed in
three time domains, the blowdown phase, or rapid decompression and expulsion
of fluid from the vessel, the refill phase when the emergency coolant is.

injected into the system, and the reflood phase when the core is again
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. filled with water andsthe rods quenched. A particular scenario for a large '

break may indicate that critical fiw at the break, rapid pressure changes,
,

transient heat tran.tfer and critical heat flux, degradation of the pumps due
to two phase flow, reactivity feedback due to voiding in the core, and
initial storad energy in the fuel rods xust be modeled for the blowdown
phase.. Extending the scenario to ti;e CCC injection.and refill phase,
4diitional code capabilities will be rewired for condensation due to ECC
mixing., countercurrent flow, and vapor genm ation. The reflood portion of a
'large break scenaric will require modeling of the complex reflood heat
transfer of hot fuel rdds, vapcr void fraction in the core, entrainment and
deentraiment of liquid drops from two phase mixture flow, quench front
tracking, and other phenomena.

. s

Specification of the LBLOCA requires a good description of the initial
plant conditions. This includes plant power, operating history, plant
geometry and components, etc. _lne scenario description then includes the
important phenomena and events that must be considered from initiation of
the transient event through the various phases. In addition to the
phencuena described above, events such as valve opening and closing, control
rcd tiovement, and ECC injection are important.

2.2 S_ elect NPP and Frozen Code

The scenario definition depends on both the type of transient to be :
'

M alyzed and the particular plant in which it occurs. The present
application of the CSAV evaluation methodology will address a four locp
Westingboase (W) pressurized water re or'with 17 x 17 fuel rod
assemblies. The plant model will be e.aluated from the beginning of the
1,ransient (i.e., staady state op3 ration)'through core recovery when the fuel
rois'are quenched.

Tr.e CSAU methodology emphasizes the use of "frozen" code version. This
ensures that changes to the rede after an evaluation has been completed
don't in. pact '.he conclusions. Calculations, data comparisons, assessments,
etc., rua with previous versions of the code should not be a part of the
uncertunty determination unless 7t can be clearly demonstrated that any
code ch nges did not affect the cciculation of the system variables.

Thi TRAC code has been selected to perform a LBluCA analysis. During
the pasi several years, reieral versions of the code have been released.
The current releascd versM is TRAC-PFI/NDI, Version 14.3, released
September 3, 1987. The NC has specifitid 'isrsion 14.3 should be froan for
this study.

2.3 nG. ode Documentation and Jr.

The capability o.' s computer code to model and calculate postulated NPP
accident scenarios is provided by the field equations and the closure
relatioas. Adequate documentation of the code me t be provided to assess
whether the code can be applied to a postulated scenario for a specific
manual}he curtent documegtation for TRA: consists of the code theoryNPP.4

and users guide. These two documents providt details of the'

models in the code, information on the numerical solution methods and the

.
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use of the code, and the complete '9Ph'9 spec ca ns. A ere have,

6been assessment reports published * * for each version of TRAC
released.

The CSAU methodology also specifies the need for a code quality
assurance (QA) document. This document addresses important questions
relating to the ability of the code to perform the required analysis, such
as:

'

1. Are the closure equations adequate to model the phenomena and
processes important to the identified scenario?

2. Do the closure relations have the capability to scale up processes
from test facility to full scale?

3. What relations have been modified from their source to provide
better assessment based on experiments? '

4. Is there an effect of tuning on full scale scenarios for which the
code may generate non-conservative results? -

The objectives of the QA document are to provide detailed information
on the closure equations and criteria for their use, describe how they are
coded, and provide the technical rationale for using them in the range of
interest defined for the scenario.

The Los Alamos National Laboratory is currently preparing a QA document
for Version 14.3 of TRAC-PFl. The dc:ument will include:

;

I ,

1. Field equations: 1-0 and 3-0 steam / water equations, ;
noncondensible gas, liquid solute, selection criteria based on

: flow regimes, and implications of finite differencing.

2. Flow regime map, references, constants if different from
references, assumptions, variations in application (interfacial |
heat transfer, wall heat transfer, interfacial mass transfer, i

interfacial drag, wall drag), basis for flow regime, assessment, iand scaling considerations.
j

l 3. Constitutive relations for energy field equations including |
interfacial heat transfer (condensation, boiling and flashing),
wall-to-fluid heat transfer including the correlations, logic, l

transitions, and the general energy source term.i

4. Constitutive relations for mass transfer (condensation and
evaporation).

5. Constitutive relations for momentum transport, including
| interfacial drag and wall drag.

6. Flow process models such as pumps, break, fills, steam water
separators and others.
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7. Heat structure models, including fuel rod conduction, pipe and
vessel structure heat conduction, and reactor core power.

The discussion of each model will include the:

Basis for the model (references, range of data, statement ofo
accuracy)

Assumptions made in implementing the modelo

o Constants (original and modifications)

Model as coded (flow regime dependencies)o

o Weighting, averaging, magnitude limits, etc.

Variations in the application of a correlation, special caseso

o Assessments of significantly modified or unpublished correlations

o Effects of applying the correlation outside its data base

o Scaling considerations

2.4 Process Screenina and Rankino

The next step in the CSAU methodology is to address the physical
processes and those components where the processes occur, and to rank the
importance of the processes and components for each phase of the transient.
This ensures that the analysis will focus on those aspects of the transient
and calculation that are most significant in determining the final results,
and that the emphasis of the code analysis will be on those models that have
the greatest impact on the conclusions.

Development of a Process Identification and Ranking Table (PIRT) is
described as a cost effective and traceable means of ranking the transient
phenom The details of this process are discussed in a relatedpaper.ga.

The PIRT procedure ranks each process or component against every
other process or component in a pairwise fashion, and assigns a relative
importance of 1 to 9 to the phenomena in each comparison. The pairwise
ranks are then assimilated to give an overall ranking based on a preselected
hierarchy. The process is specifically designed to allow engineerin
judgement in the determination of relative importance of phenomena, gand
provides a measure of the consistency of that judgement in the final
results. The result of the process is that the most significant phenomena
in the transient have a high rank (9), and the less significant phenomena
have lower ranks (down to 1). These ranks are then used to focus the restof the analysis.

.
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,

This process has been applied to a LBLOCA scenario and the ranking
tables for the important components given in References 3 and 10. For the
peak cladding temperature during blowdown, the following components and
phenomena are the major contributors:

Comoonent Phenomena

fuel rod stored energy

break critical flow

pump two-phase degradation

These components and phenomena will receive the primary attention in
quantifying the calculation of PCT for the TRAC-PF1 code. Components and
processes with lower ranks are examined later, for they are expected to have
a less significant effect on the calculational uncertainty.

2.5 Aeolicability

!
; During the previous steps the transient scenario has been analyzed,

important phenomena and the affected components identified and ranked (PIRT)
and the code manual and QA reviewed. For the TRAC-Pfl/ MODI uncertainty
analysis for a LBLOCA (blowdown phase), the following steps have been

,

| completed to determine the applicability: -

i

1. From the scenario, the important processes were identified and
ranked. The important contributors to the blowdown PCT have been
identified as the fuel rod stored energy, break critical flow, and
pump degradation. Each of these phenomena are modeled in the
code, and the uncertainty of each will be addressed in the a later

'
section.

2. INEL personnel have met with LANL to review the early QA ,

documentation and no deficiencies with respect to blowdown PCT ,

have been identified. Only the uncertainties in the model '

coefficients and physical properties have to be quantified.
Additional uncertainties in other models will have to be addressed

; for the refill-reflood phases.

The conclusion from the steps taken to date confirm that the TRAC code
,

is applicable to the present analysis. |

2.6 Nodalization of Plant

The ultimate use of the best estimato codes is the application to the
safety analysis of full scale NPPs. Plant models are usually large, and

; often several cases must be run. Therefore, the plant licensing models are
normally nodalized with just enough detail to capture the important'

phenomena. Part of the CSAU methodology is the recognition that the models'

j used for code assessment must use the same noding philosophy as those used
for licensing calculations. Otherwise, the determination of code'

applicability and uncertainty is considerably more complicated.
I
l
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As shown in the CSAU methodology diagram, the selection of the plant
model is an iterative process. This is extremely important, as many of the
code closure equations and flow process models were developed with
assessment against small scale experiments (SET). The assessment models
were typically finely nodalized to determine the ability of the code to
simulate real phenomena and to aid the analyst in understanding the test
results. For integral test assessment, the nodalization was probably more
closely related to that characteristic of an NPP licensing model. Since
both SET and IET experiments have been used extensively to assess the codes,
it is necessary to relate these nodings to that of an NPP. Nodalization
sensitivity studies included as part of the assessment process serve to
determine the minimum required nodalization to represent particular
phenomena. By then using the same or similar noding for SET, IET, and NPP
calculations, potential scaling problems and/or compensating errors may be
identified. If potential problem areas are demonstrated, the problems must
be resolved during this iterative process or they will have to be resolved
in the uncertainty analysis in a later step.

Figures 2 and 3 show a nodalization used to represent the )! four-loop
model used in the present application. The following procedure was used to

,

define the model. ;

1. A review of assessment reports of both SET and IET applicable to
LBLOCA was made.

2. Based on the initial review, a first model was developed.

3. This model was then reviewed with a group of experienced code
applications personnel. Each component was examined based on the
PIRT to ensure that the nodalization was sufficient to capture the :'

important phenomena. !

! 4. The final nodalization was compared with integral test assessments
{ thought to be most applicable to the present LBLOCA model. This
i data base was the LOFT LBLOCA series.
!

Table ! shows a comparison of the noding used in TRAC calculations for
the large break series of LOFT experiments, and the noding used for the
NPP. The loop modeling is very similar and should adequately describe the
phenomena in the loops. The vessel noding is also similar, with added
detail in the upper regions of the NPP to capture the geometric detail. ;

Nodalization can be a sensitive area of the calculation. By performing
the process as detailed in the CSAU method, added confidence can be obtained

; that the plant model will simulate the phenomena for the prescribed
scenario.4

2.7 Code and Experimental Accuracy
,

One method of defining code accuracy is to compare code predictions
against experimental data. This has been done extensively for the TRAC code
through the developmental and independent assessment programs.4

,
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Figure 4 illustrates the differences in the peak cladding temperrdures

versus experimental values for LCFT test LP-02-6.g TRAC-PFl/ MODI model
(for various rods and elevations) as predicted by

The arithmetic mean
for these points is 2.6K, with a standard deviation of 66K. These results
further illustrate the applicability of TRAC to a LBLOCA transient.
Additional scatter diagrams have been prepared by Brookhaven National
Laboratory (BNL) for the reflood time domain. Other parameters may also be
plotted as scatter diagrams to help define uncertainty between code and
experiment.

2.8 Scalina and Effect

To some degree, scaling has been addressed in the iterative process
described above when defining the plant nodalization. However, it should be
stressed that important phenomena must be identified and scaled; otherwise,
scale distortion may alter or eliminate one or more of the significant
processes.

The primary integral effects test facilities have been scaled by a
power-to-volume ratio (P/V) criterion. With P/V scaling, a facility that
maintains full elevation of its components with respect to the prototype
plant preserves time scales, fluid mass and energy distributions, and
velocities. Of primary importance is that the volumetric heat generation
and heat removal rates will be the same as the prototype plant, and the rate
dependent phenomena will be simulated.

The peak cladding temperature, the principal calculated parameter for
the blowdown phase of the LBLOCA, depends not only on the thermal-hydraulic
scaling, but also on the fuel rod scaling itself. From a geometrical point
of view, the fuel (or heater) rods in the blowdown experiment facilities
appear to be full scale. They are generally full diameter and frequently
are full length. An energy balance on the fuel rod cladding indicates a few
key parameters, perhaps the most significant of which is the local linear
heat generation rate (LHGR) governing the time dependent cladding
temperature response. Figure 5 shows measured PCT vs. local LHGR. Several
integral facilities are included on the plot, including LOFT with 5.5 ft
rods, and Semiscale and LOBI with 12 ft rods. The relative consistency of
PCT vs. LHGR indicates little effect related solely to the size of the
experimental facility. Instead, local parameters appear to be of greater
significance, and these parameters are essentially full scale. They are the
local LHGR, time to DNB, and the power profile used to drive the
experiments. The time to DNB is a function of the power to-volume ratio
used to scale the facility, and the three IET facilities shown in Figure 4
used a consistent P/V. The power parameters and fuel rod material
properties all affect the cladding temperature through the initial and
transient stored energy, whereas the DNB time and fluid conditions affect
the energy removal rate. With the possible exception of heater rod material
properties, these factors are generally good approximations to full scale
and imply that measured PCT values are good full scale approximations.
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2.9 Perform HPP Calculations

In order to quantify the uncertainty for the blowdown PCT, three models
have been identified by the CSAU methodology for special evaluation:

1. Stored energy in the fuel rods.

2. Discharge of fluid at the break.

3. Degradation of the pump for two phase flow, i

| In order to address these contributors, a matrix of calculations is shown in
! Table 2. The stored energy is primarily determined by the gap conductance

(H ), the fuel conductivity (K , and the rod peaking factor (P ).
An8therdeterminentinthehea()removaltromthecladistheconvectiveheatf ,

transfer coefficient (H ), although to a lesser degree, since even a poorcheat transfer coefficient can be expected to remove the clad heat and effect
; a turnaround. The effects of clad conductivity (K ) and fuel and cladc

heat capacity (Cpt, Cpc) have been determined by analytical analysis to
be very small, and are not included in the uncertainty calculations.
Variations in these parameters have been determined from reviews of the
thermo physical parameters-in NATPR0 and are expected to cover 95% of the

"

range in data based on a uniform probability distribution.

Variations in the break discharge coefficient have been based on
Marviken data, as this is the largest scale. data available. Twelve Marviken

!
>

tests were simulated with TRAC, and the discharge coefficient defined by
i

Measured flow rate
Cd " Predicted flow rate i

From these tests, a nominal Cd was calculated and correlated with L/0 for3

i the discharge pipe. This procedure defined a correlation for the nominal
value of the discharge coefficient for both subcooled and saturated4

blowdown, as well as a correlation for standard deviation. From these
correlations, the nominal and uncertainty values for the discharge !

,

coefficients were defined.,

The pump was also evaluated for its effect on the uncertainty in thei'

calculation. The uncertainty in the current TRAC model is due to inadequate
accounting for flow rate and pressure dependent p , pf, and lack'

of data on specific speed and size effects. Ane0setofhomologouscurves
was developed based on W 1/3-scale pump data. A mean value of the

i degradation function and an estimated standard deviation were developed.

!
The model is based on correct specific speed pump data and has an'

uncertainty band to account for flow rate and pressure effects. In the pump
! review, data from the Combustion 1/5-scale model and the Creare 1/20-scale

model were investigated. Conclusions were that there is some size effect
(scaling consideration), and that the small sizes degrade more than the;

large pump model. Table 2 shows that a wide range of degradation is applied,

to the pump model (conservative approach),
a

4

|
,
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i

Table 2 specifies five calculations to obtain the blowdown PCT with !

uncertainties for the pump, break and stored energy. In order to do this '

with a minimum of calculations, a special code update was made to be used in
conjunction with the TRAC supplemental rods so that the fuel rod parameters -

can be varied with each rod. Thus, for five full scale runs (nominal, two i
break flow variations and two pump variations), the sensitivity of the peak |
cladding temperatures should be obtained. For the matrix shown,

;

90 temperatures dependent on parameter variations are specified. ,

'The major uncertainties due to the models have been identified and
provided for in the calculations. Other factors would be input parameters
such as the initial power level, time of life of the fuel rods, etc.
However, these are considered uncertainties due to state, and though they
may affect the PCT, they are not considered uncertainties with the code
itself. If it is deemed necessary, additional calculations can be made to
vary several initial conditions.

!
2.10 Effect of Reactor Inout Parameters and State |

From the NPP calculations a large number of PCT's are obtained and can
be compared. At this point, all that can be determined is the fuel rod for ;

each case that gave the maximum PCT.. The importance of the calculations is ,

determined in the next step, in which the variations are accumulated and the
uncertainty quantified.

2.11 Combine Biases and Uncertainties
.

The determination of the uncertainty in the calculation of PCT for
LBLOCA has been a question of study for at least eight years. In 1979, EPRI
publ ed a statistical analysis of the PCT calculation for the RELAP4/M003

,

code This was followed 3 g Sandia reports on the uncertainty in thet >
'

j calculations of RELAP4/M006 More recent studies at defining the
! uncertaigig'grereportedatthepasttwoWaterReactorSafetywhich looked at various methods that might be applied toMeetings" '

uncertainty quantification. Additional references tha't address accuracy
quantification are given in references 18,19, and 20.

One of the purposes of the CSAU methodology is to address the proposed
rule change related to the licensing procedure. This change would allow
best estimate calculations for PCT, with a statement of the "uncertainty" in
the calculation.a

|

A first approach may be defined as an "engineering approach". Since
; the code calculations are very time consuming and costly, a non-probablistic
j effort which attempts to bound the expected value of PCT is desirable. One
! approach is to do a sensitivity study by varying the parameters on a

one-by-one basis, then adding the results, either algebraically or by root'

mean squares, to determine an upper bound PCT *. This approach can lead to a I.

statement such as: |
1

"It is believed that PCT < PCT * under all reasonable circumstances", l

i |
4

i

,
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However, it must be stated that there is no statistical significance to this
statement. No statement can be applied that indicates a level of confidence"

or other statistical measure. However, if only positive contributors are
used, this approach should give a conservative result, and could be as large
a conservatism as used for present licensing criteria, though this is not

'expected.

propagation"gtgisticalapproachmightbethe"linearerror
A first

-

or "derivative" method. This method assumes that the'
;,

variations about the mean are not large (Taylor series approximations) and i

that the derivatives required can be obtained. This method may work well
for submodels where the derivatives can be obtained analytically. However,
for the TRAC code, the derivatives would have to be obtained numerically,
and the procedure may not be as easy to apply. If the PCT is relatively
smooth for the wide range of the variables that are being used in the
blowdown PCT calculations, suitable results may be obtained.

i

The probablistic procedure that has been applied to the nuclear
thermal-hydraulic codes to date has been the response surface methodology.
In this procedure, the concept is to replace the long running computer code -

by a simple algebraic equation. However, a certain number of full plant
calculations are required to determine the algebraic function. If there are
'a large number of parameters with uncertainty, then a large number of plant
calculations are required.

In the CSAU methodology, engineering judgement is used extensively in
defining key processes, key variables, significant events, etc. With these
defined, many of the variables may be considered not significant, and the
number of parameters that must be considered reduced. If this set is smalli

enough, a statistical approach such as response surface becomes more
realistic. From the process screening and ranking, for the L8LOCA blowdown
PCT, six major contributors have been identified. If, for each of these
contributors, a probability density function (pdf) can be defined, a
probabilistic approach may be used. A uniform pdf, which implies "zero
knowledge", can be used if a more definable pdf such as a normal :
distribution cannot be defined. With the probabilistic study, the statement -

of uncertainty can be expanded from an "engineering" statement to a
"statistical" statement, such as

Pr (PCT < PCT *) - a

The uncertainty may then be stated as "the probability that the calculated
PCT is within a of the PCT *" has been determined with a certainty of

,

some percent, based on the range of the input uncertainties. '

In the present application, it is planned to investigate all three
combinations, addition, linear error propagation, and response surface for
the blowdown PCT. A large number of experiments and previous response
surface calculations indicate the feasibility. However, extending some of
the procedures to the refill-reflood phases has not been tested. Many more
parameters and phenomena would have to be evaluated, and the procedures may,

be to difficult to apply.
|
:

!
1
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2.12 Total Uncertainty

The total uncertainty is obtained by adding the uncertainties due to: '

l. Code and experiment, as stated in Section 2.7. {

2. Scaling as discussed in Section 2.8. |

3. Code deficiencies as discussed in the applicability section 2.5.
i

4. Reactor plant parameters and state from Section 2.9, 2.10.

The total uncertainty is specified by

APCT - APCT(1) + APCT(2) + APCT(3) + APCT(4) |

This APCT is then a measure of the uncertainty of the code calculation
for PCT. We note that three of these pieces of uncertainty are engineering ,

l based. The fourth term may be "engineering. based" or "statistically '

based". However, the result is considered an error band for the
calculation, and not a probabilistically based statement of confidence,

i 3. STATUS OF APPLICATION OF THE CSAV METHODOLOGY

The CSAU methodology is now being applied to the TRAC-PC1/ MODI code at ,

INEL. Some of the analysis has been completed, such as the definition of
the plant model, process identification and values of input parameters,
etc. The QA document is being prepared at LANL.

The Cray XMP computer system using a UNI-COS based operating system has
,

been installed at the INEL in September. Version 14.3 and the special ,

version of 14.3 for the uncertainty study are being implemented on this,

system. The steady state and transient input decks have been prepared by
running on Version 14.0 at Kirtland AFB on a Cray system under CTSS. It is

planned that the calculations will be initiated in October.
<
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TABLE I. COMPARIS0N OF N0 DING FOR LOFT LARGE BREAK ANALYSIS AND THE
SELECTED N0 DING FOR THE. NUCLEAR POWER PLANT

Comoonent L2-2 L2-3 L2-5 LP 02-6 JPP-

Hot leg 8 8 8 8 5

Pressurizer 3 3 3 3 5

Surge line 3 3 3 3 3

SG primary 10 10 10 10 10

SG secondary 7 7 7 7 7

Pump suction 3 3 3 3 5

Pump 2 2 2 2 2

Cold leg 5 5 5 5 4

Accumulator 8 8 8 8 12
and ECC

Vessel 192 192 192 192 180

Lower plenum 3 3 3 3 3
(axial)

Core (axial) 5 5 5 5 5

Upper plenum 4 4 4 4 7
(axial)

exrxZ 4x4x12 4x4x12 4x4x12 4x4x12 4x3x15

Reference PF1 PD2 PD2 LA UR-85-3723 TPG
Assessment Assessment Assessment Minutes,

| 430
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TABLE 2. INITIAL CALCULATIONS TO BE MADE TO DETERMINE PCT

Gap Fuel Convective Rod Peaking
Variation Conductivity HT Coeff. Factor Combination

CASE I
Nominal None None None None None

Case

CASE 2
Increased 46% +5,10% i25% -5.6% Hg -46% Kf -10%

-25%Break Flow 80% -10% 50% +2.8% Hg -46%, HconV
+1a +5.6% Hg -80%, Hcony +50%

Hg +80%, H -50%cony

'
CASE 3 .

O Increased i
'Break Flow~

+2a j

CASE 4
Increased
Pump
Degradation i

'

+1.30

.

CASE 5 'I
Increased ,I s

Pump g 4 9
Degradation
+3.6a
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THERMAL STRATIFICATION TESTS IN H0RIZONTAL FEE 0 WATER PIPELINES
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Postfach 3640, 7500 Karlsruhe 1. FRG
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ABSTRACT

In recent years a particular fom of crack fomation has
occured in a number of BWRs und PWRs at the internal surfaces
of horizontal feedwater piping upstream of the reactor pressure

i vessels or steam generators, respectively. To obtain more
detailed and consistent sets of experimental data for fluid and
inside/outside pipe wall surface temperatures to assess the
effects for load combinations resulting from thermal shock,
stratification and striping phenomena, an experimental test
program, abbreviated TEMR, T33, has been perfomed at the
large-scale HOR-facility under close to realistic conditions.
This paper sumarizes some of the major experimental findings
f rom out of 25 experiments representing typical BWR and PWR
conditions. Informations are also provided about the mixing

; layer height, themal characteristics and the heat transfer
coefficient. A first assessment of the comparison between blind
pre-test predictions using simple engineering model s and
sophisticated, multi-dimensional codes and experimental data is
provided.

1. INTRODUCTION

In recent years a particular form of crack fomation has occured in a number
of PWRs and BWRs on the internal surfaces of horizontal feedwater piping up-
stream of the steam generators and reactor pressure vessels, respectively. The
cracks were concentrated on the lower piping halves and their orientation was,

ci rcunferential .

Under low power conditions and hot standby or during startup and shutdown pro-
cesses the feedwater mass flow is reduced to a few percent of the rate at full
power. Under such conditions stratified flow develops and leads to the foma-

,

tion of a rather thin, separating mixir 3 layer between the cold and hot fluid'

regions: its height depends primarily on the mass flow, the exit conditions
and the density ratio. This phenomenon of temperature stratification was con.
fimed by numerous in service measurements in both PWR- and BWR-plants /1-4/
and in laboratory test models /5-6/.

Whereas in-plant measurements are primarily hampered by lack of instrumenta-
tion in the fluid and at the inside pipe surface, the scaled down laboratory
experiments mostly resorted to simulating fluids under atmospheric conditions
in transparent facilities leaving the question about proper extrapolation
towards prototypical conditions.

|

,

(

'
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The measurements revealed that slight changes in the- flow rate cause the
separating layer to be raised or lowered inside the horizontal pipe section.
The stratified flow changes back to the so-called slug flow at approximately 6
% of full load flow when the layer height reaches 9/10th of the pipe diameter.

Thermal stratification causes an azimuthally varying temperature distribution
in the pipe and results in a stress distribution which resembles that of a
bimetallic strip. In the hot upper region of the pipe compressive stresses
develop as a results of constrained expansion. Since the pipe is flexible, the
thermal moment gives rise to a bending stress which is superimposed on the
membrane stress. These- low-cycle axial and tangential stresses due to
stratification depend on

- the interface level
- the mixing zone height

These themal stresses vary both in magnitude and sign as the hot / cold
interface is raised or decreased by altering the feedwater flow rate to
maintain the steam generator inventory.

The separating mixing layer between cold and hot fluid regimes is
characterized by a wavy-type interace subjecting the pipe inside surface in
its vicinity to fluctuating themal loads. The frequency of the fluctuation
depends on a variety of flow parameters. The high-cycle thermal fluctuations
cause the portion of the pipe circunference in the mixing zone be subjected
alternately to cold and hot water. Typical frequencies were found to be in the
range of 0.1 to 10 Hz. Thus, the pipe surface in this zone is locally loaded
between low- and high cycle themal fatigue. Due to the finite value of the
heat transfer coefficient at the inside pipe surface, the peak pipe inside
surface temperature variation is always less than the peak fluid temperature
variation. Under typical conditions and the range of frequencies cited above,
the peak pipe inside surface temperature variations range between 25 % and 50
% of the imposed fluid temperature fluctuations. The actual magnitude of the
high-cycle alternating thermal stress at the inside pipe surface depends on
the:

- peak-to-peak fluid temperature difference
- heat transfer coefficient
- physical pipe properties

Analysis have shown that these high-cycle stresses primarily af fect the pipe
inside surface and attenuate rather fast towards the outside pipe surface.

Combining all of the thermal stress components cited above can easily account
for the type of crack fomations experienced in BWR and PWR feedwater lines.
Analytical results suggest that themal fatigue usage factor can approach
unity in rather short periods of operation.

The technical solution of this problem necessitates a reduction of the
potential for stratification and of the temperature dif ferences. Remedial
actions comprised of changes in the construction of the feedwater spargers
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!
I

i both for BWRs and PWRs together with accompanying changes in the operational !

guidelines have been developed and implemented in the Geman plants /7/. ;-

| In order to examine the major stratification . phenomena listed above for both
i BWRs and PWRs upon temperature and stress distributions, under close to i

| realistic conditions, the HDR-test series TEMR, T33, was perfomed during the !
'

| second half of 1986. The major objectives of this test series were:

1. Examination of the hydraulic and thermal behavior of stratified layers in |
horizontal pipe sections :

,

2. Measurement of azimuthal pipe inside and outside wall temperatures!
,

3. Detemination of mixing zone heights for different cold layer heights, i

their respective amplitudes and frequencies of the temperature fluctuations!

4. Determination of themal shock and themal stratification phenomena during ;
4

| the initial cooldown period and at steady-state-conditions ;

: 5. Measurement of the developing flow pattern in the cold and hot fluid !

I regions, respectively by fl uid velocity measurements using tempenture !

. correlation technique.
{ 6. Determination of stresses from strain gage measurements around the pipe i
! circtnference !

!7. Examination of global pipe deformations due to stratification effects4

8. Measurement of detailled strain distribution field in the elbow with i
;
'

imposed, highly asymmetric internal temperature distribution ;

i

! 2. EXPERIMENTAL FACILITY AND INSTRUMENTATION i

1 !

l Fig. 1 shows the isometry of the complete piping system and components ;

} constituting the experimental test section for the TEMR-test series. This pipe |

system consists of many pipe sections of different geometries (diameter, wall j1

l thickness, etc.) assembled to form the total system. This system is fixed at '

its one end at the concrete structures of the containment walls and welded to |
the Saozzle at the RPV on its other end. The most important pipe section of

| i nter.:st for the TEMR-experiments is the horizontal section between the j

i
S-nozzle and the first elbow where the stratefication into the horizontal pipe ,

j initiates from the cold fluid which ascends from the cold water inlet shown in |
| Fig. 1.

i

)
Further details of the horizontal pipe section are provided in Fig. 2. The !'

inside diameter of the pipe is 397 mm, its lengths close to 6 m. Along its f

length, several measurement sections have been inserted as shown schematically |
in Fig. 2.

The pressure vessel nozzle is protected by a themal sleeve as shown in Fig.
; ,

3. As the insert A and Fig. 3 shows, the themal sleeve is not welded to the
pipe but is pressed tightly against it by virtee of a plastic belt. ;

IIn order to enable a continuous, uninterrupted facility operation and
measu.ements for both BWR (with sparger) and PWR (without sparger), an orifice
manipulator was developed and installed at the inlet of the thermal sleeve as i

shown in Fig. 2. Details of the orifice manipulator are depicted in Fig. 4, |
which shows how the oblong, details of which are shown in Fig. 5, slides I

hydraulicly driven in front of the themal sleeve. l
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Fig. 5 indicates that for the BWR-typical experiments the slit-type orifice is
used as shown in the upper part of the figure, whereas for the simulation of
the builtup and decay of hot water pocket at pipe or component
discontinuities, the orifice with the narrow slit at its bottom is used. The
open flow cross-sections of the individual slits and their respective
arrangements have been scaled to simulate the rows of holes in a typical BWR
feedwater sparger.

For PWR-typical TEMR-experiments, the complete oblong in front of the thermal
sleeve is withdrawn such as to provide the whole free flow cross-section of
the horizontal pipe into the pressure vessel.

The selection of the sensor types and their applications rests upon the
excellent experience, accuracy and reliability obtained from the foregoing HDR
themal mixing experiments /8, 9/.

The most important data taken during the TEMR-experiments are the fluid and
pipe surface temperatures, the fluid velocities in the lower and upper
portions of the stratification pipe and the strains at the inside and outside
pipe surfaces.

For the measurement of temperatures, thermocouples with hot junction and a
magnesium insul ated stainless steel jacketed cable have been used. The
diameter of the hot junction has been swagged down to 0.5 mm. A typical
arrangement of a pair of thermocouples welded at the pipe inside surface by
virtue of a small foil with thickness of 75 pm is shown in Fig. 6. The
L-shaped sensor measures the fluid temperature 10 m away from the pipe
surface.

The thermocouples used for measuring the temperature fluctuations needed to
determine the fluid velocity by correlation technique /10/ have a hot junction
diameter of only 0.25 mm with a response time of 11 ms. In order to obtain two
velocity components, always one triplet of themocouples is applied as shown
in Fig. 7 which also depicts the thermocouple rates to accurately position the
sensors into the pipe axis. This rake is also used to mount seven L-shaped
fluid themocouples in order to follow the interface between cold and hot flow
regions.

For the application of strain gages at the pipe in- and outside surfaces two
different types have have been developed:

inside: Platin/ Wolfram alloy wire with a steel Jacket wire
outside: Nickel / Chrome alloy wire with a Teflon jacket wire

The gages are of half-bridge type with a dummy strain gage for the temperature
compensation of the themal coefficient of resistance. All strain gages are
attached at the surfaces by spot welding. At all important strain gage
positions additional wall themocouples are applied as close as possible to
the strain gages.
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Large efforts have been put into the application of consistent triplets of
thermocouples in the fluid and at the inside/outside pipe wall surfaces, i

respectively in different axial planes and around the pipe circumference
Fig. 8 gives a schematic overview of the axial, radial and azimuthal i

'thennocouple positions in the primary measurement pipe section I (compare
Fig. 2) . The thermocouple rake carries at its top and bottom two thermocouple
triplet arrangements for detemining the velocity components by the method of
temperature fluctuation correlation and a series of axially distributed fluid ,

thennocouples for obtaining center-line temperatures. The triplets of
thermocouples in the fluid and at the pipe surfaces together with their
azimuthal positions are depicted in the radial cross-section. One angular
segment has been especially densely instrumented in order to get optimal
resolution of hydraulic and themal characteristics of the mixing layer. One
triplet is positioned every 2.50 from 90 to 1050 over this segment. The
associated circumferential distribution of pairs of axial and azimuthal strain
gages is shown in Fig. 9 together with the additional thermocouples. As shown
in Fig. 9, three and six strain gage pairs are mounted at the inside and
outside pipe surfaces, respectively.

Additional informations about the TEMR-test facility and its associated
measurement plan are given in the respective design report /11/.

3. TEST MATRIX

In order to comply with all of the major issues of the test objectives for
both BWR and PWR conditions a test matrix had been designed /11/ consisting
of a total of 25 experiments as shown in Table I which can be grouped into the i

'following categories:

A. Experiments T33.1 through T33.13: BWR conditions
B. Experiments T33.14 through T33.19+25: PWR condition

;

The remaining five experiments (T33.20-24) were devoted towards the
examination of the builtup and decay of hot water pockets. The range of system ,

.

i pressure examined was between 1 to 40 bar with the cold water inlet
temperature always kept at 300C and the initial hot fluid temperature ranging )
between 1000C and 25000 according to the system pressure. This spectrum of
experimental conditions together with the range of cold fluid volumetric flow
between 0.0003 and 0.013 m3/s was anticipated to result in cold fluid heights
between 0.1 and close to 0.4 m. Further details about the test matrix are7

provided in /11/.

i

j 4. EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1 Introduction
I In the following, experimental data for the BWR-Test T33.9, and the PWR-Test
j T33.19 (compare Table 1) will be shown. Both experiments are characterized by
i about the same height of the cold fluid layer in the region of densely applied

,
instrumentation. The initial conditions for the two experiments were as

| follows:
I

!

i i

|
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i

i

I T33.9: P = 40 bar; Th = 2500C; Tc = 300C; V = 0.00078 m3 s/
T33.19: P = 20 bar; Th = 2120C; Te = 300C; V = 0.0013 m3 s./

1 Comparisons with some results of blind pre-test predictions are presented for
3 T33.7 and T33.9.
!

4.2 Fluid and Pire Surface Temperature Histories

4.2.1 BWR-Test T33.9
)

1 Fig.10 shows the transient fluid temperatures at angular positions between
I 900 and 1050. -The time zero has been set to coincide with the time of the-
| arrival of the cold water at the first thermocouple at the bottom of the
i feedwater pipe just downstream from the elbow. First, a precursory cooldown
!' due to conduction starts because of themal shock et positions below 1050

Then, starting at 60 sec a rather instantaneous thermal shock affects the
4 position at 105o when the cold liquid layer reaches this height which is
! accompanyied by large amplitude temperature fluctuations. The slope of the
; cooldown shock decreases starting at 120 sec. For positions higher than 1050

cooldown thermal shocks are delayed and gradients milder. The position of 900
i obviously remains under hot fluid conditions throughout the whole transient.

The cooldown results in a temperature drop of more than 21000 within 4 min at
position 1050C. Besides the transient cooldown there is a remarkable change of
thermal fluctuations noticeable from position to position, with higher
amplitudes at position 950 than at 1000 105o or 900 respectively. This is
indicative of the mixing zone which may exist in the segment between 950 and
1000 Temperature fluctuations of about 3000 prevail and last over the whole |

4

| time span. '

;
i

j Fig.11 shows the responses of the associated inside surface thermocouples at !
j the same angular positions as the fluid thermocouples discussed above. As i
i compared to Fig. 10 temporal gradients are smaller and fluctuations are

;
j substantially damped by boundary layer and conductive effects. A careful

:
| comparison of the traces for the sensors at 900 and 95o reveals that the

,surface temperatures are by about 2000 lower than the respective fluid i
.

! temperatures . This surprising effect is the result of substantial heat
|

conduction ef fects in the azimuthal direction towards the cold bottom of the !
!

pipe.
!!
|Fig.12 depicts the responses of the associated outside surface thermocouples L

at the same angular positions as the inside surface. Again, tmperatures at
| 900 and 950 are quite lower than those at the inside. This leads to the

:
following important conclusions for the conditions shown in these graphs: i

,

t
,;

(a) Extrapolation from thema. fluid response in transparent model facilities I
towards real plants is not necessarily straight forward, because of the I
complicated coupling between convective and conductive transport phenomena tand their interdependencies. !

!

!)
:

!
! !
1

i
f

i

I
l
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!

(b) Indications are that in the vicinity of the mixing layer, no si:ple, i
unique correspondence exists between outside thernocouple readings and F

actual fluid and inside pipe surface responses both with respect to I
transient behavior as well as associated thermal loads; this may pose a l
problem for interpreting on-line surveillance data relying only on outside !
thermocouples. !

From the data as depicted in Fig. 11, the bandwidth of the temperature
fluctuations around final steady-state conditions are plotted over the region ;

of interest in Fig. 13. The following conclusions- can be drawn from this |
figure, i

i
(1) The region of fluctuating temperatures is extremely narrow (N3 mm). ;

:(2) Waves are smeared out and can be barely identified. -

(3) Comparison of the deduced mixing layer height B with pre-test estimates |
based on classical instability theory shows that the theory overpredicts
the measured value by a substantial margin (nearly factor 2); The wave :

!amplitudes are overpredicted by the same factor.
.

(4) The deduced wave frequency is about 1.7 Hz versus the pre-test prediction i
|

of 2.6 Hz. .

:

All pre-test estimates referenced above and partly listed in Fig.13 have been '

; taken from /12/. ;

4.2.2 PWR-Test T33.19 i

The same series of figures as shown for the BWR-experiment are shown for this {
PUR-test in Figs.14 through 17. The following observations hold in comparison !;

'

; with Figs. 10 through 13:
I !
; (a) Temperature fluctuations in the fluid and at the inside surface are much !

larger for this PWR-tests than for T33.9. Initially, fluid temperaturei ;

fluctuations are larger than 900C. i
-

! (b) The energy exchange processes encompass a much broader liquid depth with :
hot imps penetrating below 105o and cold imps reaching easily 900 and i.

j beyond, i.e. the mixing zone is very much expanded versus the confined t

band observed previously for T33.9. |
;

) (c) The same surface temperature behavior (lower than fluid) can be observed <

1 for the PWR-test as noticed before for the BWR-test. !

(d) Although the pipe inside surface temperature fluctuations are !

! substantially larger than for the previously discussed BWR-test T33.9, no j

| thermal fluctuations are noticeable at the pipe outside surface as Fig.16 |

I clearly shows. !

l (e) The region of fluctuating temperatures is much broader for this PWR-test j
! (s13 mm),

~

i

1 (f) Waves can be clearly identified.
j (9) Comparison of the deduced mixing layer height B with pre-test estimates
{ based on classical instability theory shows substantial underprediction by
; the latter, wave amplitudes are overpredicted by a factor of 7.
j (h) The deduced wave frequency is 0.7 Hz versus the pre-test estimate of 0.5
i Hz, whereas the deduced wave length o' O.57 m compares favorably with the
j pre-test estimate of 0.55 m.

i

I
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) i

j All pre-test estimates referenced above and partly listed in Fig.17 have been {taken from /12/. i
'

!
In summary, a first assessment of the thermal fluctuations in the fluid and at. !

a

' the pipe inside surface observed for all BWR and PWR-typical experiments as !
listed in Table I indicates that the inside surface temperature fluctuations !

4

j range between 10 and 40 % of the fluctuations measured in the fluid. '

.

4.3 Heat Transfer Ceefficient at Bottom of Cold Fluid
,

For the evaluation of the heat transfer coef ficit.nt at the bottom of the .

'

, horizontal stratificatian pipe, a special set of consistent fluid / pipe inside a' and outside surface thermocouples has bran applied. This triplet was mounted i4'
? into a glow-plug type as described in /13/, assuring the' exact positioning of *

the thermocouples to fit as close as possible the pipe surfaces. In order to
deduce the heat transfer coefficient, the same procedure as applied to the,>

i TEMB-series for the assessment of the heat transfer at the bottom of the cold *

j leg has been applied to the TEMR-experiments. It is fully described in /14/.. |
),

| Fig. 18 compares the calculated Nusselt-numbers according to the Dittus-
i Boelter correlation versus the Nu-numbers derived from the TEMR-experiments
] and some TEMB-experiments which deem applicable to the stratification pheno-

gi menon under consideration. As can be seen from Fig. 18, the computed Nu- -

,
'

numbers using the Dittus-Boelter correlation underpredicts the majority of the ;i

j data by a substantial margin except for rather low Nu-numbers. The same ob- i
servations hold for comparisons with correlations by Hansen, Prandtl, and VDI.

j However, when the predicted values are multjplied by the ratio Preolq/Prhot,
) the agreement between predicted and experimentdly derived Nu-numbers Improves ;
j markedly as shown in Fig.19 over the whole spectrum considered. Deviations '

fall within an acceptable bandwidth of * 20 %. I,

'

4.4 Cold Water Layer Heights' .

p ,

Fig. 20 sumarizes the measured cold fluid layer heights for the BWR- and PWR- I'

typical experiments as functions of the Froude-number, which has been deter- imined by using the measured velocity and the hydraulic diameter of the cold
fluid region. Test numbers appearing mcre than once represent experiments

j where different mass flows have been used consecutively during two or even
{ more experimental phases. It is appareV . fro'm Fig. 20 that the Froude-number

dependence of the cold layer heights is distinctively different for the BWR-

1 and PWR-TEMR experiments. This reflecte the different hydraulic behdyiors of
} both types of experiments, i.e. the presence of the sparger for the BWR versus
i the non-existence of any additional resistance in case of the PWR-experi-
| ments. Naturally, the gradient of the straight line in Fig. 20 depends on the
| constructive details of the flow openings. On the other 19nd, the straight

s

line representing the PWR typical experiments should also the cold layert

j heights derived from the earlier HDR-TEMB thermal mixing tests with injections
through HP!-nozzles far away from the RPV. This will be validated in the near

* future.
!

i
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4 5 Axial Strains {
'

0

4

) Fig.'21 shows the azimuthal distribution of the measured axial strain obtained *

by the strain gages at the pipe outside surface as depicted in Fig. 9 for'

e

1 733.9. At the same time, Fig. 21 compares the experimental result with a blind |

| pre-test prediction using an analytical prediction method originally developed !

| in /15/ and modified by /16/. The analytical model allows to detemine the L

steady-state, two-dimensional temperature field and all structural quantities ja

j by analytical means for the stratification pipe including a beam model for tha t

!
I rest of the pipe system depicted in Fig. 1. The comparison in Fig. 211shows

satisfactory agreement considering the pre-test character of the calculation '

4.ssuming a step-like fluid temperature jump at the interface between cold and r

hot fluid region which as Fig.12 shows is a rather good approxinati(n. Fig.'

p 21 shows a systematic tendency of the analytical model to overpredict the J
;

j tensile stresses in the cold fluid region as well as the compressive stresses q
''

j_ in the hot region. ( ;'

! Possible reasons for the existing devittions could be the fluid temperature 5h
approximation, the assumption of a constant heat tF3nsfer coefficient and f

*( sinplifications in the beam model not accounting for the additional flexibili- !

js- ty of the elbow (compare Fig.1). Additional results azd comparisons for other 1

j BWR-TEMR experiments are contained in /16/. !

) : >'

Fig. 22 showsithe azimuthal distribution of the measured axial strain obtained !
'

1 by the , train gages at the pipe outside surface as depicted in Fig. 9 for the !
PWR-experiment' T33.19. No computations are aveilable yet for any of the PWR- |:
type of expriments for comparison. !

ANALYT! CAL }ND COMPUTATIONAL RESULTS AND 0!SCUS$10NS
-

\

3.1 Fluid Temperatures
.

Contrary to the previous HDR-TEMB themal mixing experiments /8, 9/, the TEMR |
test series was accompanied by only a few analytical and computational pre. '

dictions for the fluid temperatures. Rather, design and planning relied fore- !
raost upon the simple engineering-type of estimates as discussed in chapter ;

j 4 2.1 and 4.2.2 and shown in Figs. 13 and 17. ;
.

1
i

j Figs. 23 and 24 show the only results of the applications of advanced, finite i

h difference codes for the fluid region available '1hus far. j

Fig. 23 compares the azimuthal distribution of the fluid temperature close to
the wall with a blind pre-test computation with the transient, 3-D computer
code SOLA-PTS using 2704 nodes for the horizontal pipe section. This computa-
tion was performed by Battelle-Frankfurt. Nonuniform noding was used for, the
vertical (smallest node size: 10 mm) and horizontal directions, whereas an
unifom mesh was employed in the axial flow direction. No attempt was under-
taken to simulate the elbaw. Rather the inflow condition at the elbow and was
approximated. As shown in Fig. 23, the SOLA-prediction meets the hot and cold
region temperatures very well but misses the position of the transition zone

,a aAwell as the gradient. Reasons for the deviations are that the actual, mass
f?ow during experiment was 25 % less than that applied for the pre-test pre-
diction. In addition, the chosen mesh is not fine and appropriate yet for the
steep azimuthal gradient observed for T33.9.

1
i

>
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,

'' '.' Fig. 24 shows the same coy aris w but for the post-test prediction with COMMIX
4' 18 for test T33.7. This compilation was performed by AfK/INR. The model for,

. , ' ' this computation discretized the complete elbow with an additional piece of
the straight vertical pipe (colpare . Fig.1) . Measured data were used,as input
where appropriate. The compa.'ish in Fig. 24 - shows that the hot flui'd
temperature fL somewhat underpredicted whereas the cold fluid temperature. is
overpredicte$ Apin as for the SOLA-calculation the temperature gradient is
too Ylat, possiblj because of still too coarse noding and/or overemphasis in>

calculated mixing af.d numerical diffusion.

Additional, future posiftest computations with SOLA-PTS and COMMIX-1B may show
"

improved agreements and pinpoint present defiencies.
'

5.2 Pipe Temperatured'
>

! />

Besides of the ;gpff c ition. of conventional finite-di f ference and finite,

element codes fer sol oag the heat conduction problem in the pipe wall by both
KWU-0f fe: Mh and KWU-Erlangen, the Battelle-Institut at Frankfurt used a
iwltigrid,/ apaptive FEM-code to demonstrate its usefulness and citpabilities
for cases wich strong discoitinuities such as the temperature distribution for
T33.9 within an extremely narrow transition zone. The code AUT0 FEM 20 can
s ol ve , the steady-state,, two dimensional heat conduction problem with
temperature-depenJu.S gmaterfah properties and locally variable- boundary
conditions for ubitriarj :domohis including extreme singularities. The code,

nuns en an APOLLO workstation ),n a completely interactive mode including pre-
and p)it-processors. A descript.ien of AUT0 FEN 2D is given in /17/.

As indicated in Fig. 25 an extrene discontinuity between hot (2500C) and cold
(,3009) fluid regians is assamed. Al so shown in Fig. 25 is the . Intitial
triagulation in finite elem.c zones. The input is minimal for chis initial
step. The rest is done aut <natically by the code, in a second and/or
consecutive step: the AUT0 FEM P.D refines locally the raesh as shown in Fig. 26
(total of 390 nodes) i.n accordance with the needs to simulate the steep
gradients with a give / a;euracy. The ruf,inarent is only performed by the code

'where needed in order to minimize cucputacion time and storage. Fig. 27
depicts the calculated isothmms in the vicinity 0+ 'the transition zone. This
one of many possible graphical representations using the graphics capabilities
of the workstation.- J

i

Finally, for the TEMR experiment T33.9, Fig. 28 compares the azimuthal
temperattre distributions at the pipe inside surface as measured and predicted
by AUT0 FEM 20 and the analytical ,ethod already introduced in chapt. 4.5.
Both calculational methods courpare very well with the data especially
considering their blind pre-tes', characters. Further improvements for the
AUT0 FEM 2D rer,ults seem fenible for post-test computations. Its calculational
results have been validaccd both on behalf of tFe TEMR-data as well as by the
predictions of the onalyti'cel method /16/.
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~

i Pressure' I fexperature I tensity 1 Voluse Flow - I4eightof' |Orlfice Iw/o Orifice 1i|l b periment
<

| 1 Hot I Cold I I I Cold fluid | I I

I l~ l .I i i l i I .I
I I Ii | T I :1. I t [. I1 12 | 1g g
I l- | 1 1 l l I .I I I :1-

3'l- Nr. I bar I c I e ik9 I kg |- m .I m i I i 1
3 ' 3

1 I I I I m lm i s- 1 I I I I-

l__ l I I I i 1 1 I I l- 1

I I | l 1 -l | I I I I 1

.l T33' 1 | 2.0 1 10s.5 i 18.5 I 953.3 | 998.s 1 0.00097~ |- 'l x | l- I..
'

I T33.2 | .7.3 I 158.3 1 23.0 I'907.s~l.995.2 1 0.00117 'l I x' | | |

|.T33.3 |- 24.2 | 210.3 | 29.0 l 852.9 | 997.1 1 0.001.5 | | x l- | I

I T33.4 1 44.0 | 252.0 | 25.7 | 796.7 | 998.8 I 0.0015, -l i ! 'l Ix

l._ | | | t I I I I t I I

I I I I I I I I I -l I I

I T33.5 | 1.9 1 105.2 1 22.0 | 954.3 I 997.9 1 0.0029 | | | | |x

1 T33.s I 7.2 | 160.s i 30.0 1 90s.7 I 99s.0 1 0.0012 1 1x i I I

l T33.7 1 2s.0 1 211.5 1 38.7 I 851.4 1 993.8 1 0.0050 1 -1 x l- 1 I

I T33.8 | 21.i i 211.0 1134.0 | 851.8 I 920.1 j. 0.004s | Ix l l I

| T33.9 | 44.4 | 249.7 | 41.0 | 799.7 | 993.7 1 0.005s | 1x | | |

l_ i i i I 't i 1 1 I I I

I I I I I I I I I I I I
I T33.10 1 24.0 1 211.4 1 32.0 I 851.4 1 99s.1 1 0.0037 I Ix 1 I I~
l | I I I I -| 0.00s0 I I I I I

I I I I I I i 0.0037 1 1 I I I

l_ . I I I I I I I i 1 I i

l i I l- 1 I I I I i l l
| T33.It i 1.9 1 104.9 1 33.2 I 947.2 1 994.7 1 0.0089 | | x | l l
| T33.12 1 5.s i 158.9 I 53.8 I 908.3 | 986.5 | 0.0132 l Ix | | | '

I T33.13 | 1.9 | 104.7 | 40.0 1 954.s j 992.4 | 0.0130 l lx | | |
1 I I I I I I I I 1 |- 1

I i l i I I I I I I I I'
I T33.14 I s.5 | 157.0 1 27.0 1 9 0.1 | 996.9 l 0.0010 | | | .1 x !,

I T33.is I s.4 1 157.8 I 31.1 I 909.4 | 995.i 1 0.0068 l. I I I x'

I T33.is I s.5 | 15s.3 1 45.0 1 910.s I 990.4 I 0 . 0 t 0';; I | | 1 x ] ,

i T33.17 | 22.1 1 212.0 | 25.9 | 850.s } 997.5 1 0.000s | | | | |x
I T33.18 1 22.9 1 214.0 1 35.s 1 848.3 | 905.0 1 0.00s8 | | | | x |
| r33.ts 1 22.4 1 214.0 l 54.5 1 848.3 | 987.0 1 0.0129 | | | | x I
| 733.25 1 44.0 | 252.2 1 35.1 1 796.4 | 995.8 | 0.0009 | | | l x I

'

I I I I I I I 0.0075 I i 1 I l-
1 I I I I I I 0.0131 l- | 1 I l-
1._ _. . I ! I I I I I I I I I

I i I I I I I ! I I I l-
'

| T33.20 l 7.4 | 1s1.4 1 34.5 I 90s.0 1 994.5 | 0.0068 | | |x | |
-

| T33.21 1 8.0 1 153.3 1 56.0 1 913.7 I 985.4 1 0.0130 I I i | |x
| T33.22 1 22.s 1 212.5 1 23.7 I 850.1 | 998.3 1 0.0016 | | |x 1 |
| r33.23 | 22.3 | 210.9 I 40.s | 851.9 | 993.0 1 0.00s8 | | |x | |
| 733.24 | 23.1 1 215 0 | s5.0 1 847.1 I 975.9 1 0.0132 l l 1x | |
| | | 1 I I I I I l- 1 I

Table I: Complete Test Matrix of the HDR-TEMR
Stratification Experiments
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