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Foreword

General design criteria for nuclear power plants in every OECD country require that the reactor core and
associated coolant, control, and protection systems be designed so that power oscillations which can result
in conditions exceeding acceptable fuel design limits are not possible, or they can be reliably and readily
detected and suppressed. In practice, this means that reactor cores should be stable with regard to perturba-
tions from their normal operating state, so that expected variations to the operating parameters do not in-
duce undamped power oscillations. These power oscillations can take a variety of forms, from very local
power peaks which can cause no damage, or only slight damage to only a few fuel rods, lo large core-wide os-
cillations where entire segments of the core can become neutronically uncoupled, with wide power power
swings.

Ever since the first boiling water reactors began operating, over 30 years ago, it has been lecognized that
their operation under certain conditions of power and flow could cause power and flow oscillations. Consid-
erable research was performed at that time to belter understand the principal operating parameters which
contribute to the initiation of these oscillations, and guidelines were developed to avoid plant operation
under the conditions which were the most unstable. Experiments in the the first Special Power Excursion
Reactor Test (SPERT-1) program produced spontaneous power oscillations, and investigations in an out-of-
pile loop were necessary to demonstrate that the immediate cause of the oscillations was a power-to-reac-
tivity feedback.

Further investigations indicated that the instabilities were limited to certain areas on the operating map.
These regions could not be absolutely defined, but there was sufficient understanding of them that they
could be generally avoided, with only minor examples of instability events.

More recently, though, several reactor events, and especially one that occurred at the La Salle Nuclear
Power Station in March 1988, have instigated a reexamination of BWR instability characteristics and conse-
quences. Discussions began among reactor vendors, BWR owners, and regulatory agencies to explore the
phenomena associated with asymmetric oscillations during normal operation, and large oscillations during
anticipated transient without scram events. These conditions were determined to be the significant areas re-
quiring further investigation as a result of the La Salle event, and analysts have continued to explore ways of
improving the tools and knowledge for understanding these situations.

The International Workshop on BWR Stability was organized in response to these efforts, in the hope that it
could bring together analysts and researchers from reactor vendors, utilities, and governmental organiza-
tions for the purpose of promoting an enhanced international focus on common problems and their resolu-
tion.
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OECD

In 19 ,3, the United States offered Marshall Plan aid to Europe, provided the war-torn European countries
worked together for their own recovery. This they did in the Organisation for European Economic Co-
operation (OEEC). In 1960, Europe's fortunes had been restored; her standard of living was higher than
ever before. On both sides of the Atlantic the interdependence of the industrialised countries of the
Western World was now widely recognised. Canada and tbe United States joined the European countries of
ihe OEEC to create a new organisation, the Organisation for Economic Co-operation and Development.
The Convention establishing the OECD was signed in Paris on 14th December 1960.

Pursuant to article 1 of the Convention, which came into force on 30th September 1961, the OECD shall
promote policies designed:

— to achieve the highest sustainable economic growth and employment and a rising stand-
ard of living in Member countries, while maintaining financial stability, and this to con-
tribute to the development of the world economy;

— to contribute to sound economic expansion in Member as well as non-member countries
in the process of economic development; and

— to contribute to the expansion of world trade on a multilateral, non-discriminatory basis
in accordance with international obligations.

The original Signatories of the Convention were Austria, Belgium, Canada, Denmark, France, the Federal
Republic of Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal,
Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The following countries ac-
ceded subsequently to the Convention (the dates are those on which the instruments of accession were
deposited): Japan (28th April 1964), Finland (28th January 1969), Australia (7th June 1971), and New
Zealand (29th May 1973).

The Socialist Federal Republic of Yugoslavia takes part in certain work of the OECD (agreement of 28th
October 1961).
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NEA

The OECD Nuclear Energy Agency (NEA) was established on 20th April 1972, replacing the OECD's
European Nuclear Energy Agency (ENEA, established on 20th December 1957) on the adhesion of Japan
as a full member.

The NEA now groups all the European Member countries of OECD and Australia, Canada, Japan and the
United States. The Commission of the European Communities takes part in the work of the Agency.
The primary objectives of NEA are to promote co-operation between its Member governments on the safety
and regulatory aspects of nuclear development, and on assessing the future role of nuclear energy as a con-
tributor to economic progress.

This is achieved by:

— encouraging harmonisation ol governments' regulatory policies and practices in the
nuclear field, with particular reference to the safety of nuclear installations, protection of
man against ionising radiation and preservation of the environment, radioactive waste
management, and nuclear third party liability and insurance;

— keeping under review the technical and economic characteristics of nuclear power
growth and of the nuclear fuel cycle, and assessing demand and supply for the different
phases of nuclear power to overall energy demand;

— developing exchanges of scientific and technical information on nuclear energy, par-
ticularly through participation in common services;

— setting up international research and development programmes and undertakings jointly
organised and operated by OECD countries.

In these and related tasks, NEA works in close collaboration with the International Atomic Energy Agency
in Vienna, with which it has concluded a Co-operation Agreement, as well as with other international or-
ganisations in the nuclear field.



CSNI

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up
of scientists and engineers. It was set up in 1973 to develop and coordinate the activities of the OECD
Nuclear Energy Agency concerning the technical aspects of the design, construction and operation of
nuclear installations insofar as they affect the safety of such installations. The Committee's purpose is to
foster international co-operation in nuclear safety amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of technical information and for collaboration between organisa-
tions which can contribute, from their respective backgrounds in research, development, engineering or
regulation, to these activities and to the definition of its programme of work. It also reviews the state of
knowledge on selected topics of nuclear safety technology and safety assessment, including operating ex
perience. It initiates and conducts programmes identified by these reviews and assessments in order toover-
come discrepancies, develop improvements, and reach international consensus on technical issues of
common interest. It promotes the coordination of work in different Member countries, including the estab-
lishment of co-operative research prc iects and international standard problems, and assists in the feedback
of the results to participating organisations. Full use is also made of traditional methods 01 co-operat;~n,
such as information exchanges, establishment of working groups, and organisation of conferences and
specialist meetings.

The greater part of CSN1':. current programme of work is concerned with the safety technology of water
reactors. The principal areas covered are operating experience and human factors, reactor coolant system
behaviour, various aspects of reactor component integrity, the phenomenology of radioactive releases in
reactor accidents and their confinement, containment performance, risk assessment, and severe accidents.
The Committee also studies the safety of the fuel cycle, conducts periodic surveys of reactor safety research
programmes, and operates an international mechanism for exchanging reports on nuclear power plant inci-
dents. In implementing its programme, CSNI establishes co-operative mechanisms with NEA's Committee
on Nuclear Regulatory Activities (CNRA), responsible for the activities of the Agency concerning the regula-
tion, licensing and inspection of nuclear installations with regard to safety. It also co-operates with NEA's
Committee on Radiation Protection and Public Health and NEA's Radioactive Waste Management Commit-
tee on matters of common interest.
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1.1

RESOLUTION OF US REGULATORY ISSUES
INVOLVING BOILING WATER REACTOR STABILITY

Laurence E. Phillips
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555 (USA)

ABSTRACT

The U.S. Nuclear Regulatory Commission (NRC) and the Boiling Water Reactor
Owners Group (BWROG) have been reexamining BWR instability characteristics and
consequences since the March 1988 instability event at LaSalle Unit 2. The NRC
and BWROG concluded that existing reactor protection systems do not prevent
violation of the critical power ratio (CP°) safety limits caused by large
asymmetric oscillations. The studies are also examining the need to modify the
automatic and operator actions previously developed for response to an antici-
pated transient without scram (ATWS) event because of oscillation effects not
fully considered in previous studies. This paper presents the current status
of these studies and an assessment of actions needed to resolve the issue.



RESOLUTION OF US REGULATORY ISSUES INVOLVING BWR STABILITY

Background

The U.S. Nuclear Regulatory Commission (NRC) reviews of the March 1988 insta-
-bility event at the LaSalle County Nuclear St-a-Men-,- Un-it-2-; identified severel
generic concerns regarding the stability of other boiling water reactors
(BWRs). These new concerns were highlighted in Bulletin 88-07, issued on June
15, 1988. This bulletin directed all BWR licensees to verify the adequacy of
operating procedures, procedure-related instrumentation, and operator training
programs to address uncontrolled power oscillations. The bulletin also
informed licensees that the NRC and the BWR Owners Group (BWROG) were pursuing
safety questions relating to the possible magnitude of power oscillations.

The NRC staff began a reexamination of BWR instability characteristics and
consequences soon after the LaSalle event. Discussions with the BWROG and
General Electric Company (GE) resulted in the BWROG initiating calcilations
to explore the characteristics and consequences of (1) asymmetric oscillations
during normal operation and of (2) large symmetric or asynsnetric oscillations
that occur in conjunction with anticipated transient without scram (ATWS)
events. These conditions were determined to be the significant areas requiring
further analysis as a result of the LaSalle event. Through analysis, the BWROG
found that the "high neutron flux" reactor trip resulting from average power
range monitor (APRM) signals does not provide protection against the local high
neutron flux that can occur during out-of-phase modes of instability. Further,
the calculations showed that the critical power ratio (CPR) safety limits could
be exceeded in violation of the General Design Criteria 10 and 12. Because of
these results, the BWROG and GE issued a GE letter to BWR utilities in November
1988 in which they proposed interim operating recommendations to reduce the
risk associated with instability. The staff issued to all licensees Supplement
1 to Bulletin 88-07, which approved the proposed BWROG-GE interim operating
recommendations with some additions. Through regional inspections, the staff
verified the implementation of the recommended actions.

Supplement 1 also indicated that the staff would continue to work with BWROG to
develop a generic approach to long-term corrective actions.

Long Term Solution to the BWR Stability Issue

Based OP analytical studies performed by the BWROG, the BWROG has proposed
several long-term solution options from which the licensees may choose for
implementation in their reactors:

(I) Regional Exclusion. Operation within ? predefined area of the power
and flow map where instabilities are considered likely would be
prevented or controlled with reliance on selected protective instrument
options:

(a) Modify the flow biased scram and rod block functions to bound the
restricted power/flow operating region. Transient entry into the
restricted region would result in a reactor scram or select rod
insert (SRI).



(b) An option to bypass the reactor trip function to permit controlled
operation within the restricted,E^gion would be available. A
specified limit on indicated stability decay ratio using an
approved stability montior would be required when the trip
function is bypassed.

(c) Provide new APRM-based scram protection to trip the reactor if
oscillations exceeding the set point occur after unintentional
entry into the restricted region. The new trip would be based on
the difference between the unfiltered neutron flux signal and the
filtered simulated thermal power flux signal. The trip setpoint
must be low enough to prevent violation of the safety limit minimum
critical power ratio (SLMCPR) if asymmetric oscillations occur,
but should avoid initiating a spurious trip from single neutron
flux spikes.

(d) Maintain the existing unfiltered flow-biased flux scram for
protection of small core and tight inlet orifice plants against
oscillations that could result in violation of the SLMCPR. The
BWROG is analyzing this option to attempt to provide a justifi-
cation. This justification depends on the capability to demon-
strate that only core-wide oscillations are expected for small
cores.

(II) Quadrant APRM-Based Protection. This protection applies only to reactors
of the BWR-2 design, where the existing quadrant-average APRM scram may
provide sufficient protection against both in-phase and out-of-phase
instability modes.

(III) LPPM-Based Protection. The oscillation power range monitor (OPRM) would
send a new signal to the scram system. The core will be divided into
snail monitored cells providing OPRM signals extracted from the
individual local power range monitors (LPRMs). The OPRM would be a
smart system capable of detecting oscillation characteristics and, thus,
providing automatic protectior, against all expected types of instability
modes.

Option I requires a substantial amount of analysis to ensure that the high-power
and low-flow operating conditions excluded from normal operation have been con-
servatively defined. The NRC staff reviewed the analytical methods used by the
BWROG and finds this approach acceptable in principle. Thus, the staff notified
the BWPOG to perform final calculations of exclusion regions for all pertinent -
BwR designs.

Option II is a very simple and practical solution for reactors of the BWR-2
design. Although the quadrant APRM-based protection responds less sensitively
to oscillation amplitude for cut-of-phase modes than for in-phase modes, the
staff finds this protection to be acceptable, pending confirmatory calculations.



Option III is a conceptually simple solution that should provide the reactor
with ample safety margins in the event of instability. However, the proposed
design involves advanced technology consisting of new software and methods
employed in a microprocessor-based Class IE hardware system. Staff review
v/ill be required to address concerns with the design implementation.

If the BWROG completes the final analyses according to its scheduled completion
date, the staff expects to complete its review of the long-term solutions to
close the stability operational requirements by the middle of 1991. The staff
expects licensees to implement the new protection systems on the plants over
the following two to three years.

Evaluation of the Effect of Large Core Thermal-Hydraulic Oscillations on
Recovery from BWR ATWS Scenarios

The LaSalle power oscillations began as a result of an automatic trip of the
recirculation pumps in response to a false ATWS (low water level) signal.
Because large power oscillations may occur at the low-flow and high-subcooling
conditions that result from this normal design response to an ATMS event,
questions have been raised regarding the validity of previous ATWS
evaluations. The basic issue is the effect of large power oscillations on the
behavior of an ATWS transient event, and whether the oscillations were
correctly modeled in previous studies supporting the development of automatic
and operator actions in response to an ATWS event.

The BWROG, the NRC, and contractors for the Office of Nuclear Regulatory
Research have been studying the characteristics, sensitivities, and safety
significance of power oscillations during ATWS events. These continuing
studies include the examination of the effect of oscillations and various
response actions on the course of several ATWS scenarios.

Although current analysis results are preliminary and may contain large
uncertainties, the NRC has used them to develop several insights regarding
(1) plant transients and operating conditions most vulnerable to large
amplitude oscillations, (2) the possible consequences of these oscillations,
and (3) operator actions available tc avoid oscillations or to mitigate the
consequences in conjunction with an ATWS event. These insights have enabled
the staff and the BWROG to focus on an analytical approach to define operator
actions that will minimize the vulnerability to very large power oscillations
and to incorporate these actions into the emergency procedure guidelines (EPG)
if appropriate. The NRC will perform analyses to- confirm the modified EPG.
Specifically, some important preliminary conclusions follow:

- Large amplitude core power oscillations contribute to an average thermal
power increase of 1.5 to 2.0 percent per 100 percent of peak neutron
power.

- A two-pump trip action resulting in large amplitude core power
oscillations can result in a return to the full-flow power level caused
by the effects of a system cold water transient in conjunction with the
power contribution from the shape of the power oscillations: flat but
positive at the bottom, and sharp at the top cf the waves.



- Plant transients that maximize the core inlet subcooling during natural
circulation core flow are most vulnerable to large amplitude oscilla-
tions (because of the bottom-peaked shape of the power curve) and cold
water reactivity insertion leading to a return to power after a flow
coastdown.

- Actions to reduce core inlet subcooling such as reduction in feedwater
flow (to lower reactor vessel water level) or main steam isolation valve
(MSIV) closure tend to damp oscillations.

- Actions to reduce power such as control rod insertion or initiation of
the standby liquid control system (SLCS) stabilize the reactor as power
is reduced.

- Calculations indicate that large oscillations ( 500%) associated with
some postulated ATWS scenarios will result in dryout with failure to
rewet during oscillations, leading to overheating of fuel.

Current EPGs provide for SLCS activation and actions to reduce reactor water
level when the suppression pool temperature reaches 110°F. Improved actions
under consideration include immediate activation of SLCS upon recognition of a
major scram failure, and reduction of feedwater or safety injection flow to
lower the reactor water level when oscillations are observed. The primary
objective is to prevent oscillations if possible, but to maintain the
suppression pool temperature within the condensation temperature limit (e.g.
175°F for LaSalle) to ensure containment integrity if oscillations occur.

BWROG and NRC analyses and NRC review actions expected to complete the
assessment of the ATWS with power oscillations issue follow:

° Review the code verification and assessment of uncertainties for the
vendor and NRC codes used in these studies

c Analyze selected ATWS events initiated at normal reactor operating
conditions to assess the effect of oscillations on fuel integrity and
suppression pool temperature

- Two-pump trip (as initiating event)

- Turbine trip with bypass (close MSIV after reaching high fuel
temperature)

- MSIV closure

° Modify the EPGs as indicated to reduc? the risk from large amplitude
oscillations without degrading EPG actions for more probable accident
scenarios.
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NRC RESPONSE

TO LASALLE INSTABILITY EVENT

- NRC BULLETIN 88-07 -

* ALL LICENSEES EMPLOY OPERATING PROCEDURES

TO AVOID UNSTABLE OPERATING REGIONS OR TO

DETECT AND SUPPRESS INSTABILITIES

* DECAY RATIO CALCULATIONS NO LONGER

ACCEPTABLE TO DEMONSTRATE STABILITY

* INCREASE OPERATOR AWARENESS AND

REVIEW ADEQUACY OF OPERATOR TRAINING

* REVIEW ADEQUACY OF INSTRUMENTATION
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REACTOR EXPERIENCE

WITH

LIMIT CYCLE OSCILLATIONS

OUT-OF-PHASE

SIX EUROPEAN REACTORS (1978 - 1990)

IN-PHASE

VERMONT YANKEE (1981 TESTS)

LASALLE 2 MARCH 9, 1988

VERMONT YANKEE OCTOBER 29, 1988

ELEVEN EUROPEAN REACTORS (1980 - 1989)

* INCLUDES REACTOR TESTS
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ACTIONS BASED ON BWRQG ANALYSIS PROGRAM

PHASE I STUDY IDENTIFIED THE NEED FOR

REMEDIAL ACTIONS TO ASSURE COMPLIANCE

TO GDC 12 DURING REGIONAL INSTABILITIES

- BULLETIN 88 -07 SUPPLEMENT 1 PROVIDES FOR

INTERIM OPERATING RESTRICTIONS TO REDUCE

PROBABILITY OF THERMAL LIMITS VIOLATION

- ONGOING BWROG PROGRAM IS SEEKING

MORE POSITIVE LONG RANGE SOLUTION
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REGULATORY ISSUES

(1 ) WITH SCRAM SYSTEM OPERABLE

• ASSURE THAT AUTOMATIC PROTECTION

FEATURES AND OPERATING PROCEDURES

WILL PREVENT VIOLATION OF SAFETY

LIMITS DUE TO POWER OSCILLATIONS

(2) ATWS

* CONFIRM THAT EXISTING REQUIREMENTS

AND PROCEDURE GUIDLINES FOR

RESPONSE TO ATWS REMAIN ADEQUATE

FOR ALL POTENTIAL CIRCUMSTANCES

OF POWER OSCILLATIONS ASSOCIATED

WITH ATWS SCENARIOS
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REVIEW OF BWROG PROPOSED

LONG TERM SOLUTIONS

WITH SCRAM SYSTEM OPERABLE

CONCERNS

- IN-PHASE OSCILLATIONS MIGHT RESULT

IN VIOLATION OF MCPR SAFETY LIMITS AT

NEUTRON POWER LEVELS BELOW THE

120 % FLUX SCRAM LIMIT

- OUT-OF-PHASE OSCILLATIONS CAN

BE VERY URGE ( > 500%) WITH

AVERAGE NEUTRON POWER BELOW THE

120 % FLUX SCRAM LIMIT AND CAN

RESULT IN VIOLATION OF MCPR

SAFETY LIMITS



REGIONAL EXCLUSION OPTIONS

* FLOW BIASED SCRAM

(OR SRI)

AND ROD BLOCK

* CONTROLLED BYPASS

WITH STABILITY MONITOR

* MODIFIED APRM TRIP SIGNAL

WITHIN EXCLUSION BOUNDARY

(OSCILLATIONS MEASURED BY

FILTERED VS. UNFILTERED

NEUTRON FLUX SIGNALS)

* EXISTING UNFILTERED FLOW

BIASED NEUTRON FLUX SCRAM

FOR SMALL CORE PLANTS ONLY



REGIONAL EXCLUSION

o

-Modi-Tied. Scram or

\Ooofc Con+rol Hod Llr

' /,,..- —Analytically determined "Decay Rat:o L;»».i L.'ne

ifiecL Plow) FfateJ. "R.ocl Block

Nlatural Ct

% CORE FLOW
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REGIONAL EXCLUSION CONCERNS

* DEPENDENCE ON DECAY RATIO

PREDICTIVE CALCULATIONS

* CONDITIONS FOR OPERATING

WITHIN EXCLUSION REGION

* APPLICABILITY OF GENERIC

SOLUTION TO PLANT SPECIFIC

DESIGN

* DEPENDENCE ON CYCLE

SPECIFIC DESIGN

* METHOD FOR PREDICTING

INSTABILITY MODE
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DECAY RATIO ANALYSIS IMPROVEMENTS

FABLE INPUT PROCEDURES MODIFIED

- BETTER REPRESENTATION OF

RADIAL POWER SHAPES

- PHENOMENOLOGICAL MODEL TO ACCOUNT

FOR OUT-OF-PHASE INSTABILITIES

- MORE CONSERVATIVE AXIAL POWER SHAPES

- INCREASED FUEL GAP CONDUCTANCE

- BETTER REPRESENTATION OF

RECIRCULATION SYSTEM



18

LAPUR (ORNL)

• BWR SYSTEMS FREQUENCY DOMAIN CODE

- POINT NEUTRON KINETICS

- ONE DIMENSIONAL RADIAL

CONDUCTION THERMAL HYDRAULICS

• USED WITH A REDUCED ORDER BWR DYNAMIC MODEL

(TIME DOMAIN NON-LINEAR CODE)

• APPLICATION

- PREDICT THE ONSET OF INSTABILITY

- STABILITY SENSITIVITY TO CHANGES IN

DESIGN OR OPERATING CONDITIONS

- POWER/FLOW STABILITY MAP
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ORNL-DWG 88-11231

9 0

80

7 0

cr
LU

o 60
CL

50

40

30

I
CORE-WIDE

OUT-OF-PHASE
( /o=$-1.4)

CORE-WIDE
A STABLE
B UNSTABLE
C UNSTABLE
D STABLE

OUT-OF-PHASE
STABLE
STABLE

UNSTABLE
UNSTABLE

20 25 30 35

FL0W(7o)

4 0 45 50

Stability boundaries for core-wide and out-of-phase node.
Note that, in Region D, the out-of-phase mode dominates.
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QUADRANT APRM-BASED

PROTECTION CONCERNS

SENSITIVITY TO OUT-OF-PHASE

OSCILLATION MODES

(DETECTABILITY LIMIT)

* DEMONSTRATE MCPR MARGIN

AT SCRAM FOR EXPECTED

OSCILLATION MODES
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LPRM-BASED

PROTECTION CONCERNS

NEW SOFTWARE AND METHODS

* MICROPROCESSOR BASED INTEGRATED

SYSTEM IMPLEMENTATION TO

CONFORM WITH CLASS 1E PROTECTION

SYSTEM DESIGN REQUIREMENTS

• BASIS FOR SELECTION OF

SCRAM SETPOINTS
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LONG TERM SOLUTION

REVIEW STATUS

REVIEW OF BWROG JAN 1990

SUBMITTAL IS COMPLETE

LETTER TO BWROG (MAY 1990)

PROVIDES FEEDBACK ON

PRELIMINARY STAFF REVIEW

GENERIC RESOLUTION OF

LONG TERM SOLUTIONS SUBMITTAL

EXPECTED BY END OF 1990
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REVIEW OF STABILITY CONCERNS

WITH SCRAM SYSTEM INOPERABLE

* ENGINEERING PLANT ANALYZER

STUDY OF LASALLE EVENT

WHAT IF LASALLE HAD FAILED

TO SCRAM?

LIMITING AMPLITUDE FOR POWER OSCILLATIONS

EFFECT OF LARGE AMPLITUDE

OSCILLATIONS ON THERMAL POWER

EFFECT ON HEAT LOAD TO THE

SUPPRESSION POOL

EFFECT ON FUEL INTEGRITY
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ENGINEERING PUNT ANALYZER (BNL)

• BWR SYSTEMS TIME DOMAIN CODE WITH

- POINT NEUTRON KINETICS
ONE GROUP OF PROMPT NEUTRONS
SIX DELAYED NEUTRON GROUPS

- THERMAL HYDRAULICS
DRIFT FLUX AND NONEQUIUBRIUM FLOW
THREE PARALLEL CHANNELS IN CORE

• SIMULATION SCOPE

- NSSSANDBOP
- CONTROLS

PRESSURE REGULATOR
FEEDWATER CONTROL
RECIRC. FlOW CONTROL

- SAFETY SYSTEMS
- CONTAINMENT
- ON-UNE INTERACTIVE FAILURES

• APPLICATION
IDENTIFY WORST CASE ATWS SCENARIOS
WITH POWER OSCILLATIONS
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EPÀ STUDIES OF LASALLE WITH ATWS

* LASALLE EVENT BENCHMARK -

INSTABILITY CAUSED BY

- FLOW REDUCTION DUE TO RCP TRIP

- REACTIVITY INSERTION DUE TO

REDUCED FEEDWATER TEMPERATURE

- EXTREME RADIAL AND AXIAL POWER

PEAKING WITH DESTABILIZING

BOTTOM PEAKING

* LASALLE SCRAM FAILURE AT 118%

NEUTRON FLUX POWER

- OSCILLATIONS GROW TO GREATER THAN

1OOO % NEUTRON POWER WITH PERIOD

DOUBLING BIFURCATIONS

- MEAN THERMAL POWER RISES

FROM 52 % TO 86 % DUE TO

OSCILLATIONS AND INCREASED

FEEDWATER FLOW

- MCPR PERIODICALLY LESS THAN 1.0
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EPA STUDIES OF LASALLE WITH ATWS

(CONTINUED)

* MSIV CLOSURE AFTER OSCILLATIONS

ARE ESTABLISHED (NO OPERATOR ACTION)

- OSCILLATIONS ARE DAMPED

BY REDUCED FEEDWATER FLOW

- SUPPRESSION POOL TEMP TO

175 F IN 13 MINUTES

* TURBINE TRIP WITH BYPASS (25 %)

AFTER OSCILLATIONS ARE ESTABLISHED

(NO OPERATOR ACTION)

- THERMAL POWER ABOVE 100 %

- SUPPRESSION POOL TEMP TO 175 F

LIMIT IN 6 MINUTES AFTER TT

* TURBINE TRIP WITH BYPASS

WITH OPERATOR ACTIONS

(BORON INJECTION AND FEEDWATER

PUMP TRIP AT SPT OF 110 F)

- THERMAL POWER PEAK AT 85 %

- SUPPRESSION POOL TEMP TO 158 F

PEAK IN 8.7 MINUTES AFTER TT
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PRELIMINARY CONCLUSIONS

* LARGE AMPLITUDE CORE OSCILLATIONS
INCREASE THERMAL POWER IN PROPORTION
TO THE OSCILLATION MAGNITUDE

* OSCILLATION AMPLITUDE IS BOUNDED
ONLY BY CORE DESIGN AND
OPERATING LIMITATIONS

* ACTIONS TO REDUCE CORE INLET

SUBCOOLING SUCH AS INCREASE

IN FEEDWATER TEMPERATURE OR REDUCTION

IN FEEDVATER FLOW TEND TO DAMP

POWER OSCILLATIONS

* ACTIONS TO REDUCE POWER OR INCREASE

CORE FLOW TEND TO STABILIZE

THE REACTOR

* LARGE OSCILLATIONS ASSOCIATED

WITH SOME ATWS SCENARIOS ARE

LIKELY TO RESULT IN OVERHEATING

OF FUEL AND LOSS OF FUEL INTEGRITY
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REVIEW OF STABILITY CONCERNS

WITH SCRAM SYSTEM INOPERABLE

* BWRs MAY BE VULNERABLE TO LARGE

POWER OSCILLATIONS AFTER RECIRC PUMPS TRiP

* PROBABILITY OF LARGE OSCILLATIONS

INCREASES FOR SCENARIOS INVOLVING

INCREASED CORE INLET SUBCOOUNG

* THERMAL POWER CONTRIBUTION OF

LARGE OSCILLATIONS AND HIGH SUBCOOLING

NOT ACCOUNTED FOR IN PREVIOUS ANALYSES

* ARE EXISTING EPGs APPROPRIATE TO

- AVOID OR DAMP OSCILLATIONS

- MAINTAIN ACCEPTABLE HEAT LOAD

TO THE SUPPRESSION POOL

- MAINTAIN OPERABILITY OF

VITAL EQUIPMENT

* SHOULD OPERATOR ACTIONS OR AUTOMATIC

RESPONSE TO ATWS SCENARIOS BE REVISED
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REMAINING ATWS REVIEW ACTIONS

CODE VERIFICATION AND ASSESSMENT

OF UNCERTAINTIES

ANALYSES OF SELECTED ATWS EVENTS

INITIATED AT NORMAL OPERATING

CONDITIONS WITH IMPROVED EPGs

- TWO PUMP TRIP (INITIATING EVENT)

- TURBINE TRIP WITH BYPASS

- MSIV CLOSURE

ASSESS IMPACT ON SUPPRESSION POOL

TEMPERATURE AND FUEL INTEGRITY

* MODIFY THE EPGs AS INDICATED
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ABSTRACT

This paper describes current BWR Owners' Group (BWROG) efforts to develop
and obtain regulatory approval of long term solutions to the stability
issue. The LaSalle Unit 2 oscillation event of March 1988 and relevant
licensing and background information are briefly described. Six long term
solutions for operating BWRs and their licensing and analytical bases are
summarized and selected analytical features are discussed. Also briefly
discussed are BWROG activities related to resolution of ATWS/stability
issues. Current BWROG plans for completing the analyses associated with
both the long term solutions and the ATWS/stability issue are summarized.



1. INTRODUCTION AND PURPOSE

On March 9, 1988 a dual recirculation pump trip occurred at LaSalle
County Station Unit 2 which ultimately resulted in thermal hydraulic
oscillations. Approximately 7 minutes into the event the oscillations were
automatically terminated by a high flux scram. The fuel safety limit was
not exceeded, and no damage to fie fuel or plant occurred nor would it have
been expected. Nevertheless, concerns related to the understanding of
instability phenomena, the adequacy of existing nuclear instrumentation to
detect and suppress oscillations, the reliability of predictive
calculations, and the impact on postulated Anticipated Transients Without
Scram (ATWS) were raised following the event. Commonwealth Edison quickly
recognized that these concerns were generic, and brought them to the
attention of the Boiling Water Reactor Owners' Group (BWROG).

This paper describes the BWROG efforts to identify, develop, and
license a long term solution to the stability issue. Current BWROG
activities related to resolution of ATWS/stabi1ity issues are also briefly
summarized.

2. LONG TERM SOLUTION BACKGROUND AND HISTORV

Thermal hydraulic neutron flux oscillations have long been known to
be possible in a BWR, and have been experienced in foreign and domestic
plants on several occasions, either during testing or normal operation. As
discussed further in [1], the significance of instabilities is moderated by
the characteristic frequency of oscillations (approximately .5 Hz.) and the
fuel thermal time constant, which results in modest temperature changes in
comparison to neutron flux changes.

General Design Criterion 12 (10 CFR 50 Appendix A) states that power
oscillations must either not be possible, or that they can be readily
detected and suppressed without exceeding the fuel safety limit. Prior to
the LaSalle event, GDC-12 compliance was demonstrated by decay ratio
analysis. Although decay ratio analyses were questioned following the
event, it has now been established that computer models (e. g. frequency
domain based computer codes) are capable of calculating accurate decay
ratios if the range of expected operating power distributions and other
inputs are accounted for.

Compliance with GDC-12 can be demonstrated by calculating decay
ratios for allowable operating conditions and restricting parts of the power
flow map if necessary. This is called the prevention approach.
Alternatively, the detection and suppression approach may be used by
demonstrating that existing, new, or modified plant instrumentation will
detect and suppress oscillations prior to exceeding fuel design limits.

For core wide oscillations, such as occurred at LaSalle, the
instrumentation response is substantial, because the entire reactor
oscillates in unison. It is relatively straightforward to demonstrate that
the existing Average Power Range Monitoring (APRM) instrumentation or small
modifications thereto would meet GDC-12 requirements for core wide
oscillations. For regional or "out of phase" oscillations, reduced APRM
responses occur because one side of the reactor is undergoing a short
duration flux increase and the other side a decrease.



Because of the reduced APRM response of regional oscillations, the
8WROG initiated a study in 1988 of the fuel and instrument responses to
regional oscillations. In October, 1988, this study [2] determined that
margin to the MCPR Safety Limit was not as large as anticipated for some
plant types and conditions. Subsequent discussions with the NRC led to the
issuance of Bulletin 88-07 Supplement 1 [3] which required implementation of
several operating Interim Corrective Actions (ICAs) to mitigate the regional
oscillation concerns while a long term solution was developed. As a strong
proactive measure, the ICAs had already been voluntarily implemented by the
utilities prior to the bulletin's issuance as a result of GE and BWROG
recommendations.

In December of 1988 the Stability Committee developed a list of
potential solutions to the stability issue. The committee's goal (which
still applies) was to develop long term solutions that minimize operating
and modification impacts, accommodate each owner's unique designs and
objectives, and meet regulatory requirements. Based on several BWROG and
General Electric discussions with the NRC, it was clear that automatic
protection was an essential element of any long term solution.

Detailed feasibility analyses were performed in mid-1989 to determine
the gross licensing and operational viability of several potential
solutions. It was these analyses that demonstrated the viability of using
decay ratio analyses, and existing instruments for detection and
suppression. The feasibility analyses, and subsequent interactions with the
NRC, have resulted in six different, but related approaches to a long term
solution. The basic concepts and planned licensing bases of each solution
type are complete. Four of these approaches were described in the BWROG
February 2, 1990 letter to the NRC [4], and two more were described in an
August 29, 1990 transmittal [5]. The solutions utilize both prevention and
detection and suppression concepts, either individually or in combination.
Much of the work required to develop and license one solution applies to
several others.

Detailed solution development and licensing activities were begun in
May, 1990 and are nearing completion. These activities include defining the
way the solutions will interact with existing plant systems, defining the
hardware and software required to perform new alarm and trip functions, and
completing or describing the calculations and methodologies needed to
determine the alarm and trip setpoints.

Throughout the entire long term solution effort, the BWROG has
maintained close communications with the NRC, and is ensuring that all
stability activities with generic implications are centrally coordinated.

3. LONG TERM SOLUTION DESCRIPTIONS

Detailed descriptions of each solution and their associated licensing
bases can be found in the [4], and [5] BWROG transmittals to the NRC. A
general discussion of each is provided below. All the Option I solutions
have the common feature of restricting operation in a predefined region of
the power/flow map. Note that the term Automatic Safety Function (ASF) is
used to denote a scram or other automatic means of insertion of control
rods.



3.1 Option I-A: Regional Exclusion

The regional exclusion option would prevent operation in the high
power/low flow area of the power/flow map by initiating an ASF upon entry
into the region. The trip function is provided by a modified APRM flow
biased system which would result in either a scram, or automatic exit of the
region before oscillations would occur. A rod block would occur before the
region is entered to provide a warning to the operator and prevent
inadvertent entry via control rod motion. This option satisfies GDC-12 by
preventing onset of oscillations.

The exclusion region is defined analytically, using decay ratios
calculated by the frequency domain code system FABLE/BYPSS [6]. An example
schematic of the analytical boundary and modified flow biased scram and rod
block systems is shown in Figure 1. A pre-defined conservative procedure
briefly described in section 4.1 is used to define the exclusion region for
each plant group. The boundary is defined to assure that expected
transients which might occur outside the region, but do not enter the
region, will not result in oscillations.

A confirmatory analysis approach will be employed to demonstrate the
adequacy of the conservative procedure. Steady state calculations will be
performed at the region boundary for several different plant conditions
using inputs directly calculated by the 3D core simulator (i.e. power
distributions and void coefficients at various rod patterns and exposures).
Flow reduction and loss of feedwater heating events will also be analyzed to
confirm that each plant group remains stable just outside the exclusion
region during these events. Section 4.1 provides more information
concerning the methods and criteria associated with defining the exclusion
region.

To verify the applicability of the region boundary for different fuel
and reload designs (and adjust it if necessary), a procedure is being
developed which modifies the generically calculated boundary for a given
plant group.

3.2 Option I-B: Regional Exclusion With Stability Monitor

This solution is the same as I-A with an option to bypass the ASF and
enter the region if a stability monitor shows sufficient decay ratio margin.
The decay ratio margin inside the region would have to be sufficient to
accommodate a flow reduction or loss of feedwattr heating event inside the
region. This option is being pursued by the BWROG on a lower priority
basis, and will not be discussed in depth.

3.3 Option I-C: Administratively Controlled Regional Exclusion With
Modified APRM Flux Trip

This option uses an administratively enforced exclusion region and a
new APRM-based flux trip system. The region is identical to the region
defined in Option I-A, and is administratively controlled so that operation
within the region is avoided. If an unplanned operational event results in
the exclusion region being entered, the new flux trip system is armed, and
an oscillation that might occur would be automatically detected and



suppressed before the MCPR safety limit is exceeded. In all cases of
inadvertent entry into the exclusion region, the operator will be directed
to reduce power by control rod insertion to exit the region. It is
expected, therefore, that oscillations would normally be avoided. The APRM
flux trip would only occur if oscillations occurred rapidly, or if normal
neutron noise or other non-stability perturbation occurs creating a
sufficient flux signal. Option I-C uses both prevention and detection and
suppression to meet GDC-12. It has the operating advantage over Option I-A
of not tripping every time the exclusion region is entered.

The new trip system will monitor instantaneous neutron flux, as
measured by the APRMs. When a predefined change in instantaneous flux is
sensed (on the order of 5-10% of full power) relative to the current average
flux, the system trips. The point of trip is designated as the stability
flux setpoint (SFSP). Figure 2 illustrates the Option I-C concept. The
system can not distinguish between oscillations and other flux signals
(including noise), and may be, therefore, susceptible to spurious trips.
This gives the operator added incentive to exit the region as quickly as
possible if an unplanned entry occurs. A trip bypass feature may be
included to allow controlled entry into the exclusion region to perform
recirculation pump upshifts in flow control valve plants. Appropriate
administrative controls will ensure that this bypass is done only under
controlled conditions and that the potential for oscillations is properly
accounted for.

Multiple channels and Reactor Protection System (RPS) logic (e.g., 1
out of 2 twice) will be used similar to existing RPS systems. Because the
new system will have a setpoint very close to noise levels, very simple
logic (such as tripping only if two flux peaks exceed the setpoint in a
given channel) may be utilized to minimize non-oscillation trips.

The licensing basis of Option I-C includes detection and
suppression. Therefore, margin to the Safety Limit MCPR (SLMCPR) must be
demonstrated for expected modes of reactor oscillations. The amount of
margin is directly related to the SFSP and to the characteristics of the
oscillation. Previous plant experience and the BWROG evaluation of thermal
margin during regional oscillations [2] have demonstrated that the APRM
system responds to both core wide and regional oscillations.

Philosophically, the setpoint will be determined such that expected
neutron noise does not result in a trip. This requires evaluation of plant
operating data and simulated plant data, both including noise, for plant
conditions within the exclusion region. The desired trip margin will be
based on spurious trip avoidance and experience with other trip systems.
Analyses will then confirm that the setpoint provides margin to the SLMCPR.
These analyses include simulation of expected modes of oscillations so that
the APRM response can be determined versus the peak bundle response during
reactor oscillations. Several unique features of these analyses, which are
similar for all detection and suppression solutions, are discussed in
section 4.2.

3.4 Option I-D: Small Core Analysis to Demonstrate Regional
Oscillation is not Expected

This option, like Option I-C, uses both prevention and detection and



suppression to assure compliance with GDC-12. It is applicable to three
United States units that have physically small reactors, relatively tight
orificing, and flow biased APRM flux scram systems. The reactor size and
inlet orificing result in core wide oscillait-ions being the dominant mode for
these three units.

GDC-12 compliance is primarily accomplished by administratively
preventing oscillations from occurring by avoiding the region of potential
oscillations as defined in Option I-A. If that region is entered as the
result of an unplanned operational event, the existing flow biased flux
scram system provides direct detection and suppression of core wide
oscillations prior to exceeding the SLMCPR.

Confirmatory analysis using the BWROG [2] and [7] MCPR versus
oscillation magnitude results will be performed to demonstrate that the
existing flow biased scram system provides margin to the SLMCPR for core
wide oscillations. Analysis confirming that the core wide mode is the
expected mode of oscillations will also be performed. The different
components important in determining the expected mode will be evaluated
individually and then collectively. This effort is described in Appendix E
of the [5] BWROG letter to the NRC. The analyses include calculations of
eigenvalue separations between the axial harmonic and radial/azimuthal
harmonics of the solution to the 3D diffusion equation for different core
designs and sizes.

3.5 Option II: Quadrant APRM (BWR/2Ï

This option for the long term resolution of the stability issue
demonstrates that the existing quadrant-based APRM system of the BWR/2 plant
types will initiate a reactor scram when the magnitude of expected
oscillations is sufficiently less than would be needed to challenge the
SLMCPR. The BWR/2 APRM system is unique in that its Local Power Range
Monitoring (LPRM) instrument assignments to the APRMs are arranged in
separate quadrants of the reactor. BWR/2s therefore, will have a
substantial APRM response to a postulated regional oscillation. The
instrumentation design coupled with the low BWR/2 power density readily
supports a detect and suppress method of meeting GDC-12.

The analyses confirming the adequacy of this approach are similar to
the other detect and suppress options and are described in depth in
Appendix C of the [4] BWROG letter to the NRC.

3.6 Option III: LPRM Based Detection or Oscillation Power Range
Monitor

This option, designated an Oscillation Power Range Monitor or OPRM,
uses a microprocessor to monitor groups of LPRM signals. Upon
identification of flux oscillations characteristic of a thermal hydraulic
instability, the system would initiate an ASF that would suppress the
oscillation. The ASF setpoint would be sufficiently low to prevent the MCPR
Safety Limit from being exceeded in a real oscillation. The system would
have an algorithm which contains sufficient logic to prevent actuation by
most or all non-instability plant events. The ASF would be automatically
bypassed at high flow or low power to avoid spurious actuations.
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The OPRM is a new system operating in parallel with existing
systems. The amplified LPRM signals are grouped together such that multiple
OPRM cells, covering the entire reactor, are created for each of 4 OPRM
devices. One device feeds each of the Al, A2, Bl, and B2 RPS channels to
provide a one-out-of-two-taken-twice Reactor Protection System logic.
Figure 3 shows the LPRM assignments to each OPRM channel. The 2 diamond
shapes represent 4 OPRM cells. For example, the bold lined diamond
represents one Bl and one B2 cell; the A and C level LPRMs associated with
the squares plus the B and D level LPRMs associated with the circles are
input to one OPRM cell in RPS Bl. The remaining LPRMs in the same example
feed a cell in RPS B2. These "diamond" patterns are repeated throughout the
reactor, with a total of 6 or 8 LPRMs feeding each OPRM cell. The total
number of cells varies with core size; in this example there are 16 cells
for each RPS A channel and 18 for each RPS B channel.

Detection and suppression compliance with GDC-12 will be demonstrated
for all expected modes of oscillations. By taking advantage of the strong
response associated with a regional based detection system, the system will
be designed to trip only if a true thermal hydraulic oscillation occurs;
spurious or noise related signals should be ignored. No restriction in the
operating power flow map will be required, however, the operators are
expected to use caution in operating at power flow conditions where
oscillations could occur.

The algorithm, running real time on the microprocessors, must provide
a sufficiently low magnitude trip setpoint (i.e., the local oscillation
magnitude at time of trip) such that minimal reliance on analysis is needed
to demonstrate MCPR margin. Simultaneously, the algorithm must fully
discriminate between true oscillations and all other potential (false) trip
signals.

Knowledge of oscillation and noise characteristics allow the
algorithm logic to be designed. For example, oscillations have a known
frequency range, relatively smooth growth rates, and eventually reach levels
well beyond noise levels. Plant perturbations, on the other hand, tend to
produce singular peaks with decaying signals, all superimposed on a noise
level that can vary widely. The BWROG efforts to date have resulted in the
definition of alternate algorithm approaches that, with proper selection of
several trigger points, time windows, noise/oscillation maximum and minimum
factors, filter settings and other internal setpoints could meet the design
goals. Determining the combination of OPRM algorithm and setpoint requires
extensive evaluation of actual and simulated plant data to show it does not
trip on false signals. Then the algorithm and setpoint can be confirmed
analytically to provide margin to the MCPR safety limit. Ths confirmatory
analyses are similar to the Option I-C analyses, and are discussed in
section 4.2.

4. SELECTED LONG TERM SOLUTION ANALYTICAL FEATURES

4.1 Decay Ratio analysis for region exclusion

To define the exclusion region for any Option "I" solution,
calculations of core and hot channel decay ratios are performed using the



FABLE/BYPSS code and compared to stability criteria. Core wide and regional
oscillation experience coupled with results of a separate frequency domain
model capable of estimating regional oscillation decay ratios are used to
determine a two dimensional space of potential instability. The resultant
stability criterion is a plot of core decay ratio versus channel decay
ratio. Combinations of core and channel decay ratios that fall below the
plot are considered stable for both regional and core wide oscillations.

The stability region is defined for a given plant class by
determining the power/flow conditions that yield a line of constant
stability as defined by the stability criteria. A combination of
conservative and best estimate inputs are used to collectively yield
conservative results. For example, the most negative void coefficient for
the cycle is used, and for the hot channel decay ratio, a conservatively
bottom peaked axial power shape is assumed. Radial power distributions for
core wide decay ratios are modeled with a best estimate value for the
cycle. The entire procedural method for determining onset of instability is
defined in depth in Appendix A.3 of [4].

4.2 Detect and Suppress analysis features

A large number of complex analyses are required to demonstrate that
the BWROG detect and suppress solutions protect the MCPR Safety Limit.
Although the concepts are similar for these solutions, the brief discussions
that follow are specifically applicable only to Options I-C and III. The
BWROG submittals to the NRC [4], [5] provide more information.

4.2.1 Expected modes of oscillations

Core wide, first order (side-by-side or regional), and first order
precessing (a regional oscillation with a slowly rotating line of symmetry)
oscillations are the expected modes of oscillations for large BWRs. The
confirmatory analyses for Options I-C and III will demonstrate that for
these modes of oscillations, SLMCPR protection is provided by the new or
existing neutron monitoring related detection and suppression system.
Excitation of anything but the fundamental mode requires sufficient spatial
reactivity feedback to overcome the difference in eigenvalue between the
fundamental and the higher order mode. Thermal hydraulic oscillations,
where the flow on one side of the reactor is allowed to oscillate out of
phase with the other side, are capable of generating this feedback.
Hydraulically, this mode is preferred over a core wide because the flow
oscillations do not have to overcome recirculation loop resistance. The
regional oscillation will not occur, however, unless the flow oscillation
provides sufficient spatial feedback to overcome the eigenvalue separation
of the first order mode.

Higher order modes (e.g. quarter core type oscillation) and the
"donut" type first order oscillation mode are not expected in BWRs. This is
due to the very large separations in eigenvalue that can be shown to exist
for these modes. In general, the addition of sufficient spatial reactivity
to excite one of these modes would also excite the first order mode, and the
suppression system would halt the oscillations before the higher order mode
could be excited. Substantial protection for the higher order modes is
expected for Options I-C and III, however, it is not necessary to
demonstrate this by analysis. These concepts are discussed further in [8].
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4.2.2 Oscillation Contours and Instrument Responses

In order to generate simulated instrument responses to oscillations,
core wide and regional oscillations must be modelled. For core wide
oscillations, test data and simulations have demonstrated that the radial
response is essentially uniform, and the axial response is characterized by
the known phase lag associated with density wave propagation. Each LPRM and
fuel bundle normalized oscillation response is the same, and time/phase
dependency is generated with a Fourier series representation. The Fourier
series parameters are varied with oscillation magnitude to properly model
the asymmetric signals characteristic of higher magnitudes (i.e., the peaks
become narrower further above the average than the minima). To model an
APRM, the time dependent LPRMs are summed in the same manner as the plant
APRM. To model an OPRM response, individual OPRM cells are simulated by
summing the 8 or 6 LPRM inputs feeding the cells.

For regional oscillations, the simulation is basically the same,
except for the distribution of oscillation amplitude and relative phase
angles. For regional oscillations, a radially varying distribution of
oscillation magnitudes exist, called the "oscillation contour". This
contour is equivalent to the first order azimuthal mode harmonic solution to
the diffusion equation, which is determined primarily by the core size,
loading pattern, and control rod pattern. Using steady state 3D simulation
of the first order harmonic of the diffusion equation, a range of
oscillation contours are being calculated for various core sizes and plant
conditions. The results to date indicate that the reactor geometry is
dominant, and that control rod pattern and fuel loading determine the axis
of symmetry.

The magnitude and shape Fourier series function is applied to each
LPRM (or fuel bundle) in the same manner as in the core wide oscillation
case, and a phase lag of 180 degrees is introduced for LPRMs on opposite
sides of the reactor. In this way, the time dependent response of the LPRMs
and peak oscillating bundles can be determined. From that, the APRM or OPRM
response versus peak bundle oscillation magnitude is easily obtained for a
variety of oscillation contours and core sizes. Different magnitude
regional oscillations are obtained by multiplying the oscillation contour by
a constant value and conserving power spatially. Precessing oscillations
can also be modeled by adding an azimuthal time dependent component to each
reactor location.

4.2.3 MCPR response (vs oscillation magnitude)

The oscillation contour information provides bundle power versus time
information for which the instrumentation response is known. This
information is used as input to a TRACG 3 dimensional model which calculates
the hydraulic response of the limiting bundles and groups of other bundles.
From this, the CPR response of the fuel can be determined for various
initial core conditions and oscillation magnitudes. This procedure was used
in the [2] BWROG initial study of MCPR versus instrument response, and
results in a generic curve of delta CPR/ICPR as a function of peak
oscillation magnitude. For various initial MCPRs, the final MCPR during an
oscillation can then be calculated. The generic curve is now being
calculated for a wider variety of initial conditions than used initially,
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and the TRACG modelling takes advantage of information recently learned in
performing model qualification analyses to plant stability data. The range
in APRM and OPRM instrument responses will also be known for a given
oscillation magnitude and core size from the contour studies described in
4.2.2. Results to date indicate that both core wide and regional
oscillation MCPR responses are essentially controlled by the magnitude of
the bundle's neutron flux oscillation.

The Options I-C and III confirmatory analyses will use the
delta CPR/ICPR methodology and the instrument responses associated with
various contours to demonstrate that margin to the MCPR Safety Limit exists
for oscillations that reach the Option III OPRM setpoint or the Option I-C
APRM delta flux setpoint. Sufficient conservatism in MCPR response will be
applied to account for the uncertainties in the methods being used.

4.2.4 Oscillation scenarios

The OPRM algorithm will require time to recognize an oscillation, and
the Option I-C delta flux system may need to employ very simple logic which
also has the effect of a short delay before trip. Each system also
experiences a small delay from the time the setpoint is reached to the time
the control rods insert to terminate the oscillations. Evaluating the
effects of these delays requires the ability to simulate oscillation
scenarios of different growth rates. A range of oscillation scenarios
starting from different conditions will be employed in the confirmatory
analyses; the scenarios will be generated with point model simulations,
empirical simulations, and measured plant data. Random noise effects are
included, and the varying reactor responses to noise and other perturbations
as the decay ratio changes can be modeled. The point model simulations are
based on a simple model developed by J. March-Leuba of ORNL.

The oscillation scenarios, and a limited set of plant ir-,tability
data, will be used to confirm that the Options I-C and III setpoints and
algorithms are appropriate considering the delay effects.

4.3 Long Term Solution Analysis Conclusions

Determining the setpoints and verifying that the detection and
suppression systems provide margin to the SLMCPR is a very complex task.
Allowances must be made for uncertainty in delta CPR/ICPR, uncertainties in
the definition of initial conditions, delays associated with the suppression
function, and the effect of failed and bypassed LPRMs. The BWROG is working
as rapidly as possible to complete all the analytical work required to
define and confirm the setpoints. These efforts, in particular the defining
of the algorithm(s) and the method for combining uncertainties, must be done
very carefully. It is unacceptable to the BWR owners to design and license
a long term solution that presents serious operational concerns, or frequent
challenges to the RPS. The BWROG is pursuing the use of one or more lead
plant tests of the new detection and suppression system(s) to gain valuable
information about the operating impacts, and to allow the algorithm(s) to be
modified as needed to improve functionality without compromising safety.

5. EXPECTED FUTURE BWROG LONG TERM SOLUTION ACTIVITIES

Completion and documentation of the current development/licensing



calculations is scheduled for the end of 1990. At that point, the new
systen will have been roughly defined and the setpoints '/ill have been
calculated (or the detailed procedure for calculating the setpoints
defined). Following NRC review and acceptance of the detailed setpoint
methodology, the owners will be in a position to determine which solution
they will implement. Once the solution selections are made, the BWR owners
plan to work collectively to determine various non-licensing related
features of the system they selected, how the design and hardware
procurement will be funded, and what vendor provides the design and the
equipment. Until the development/licensing work and associated NRC review
is complete, it is difficult to predict when detailed design work will
commence.

Prior to completion of the NRC setpoint review, the BWROG will begin
generating hardware (and software for Solution 111> specifications needed to
competitively bid and perform the final design of the systems. The
specifications include system interfaces, electrical separation and
isolation requirements, setpoints, automatic bypasses, and functional
requirements. Current estimates of the time needed to do generic (not
specific to any given unit) design work range from 6 to 18 months, with
Option III requiring the longer time due to the complexity in designing and
testing the OPRM hardware and software. Time will also have to be allotted
for individual utility procurement, plant-specific engineering, and
installation/testing of the modifications for each station.

The Stability Committee intends to continue coordinating all generic
interactions with the NRC, both for solution-specific issues, and for issues
independent of the solution type. The committee will also ensure that the
final development and design activities are performed expeditiously, and
that uniform guidance for solution implementation is available.

6. BWROG ATWS/STABILITY PROGRAMS

cn " reasons discussed in [1], the BWROG has concluded that the
proDs:';~:ity of large amplitude oscillations, given a failure to scram, is
exceedingly low. The major reasons are that only a few control rods
inserting during the postulated ATWS would be sufficient to preclude large
amplitude oscillations, and that not all ATWS events would result in
oscillations. Even if large oscillations were possible, the failure of all
or nearly all control rods to insert or be incapable of insertion during the
wstulated event is extremely unlikely. Nevertheless, the BWROG is
addressing the impact of oscillations on core power (to demonstrate that
containment heatup remains acceptable) and the fuel during postulated ATWS
events to resolve questions that have arisen concerning ATWS/stability.
This BWROG program, described in the [9] transmittal to the NRC, primarily
consists of 1) a review of BWR Emergency Procedure Guidelines (EPGs) to
determine their adequacy and to provide changes as needed for responses
during an ATWS with oscillations, and 2) a limited confirmatory evaluation
of ATWS events arising from FSAR-type transients to demonstrate the
effectiveness of the inherent plant ATWS response combined with operator
actions as specified in the EPGs. The EPGs, with any changes addressing
oscillations, will continue to provide the best guidance for postulated ATWS
sequences that go beyond those arising from expected transients.

The EPG review has resulted in draft EPG changes being proposed which



require earlier Standby Liquid Control System (SLCS) initiation and operator
actions to control the reactor vessel level during oscillations. The
effectiveness of these actions is currently being analyzed for several event
sequences that encompass the expected transient-based ATWS events.
Consistent with previous evaluations, nominal operating conditions and plant
responses during the event will be used in the analyses. Some conservative
assumptions will be made to limit the number of analyses and make
themrepresentative of all U. S. BWRs. Another paper presented at this
conference [10] addresses the analytical activities undertaken by the BWROG
to resolve the ATWS/stability issue in more detail.

The BWRCG has been working closely with the NRC to define the program
for issue resolution, and to describe the bases and assumptions for the EPG
changes and confirmatory analyses. The current BWROG plan is to complete
the evaluations and analyses in December, 1990, and review and submit the
final documentation to the NRC in January, 1991. Continued close
cooperation with the NRC will be needed through issue closure due to the
complexity of the work being performed. Because a BWROG Emergency
Procedures Committee was already in existence, and the BWROG EPGs had been
established, issue resolution has proceeded efficiently as a joint Stability
Committee/Emergency Procedures Committee BWROG effort. The BWROG has also
provided an excellent interface with EPRI/NSAC in related investigations of
reactor oscillations and their impact on control room water level
instrumentation.

It is very important to ensure that the resolution of the ATWS issue
does not result in EPG or other changes that adversely impact the operator's
or the plants response to other postulated occurrences.

7. CONCLUSIONS

Considering the many technical, analytical, and operating
complexities associated with the stability issue, the progress made to date
shows how beneficial cooperation among the owners, General Electric, and the
NRC can be. The BWROG has proven to be the appropriate organization for
managing resolution of issues as broad and complex as BWR stability.

Final resolution of the stability issue must proceed very carefully
to ensure that unacceptable impacts on plant operation or safety do not
result from any long term solution hardware or EPG changes.
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BWR CORE THERMAL-HYDRAULIC STABILITY
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ABSTRACT

Flow stability has been considered as part of the design of all Boiling
Water Reactors (BWR). The design of current BWRs provides for stable
operation during normal conditions. A significant amount of testing and
analysis has been performed to improve the understanding of BWR stability.
Plants have adopted operating procedures which define regions of the operating
domain that should be avoided and actions that can be taken should an
instability occur. Because of the heat transfer characteristics of current
fuel designs, cladding heat flux transients resulting from an instability are
relatively small, and therefore, fuel cladding damage is not expected.
Cladding dryout would only be expected during extreme conditions with large
oscillations in coolant mass flux, where rewetting does not occur. Because of
the low probability of these conditions, operating procedures provide an
appropriate level of protection.



BACKGROUND

Flow stability is a consideration in all channeled, two-phase fluid
systems. The classical density wave instability has been considered since the
design of the first Boiling Water Reactors (BWR). Density wave oscillations
are coupled to the core neutronics through the moderator density reactivity
feedback. The design of current BWRs provides for stable operation during
normal conditions; however, the potential exists for instabilities under
certain off-normal conditions.

TESTING AND OPERATIONAL EXPERIENCE

Since 1980, a significant amount of testing and analysis has been
performed to improve the understanding of BWR thermal-hydraulic stability.
The experience gained is being used to define appropriate responses to
thermal-hydraulic instabilities to ensure they do not have an adverse impact
on plant operation or public safety.

Experience at operating BWRs throughout the world has provided a
significant amc-nt of information relative to BWR thermal-hydraulic stability.
Special tests have been performed at numerous plants under controlled
conditions to provide information on plant response during an instability, to
determine the portion of the operating domain most susceptible to oscillations
and to provide benchmark data for analytical codes. Experience has also been
gained during plant operation in which instabilities have occurred as the
result of an operational transient. The experience covers a wide range of
plant and fuel designs and varying operating conditions, including 9x9 fuel
designs, operation with low feedwater temperatures and operation with extreme
power distributions. As a result of the testing and operating experience, the
portion of the operating domain where oscillations are most likely to occur is
well defined and is limited to the high power/low flow corner of the
power/flow map. This region is not normally encountered during plant
operation and is easily avoided during plant startups and shutdowns. The
region is most likely encountered as the result of an event which causes a
reduction in core inlet flow (e.g., recirculation pump trip). The power/flow
conditions where instabilities have occurred at plants with external
recirculation loops are shown in Figure 1. Similar results have also been
reported for internal recirculation pump plants. Most of the instabilities
have occurred as the result of planned stability testing.

In addition to defining regions of potential instabilities, the testing
and operating experience has provided insights relative to the characteristics
of oscillations. Because the oscillation period is dominated by the void
transit time, the oscillation frequency is easily predicted and is typically
in the range of 0.3 to 0.6 Hz. This relatively .slow frequency allows easy
detection by existing neutron flux monitoring systems. An Average Power Range
Monitor (APRM) strip chart recording of an instability experienced during
special testing at the Vermont Yankee Nuclear Plant [1] is shown in Figure 2.
The APRM is comprised of signals from Local Power Range Monitors (LPRMs) which
are distributed throughout the in-core region. The response of LPRMs during
an instability at a European BWR is shown in Figure 3.



Two types of instabilities have been observed at BWRs [1] [3] [4] [5],
representing oscillations in the fundamental and first harmonic mode of the
neutron flux diffusion equations [2]. Oscillations in the fundamental mode
are referred to as core wide oscillations in which the neutron flux and
channel inlet flow oscillate in phase for all fuel assemblies. This type of
oscillation results in the maximum response of APRMs and LPRMs. Oscillations
in the first harmonic mode are referred to «i regional or out-of-phase
oscillations since the neutron flux and channel inlet flow in one half of the
core oscillates out-of-phase with the neutron flux and channel inlet flow in
the other half of the core. Under these conditions, the LPRMs respond similar
to the core wide mode since they are distributed throughout the core.
However, the APRM response is less than that observed during the core wide
mode since some cancellation of the out-of-phase modes occurs.

The approach to an instability has also been studied in depth and shows a
relatively smooth transition from stable operation to an instability. Because
of nonlinearities in BWRs, the result of an instability is a limit cycle
oscillation in channel flow and neutron flux. Instabilities have been
experienced as the result of flow reductions and power increases (control rod
withdrawal and feedwater temperature reduction) and have been demonstrated to
be readily mitigated by increasing core flow or reducing core power. As a
result of this experience, U.S. BWRs have adopted operating procedures which
define regions of the operating domain that should be avoided and actions that
can be taken should an oscillation occur [6]. Operating experience since
these procedures have been adopted has demonstrated their effectiveness in
avoiding potential instabilities.

FUEL INTEGRITY

Since the natural frequency of oscillations is in the range of 0.3 to 0.6
Hz and BWR fuel designs have thermal time constants ranging from six to eight
seconds, the fuel mechanical thermal duty and cladding heat flux transients
resulting from oscillations are small even for relatively large amplitude
oscillations. The relationship between the heat generated within a fuel rod
and the cladding surface heat flux for a typical oscillation frequency as
calculated by TRACG is shown in Figure 4. TRACG is a detailed, best-estimate
thermal hydraulics model for BWRs which was developed to quantify true reactor
safety margins [9]. Point, one-dimensional and three-dimensional neutron
kinetics models are also included.

Of more concern during an instability is the oscillation in coolant mass
flux. For the same oscillation in neutron flux shown in Figure 4, the
predicted fuel assembly inlet and exit mass flows are shown in Figure 5. From
Figure 5, the classical 180' phase lag between the inlet and exit mass flows
can be seen. Because the cladding surface heat flux is relatively constant
under these conditions, the potential for boiling transition increases as the
flow oscillation magnitudes increase. The predicted thermal margin (1.0 is
equivalent to the onset of boiling transition) during the same oscillations is
shown in Figure 6. Testing in single and parallel channel test loops [7] has
been conducted up to the onset of boiling transition during channel flow
oscillations. These tests have shown that the cyclical nature of the flow
oscillations results in periods of dryout followed by rewetting.
Thermocouples attached to the heated fuel rods show temperature increases at



the onset of boiling transition followed by a decrease at the onset of
rewetting [8]. Fuel rod temperature rises of approximately 50°K have been
measured during the tests. A TRACG prediction of fuel cladding temperature
during an instability with flow oscillations large enough to result in boiling
transition for the limiting fuel nodes is shown in Figure 7.

These results demonstrate that fuel cladding damage is only likely during
extreme conditions in which sustained boiling transition and no rewetting
occurs. Relatively large amplitude, sustained oscillations would be required
to initiate boiling transition and to achieve cyclical increases in cladding
temperature sufficient to result in fuel cladding damage. Based on stability
testing and post event evaluations of unplanned events which have occurred to
date, the observed oscillations have not been of either sufficient amplitude
or duration to result in conditions that would be expected to lead to fuel
cladding damage. Nevertheless, the BWR Owners' Group and GE Nuclear Energy
have undertaken development of solutions which will provide automatic
protection for thermal-hydraulic instabilities similar to the protection
currently provided for anticipated transient events relative to avoiding
boiling transition [10].

Beyond consideration of anticipated transients, U.S. BWRs are also
required to be able to cope with anticipated transients with failure to scram
(ATWS). It is possible that such an event could be compounded by the
existence of oscillations which under extreme conditions might grow to a point
where fuel integrity could be challenged. However, the probability of such an
event is exceedingly low given the already low probability of an ATWS and the
fact that insertion of only a few control rods during the event will reduce
core power thereby stabilizing the reactor. Notwithstanding the low
probability, the BWR Owners' Group plans to evaluate emergency procedures to
determine if additional actions are appropriate to minimize the potential for
fuel damage and ensure that containment integrity is maintained for postulated
ATWS events combined with large amplitude oscillations.

SUMMARY

The knowledge base for BWR thermal-hydraulic stability is extensive and
is well supported by plant data. Continued improvements in analytical
capabilities provide additional insights into this very interesting
phenomenon. The most probable impact on fuel integrity during an instability
is an increase in fuel cladding duty caused by cyclical operation in boiling
transition for the limiting fuel nodes. This results in relatively small
increases in fuel cladding temperature because of rewetting that occurs during
a portion of the oscillation cycle and is not expected to lead to fuel
cladding damage. Operating procedures and planned improvements in plant
detection and mitigation of potential instabilities, therefore, provide an
appropriate level of protection relative to conservative licensing criteria
for fuel damage.
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Figure 2. APRM Strip Chart Recording During an Instability
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ABSTRACT

During power ascension in Forsirark 1 after the annual shutdown in 1987,
the core stability limit was approached when 65 % power was reached, at a
low coolant flow. This experience led to the imposition of a certain res-
triction of the permitted operating region, which is still in force.

Signal recordings were made en this occasion by both the Swedish State
Power Board and Studsvik Nuclear. They have been evaluated off-line, with
respect to both core stability and channel flov stability. The results
suggest, f c example, that core stability margins may be extra narrow
locally in high-rated core subregions with downward-tilted power profiles.
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1. INTRODUCTION

In order to reach full power as soon as
possible after a shutdown, Swedish BWRs
normally apply a procedure for power as-
cension whereby the initial increase in
core power - up to 65 % - is achieved
solely by withdrawing control rods,
keeping the core coolant flow close to
its minimum permitted value. The core is
then left at this power level for about
?4 hours, while the reactivity influence
of the gradual Xenon-buildup is counter-
acted via further rod withdrawal. At the
end of this time period, such conditions
(with respect to Xenon, power distribu-
tion, etc) have been established in the
core that permit the subsequent power
increase - from 65 % upwards - to be
achieved solely by increasing the cool-
ant flow. The power ascension procedure
is illustrated schematically in fig. 1.

Core power

65%

Core coolant flow

Fig. 1 Typical power ascension procedure
in Swedish BWRs

A BWR applying this procedure will remain in an operating situation that
combines a fairly low coolant flow with a relatively high core power for
about 24 hours. Such operating conditions are known to be of interest with
respect to core stability. It follows that the power ascension procedure
offers generous opportunities for meaningful studies of core stability.

When the Forsmark 1 BWR (a plant owned chiefly by the Swedish State Power-
Board, SSPB) was in the power ascension phase after the annual shutdown of
1987 for refuelling and maintenance, oscillations of unusually large amp-
litudes were observed in the APRM signal shortly after reaching 65 %
power - on August 20th. Fortunately, plans had been made in advance to
conduct extensive stability studies on this occasion. Signal recordings
were made:

i ) by SSPB personnel (using the recording system that is installed per-
manently in ForsmarK 1), and

by personnel from
ding equipment).

Studsvik Energiteknik (using their own recor-

The signal recordings have been analysed "of'-line", to extract informa-
tion about the stability characteristics of the core from the naturally
occurring fluctuations in the recorded process signals: the process noise.

Already the preliminary analysis results made it clear that the core had
been close to the stability limit. This resulted in the imposition of a
certain restriction of the permitted operating region - a restriction that
is still in force.

This paper' summarises the experience obtained from the detailed analyses
of the signal recordings.
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2. BRIEF DESCRIPTION OF FORSMARK 1

Forsmark 1 has been in operation since 1980. Originally, the core desiyn
output was 2711 MW(th), which was referred to as "100 % power". The cor-
responding net electricity output was 900 MWe. In 1986, the core design
output was raised to 2928 MW(th): an uprating Dy 8 %. For practical and
administrative reasons, the uprating was made in such a way as to leave
the original reference power of "100 X" unchanged still referring to 2711
MW(th). Hence, "full power" currently corresponds to "108 7. power", etc.

Forsmark 1 is a member of a "design generation" of ABB Atom supplied BWRs
equipped with internal recirculation pumps. These are driven electrically,
via solid state frequency converters. The plant power control system can
be operated in two different modes: "pump speed control mode" (whereby the
speed of the recirculation pumps is held at a set value), and "power cont-
rol mode" (whereDy the speed of the recirculation pumps is adjusted conti-
nuously by the power control system, to keep a constant electricity out-
put from the plant).

The core contains 676 fuel
assemblies. Fig. 2 shows
the core layout. Fuel
loading schemes and cont-
rol rod patterns are al-
ways arranged in 180 deg-
rees rotational symmetry.
When the signal recordings
were made, the core con-
tained both 8x8 and 9x9
fuel, in nearly equal pro-
portions.
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For neutron flux monitor-
ing during operation at
power, the core is traver-
sed by 36 instrument
tubes, each containing 4
LPRM detectors. Fig. 2
shows their locations.

In each of the six ABB Atom "internal pump plants", the coolant flow is
measured via instrumentation that monitors the inlet flows to eight indi-
vidual core coolant channels. Fig. 2 shows their core locations in Fors-
mark 1 (CF01 - 04, CF11 - 14). Each flow-monitored channel has pressure
taps up- and downstream of its inlet orifice. The taps are connected to
transmitters for differential pressure measurements. Root-extracting
devices convert the sensed pressure drop signals to channel flow signals.
The instrumentation has such fast response characteristics that thermal-
hydraulic fluctuations in the channel inlet flows can be observed.

In actual fact, the instrumentation is quite a unique feature: the six ABB
Atom 'internal pump plants" are the only BWRs in the world where phenomena
related to both core stability and channel flow stability can be studied
simultaneously, via the permanently installed in-core instrumentation.
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3. THE 5TUDSVIK RECORDINGS

Since Studsvik's analyses of their own signal recordings have been presen-
ted in some detail in ref. 1, only a brief review will be given here. The
analyses made use of a variety of techniques: spectral analysis methods,
autoregressive models, multivariate methods. The main findings were:

i) The neutron flux signals (both APRM and LPRM) had exhibited oscilla-
ti_ons at 0J3__Hz, with decay ratios that had varied considerably with
t'imë, sometimes approaching the stability limit (a harmonic was then
observed at 1.0 Hz). As an example, fig. 3 shows the APRM signal de-
cay ratio history over the time interval from 18:23 until 20:10.

Decay ratio

1.0

0.5

0.0

SSPB recording
started 19:46

^

SSPB recording
started 19:21

18:45
control rods
withdrawn,
coolant flow
reduced

19:35
control mode
change from
power control
to D. sp. c.

19:52
control mode
change from
p. sp. cont.
to power c.

50 100

Time, minutes

Fig. 3 Decay ratio history from 18:23 to 20:10

ii) The oscillations in the APRM
signal sometimes exhibited an
amplitude modulation with beat-
ings. Phase flips of 180 degrees
were often observed between suc-
cessive beatings.

iii) Whilst the LPRM signals had also
oscillated at 0.5 Hz - and in
phase, .signal transmission path
analyses indicate that some of
them had tended to behave rather
as "driving sources", and others
like "receiving sinks" This is
illustrated in fig. 4, showing
an example that involves LPRM
signals from five instrument
tubes (6, 9, 20, 23 and 34).
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iv) The channel inlet flow signals had also oscillated at 0.5 Hz, with
random phase values, and without coupling to the LPRM signals.

The transient behaviour of decay ratio history in fig. 3 deserves a com-
ment. At 18:23 (the commencement of the history), the plant had been op-
erating at 65 % power for more than four hours: all this time using one
and the same control rod pattern, and for most of the time in the power
control mode. Accordingly, the power control system had been compensa-
ting for the gradual Xenon build-up by slowly increasing the coolant flow:
from its initial value of about 390tT kg/sirpTU 4HA0~KÇ/S at lc "23 (to
maintain a constant plant power output).

According to fig. 3, the decay ratio was just below 0.6 by then, and it
kept hovering around that level until 18:45, when it increased abruptly.
This increase coincides with the first control rod pattern change: invol-
ving the withdrawal of 21 partially inserted rods by 4 % each. (Such a
pattern change will not merely increase reactivity, it will also give an
extra downward tilt to the axial core power distribution.) To maintain a
constant plant power output, the power control system counteracted the rod
withdrawal by reducing the coolant flow: from 4464 kg/s down to 4080 kg/s
(i. e. by nearly 9 % ) . Fig. 3 demonstrates in a striking manner the conse-
quences of these combined actions, with respect to core stability.

Subsequently, the APRM signal decay ratio decreased slowly but steadily:
this is attributed to the continued build-up of Xenon-135. Between 19:35
and 19-56, the plant was operated in the pump speed control mode. Fig. 3
suggests that operation in that mode tends to reduce the decay ratio to
some extent.

4. THE SSPB RECORDINGS

4.1 Recording details

While the reactor had been held at 65 % power (awaiting the build-up of
Xenon-135), SSPB made a total of ten signal recordings. The two most inte-
resting ones have been analysed in some detail. Both of them were scanned
at 25 Hz and comprised 8192 scans: hence, each recording lasted for almost
5 1/2 minutes. They were started 19:21 and 19:46: thereby, they were both
overlapped by the Studsvik recording illustrated in fig. 3. That figure
also indicates which particular sections of the Studsvik recording that
were covered by the two SSPB recordings concerned.

Both recordings were made in almost the same operating point: while the
core coolant flow was 4140 kg/s (close to its minimum permitted value),
and at a time when the reactor had been operating at 65 % power for 5 - 6
hours. No control rod movements had been made while they had been in prog-
ress - or between them. On the other hand, the plant power control system
had been switched from the "power control" mode to the "pump speed cont-
rol" mode between the two recordings.

The recordings comprised:

i ) 1 APRM signal ;



ii) 8 LPRM signals: from the top and bottom detectors of the four inst-
rument tubes 6, 9, 31 and 34. Fig. 2 shows their core locations:
one in each quadrant. They will subsequently be denoted as follows:
the LPRM signals 061 and 064. respectively, originate from the top
and the bottom LPRM detectors in instrument tube number 06. etc.;

iii) 4 channel inlet flow signals: CF01 - CF04. Fig. 2 shows "heir core
locations. When the recordings were made, they contained 9x9 fuel;

iv) other process signals: pressure, steam flow, feedwater flow, etc..

The signal analysis has made use of conventional techniques: spectral ana-
lyses in the frequency domain - by the use of the Fast Fourier Transform,
and calculations of auto correlation functions in the time domain.

4.2 The APRM signal .

From the oscillatory behaviour of the APRM signal auto correlation func-
tions, characteristic frequencies and decay ratios have been identified
for the two SSPB recordings. The results are quoted below, together with
the noise levels for the APRM signal - both the rms noise (in relation to
the signal average valuei and the peak-to-peak noise (in absolute units):

SSPB
recording

19:21

control
mode

power c.

rms

1.

noise
(rel)

37 %

levels
p-p(abs)

5.8 °:

char,
f req.

0.49 Hz

decay
ratio

0.80

19:46 p. sp. c. 1.06 % 4.7 % 0.50 Hz 0.70

These results agree well with those obtained by Studsvik (section 3 and
fig. 3).

Evidently, the characteristic frequency of the neutron flux oscillations
remained essentially unchanged during the 25 minutes that elapsed between
the two recordings, whereas the core stability showed some improvement,
and the APRM signal noise levels diminished.

The reduction of the decay ratio experienced between the two recording
occasions is attributed partly to build-up of Xenon-135 that had occurred
m the meantime (almost half an hour), and partly to the fact that they
had been made in different modes of the power control system.

The APRM signal noise levels were rather modest for both recordings. Evi-
dently, a BWP core can be operated under steady-state conditions at a
decay ratio as high as 0.8, without any apparent operational inconvenien-
ce. Conversely, if a 8WR core should be manoeuvered (or should drift) to-
wards the stability limit, the control room operator may well remain un-
aware of this - if he only observes the noise levels of the APRM signal -
until the decay has risen above at least 0 8.

Even in the SSPB recordings, the APRM signal histories showed some ampli-
tude modulation with "beatings" - with successive beatings interrupted by
short time periods with unusually small APRM signal noise.



4.3 The LPRM signals

This remarkable APRM signal behaviour can be explained via studies of LPRM
signal histories. These histories show that although the global "in-phase"
oscillatory mode had been predominant throughout the two recordings, the
neutron flux had occasionally deviated from this pattern. Fig. 5 presents
an example of such an event: comparing the APRM signal history with the
simultaneous noise histories in the signals from the bottom LPRM detectors
in the -'nstrument tubes (6, 9, 31 and 34) in the four core quadrants. (The
figure refers to the SSPB recording that was initiated at 19:21).

APRM

H8 152 156 160 164 168 172 176 180 1B4 186

D064

148 152 156 160 164 168 176 180 184 IBB

0094

146 152 156 160 164 168 172 176 180 184 168

D314

146 «152 156 160 164 166 172 176 ISO 184 166

AJW
D344

148 152 156 160 164 168 172 176 180 184 186

Fig. 5 Comparison of simultaneous APRM and LPRM signal histories

Observe how a prolonged global "in-phase" neutron flux oscillation is in-
terrupted at t = 174 seconds (counted from the initiation of the recor-
ding), when the signals D064 (from the upper left core quadrant) and D344
(from the lower right quadrant) suddenly started oscillating in counter-
phase. The out-of-phase mode only lasted for about two oscillation peri-
ods - suppressing meanwhile the oscillations in the APRM signal (thereby
creating a separation between the two successive beatings).
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This type of LPRM signal behaviour was generally observed between the APRM
signal beatings. Hence, the LPRM signal histories confirm that under the
conditions that prevailed during the SSPB recordings studied, the global
"in-phase" oscillatory mode had been the natural one for the core. Al-
though the oscillations in the neutron flux had made a few attempts to
break away from this mode to form a "counter-phase" oscillatory pattern,
that mode could not be sustained for more than a few oscillation periods;
the neutron flux then reverted to global "in-phase" oscillations.

For both the SSPB recordings, characteristic frequencies and decay ratios
have been identified for all the eight LPRM signals involved, from the os-
cillatory behaviour of the corresponding auto correlation functions. The
results are quoted below for the SSPB signal recording that was initiated
at 19:21, together with the noise levels for the LPRM signals - expressed
here as the rms noise, in relation to the signal average value.

detector

LPRM
LPRM
LPRM
LPRM
LPRM
LPRM
LPRM
LPRM

061
064
091
094
311
314
341
344

noise level

1.752
1.798
1 758
1.784
2,135
2,531
1.861
1.465

%
X
X
X
7.
°L
to

/c

ch. freq.

0.50
0.50
0.50
0 50
0.49
0.49
0.50
0.49

Hz
Hz
Hz
Hz
Hz
Hz
Hz
Hz

dec. ratio

0.75
0.74
0.72
0.71
0.30
0.87
0.78
0.82

These results should be viewed in relation to the stability characteris-
tics for the APRM signal (recorded under section 4.2): a characteristic
frequency of 0.49 Hz, a decay ratio of 0.80, and an rms noise of 1.37 %.

The LPRM signals had essentially the same characteristic frequencies: all
in good agreement with that of the APRM signal. On the other hand, some
systematic spread can be observed between the individual LPRM signals, as
regards both the noise levels observed and the decay ratios identified:

i) the LPRM signals from instrument tube 31 (and from the bottom detec-
tor, in particular) have higher rms noise than those from the detec-
tors in the other three tubes-,

ii) the LPRM signal from the bottom detector in instrument tube 31 shows
a higher decay ratio than those from the bottom detectors in the
other tubes. The same applies to the top detectors;

iii) for each of the instrument tubes 6, 9 and 34, the LPRM signals from
the top and the bottom detectors have reasonably similar decay rat-
ios. In contrast, the decay ratio for the LPRM signal from the bot-
tom detector in instrument tube 31 is significantly higher than that
from the top detector.

Forming - for each instrument tube - an average decay ratio of the LPRM
signals from its top and bottom detectors, it appears that for instrument
tube 31, this average decay ratio exceeds that of the APRM signal, whereas
for other instrument tubes, the average decay ratio either equals - or is
smaller than - that of the APRM signal.
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Even the SSPB recording that was initiated at 19:46 showed similar trends
- although they were less pronounced. This is probably a reflection of the
improved stability margins that had prevailed during that recording: tne
APRM signal decay ratio was down to 0.70, according to subsection 4.2.

For the SSPB recording that was initiated at 19:21, cross analyses between
the LPRM signals from the four bottom detectors (LPRM 064, -094, -314 and
-344) show that:

i) at 0.49 - 0.50 Hz (the core resonance), there was strong coheren-
ce between all the LPRM signals: i. e. strong signal coupling;

ii) here, the LPRM signal from the instrument tube 31 showed a signi-
ficant phase advance - by about 25 degrees - relative to the LPRM
signals from the three instrument tubes involved (6, 9 and 34),
which were all in phase.

On the one hand, the phase advance observed for LPRM signal 314 is modest
enough to permit the neutron flux oscillations to be viewed as essentially
global (ignoring the occasional straying into out-of-phase oscillatory
patterns). On the other hand, when such a phase advance is observed in
conjunction with an enhanced decay ratio and higher signal noise, then
there is reason to believe that all these phenomena are coupled.

Even for the SSPB recording that was made at 19:46, cross analyses showed
good coherence between the LPRM signals (i. e. reasonably strong coupling)
at 0.5 Hz (the core resonance frequency) - but this time all the LPRM sig-
nals were essentially in phase here.

To summarise: the behaviour of the LPRM signal noise during the two SSPB
recordings concerned indicate that there had been some spatial variation
of the core stability properties over the core, and also that this vari-
ation had been more pronounced when the stability margins were tighter. In
particular, the core region surrounding the instrument tube 31 (especial-
ly at its lower end) appears to have been closer to the stability limit
than the other core regions concerned - and the core on average. (In the
terminology of Studsvik: the bottom LPRM detector in instrument tube 31
had tended to behave rather like a "driving source").

It is tempting to search for a reason for such behaviour.

The core composition in the vicinity of the four instrument tubes invol-
ved does not offer any direct clues as to why the LPRM signals from one
instrument tube behaved differently from the others. The four tubes all
happened to be located within an annular loading region of the core that
contained mostly 9x9 fuel. Instrument tube 6 was surrounded by 9x9 fuel
assemblies, whereas each of the tubes 9, 31 and 34 were surrounded by
three 9x9 fuel assemblies and one 8x8 assembly.

Fig. 6 shows the rod pattern used while the two SSPB recordings were made,
marking also the locations of the four instrument tubes (6, 9, 31 and 34)
involved. For each of these four tubes, three of the adjacent control rods
had been fully withdrawn, whereas the fourth rod had been partially inser-
ted: to depths that extended above the bottom LPRM detector in each tube -
but never reached up to the top LPRM detector.
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Such a rod pattern does not (on its
own) explain why the LPRM signals
from instrument tube 31 had behaved
differently from those from the ot-
her tubes. However, if one looks at
the combined effects of the rod
pattern and the fuel loading scheme
on the core power distribution,
such an explanation emerges.
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l /
tube 6 t— — -• *

s _ . . . . — . . _ . . tube 9
. . .? „ . . si . . . . . . n. . . „.^,
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•* ̂  z ii z :: ̂  ii n ~ < ^Figs 7 - 1 0 presents some results

from core simulator calculations
that were made - in half core sym-
metry - of the power distribution
in the Forsmark 1 core at 19:37
(right between the two SSPB recor-
dings involved). Fig. 7 presents
the calculated core average axial
power distribution (observe that
there are 25 axial node planes,
lsbelled 1 - 2 5 from the bottom of
the core to the top). Figs 8 - 10
illustrate - for the right core
half - details of the calculated
"radial" power distribution. (The
conditions in the opposite core
half are accounted for via the 180
degrees rotational core symmetry.)
Fig. 8 shows the distribution of
the average channel powers.
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Fig. 6 Control rod pattern
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Fig. 7 Axial power distribution
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Fig. 9 shows the maximum value for the node power in eacn channel, and
fig. 10 indicates the axial node where the maximum power occurs.
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Figs 8 - 1 0 also mark the locations of the two instrument tubes in the
right core half that were involved in these signal recordings (tubes 9 and
34), and also the 180 degrees rotational symmetry positions of the two in-
strument tubes (6 and 31) in the opposite core half.
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Although the average axial core power distribution presented in fig. 7
looks rather benign, fig. 10 shows that the rod pattern presented in fig.
6 had created:

i) five extensive subregions of the core with strongly downward-tilted
axial power distributions: one surrounding the core centre, the
others on the core axes - close to the core periphery; and

ii) four extensive subregions - one in each core quadrant (plus a small
central island), with axial power distributions that were either
tilted upwards or peaked around the core mid-plane.

Moreover, figs 8 - 10 show that:

i) the maximum value for the local core power (peaking factor 2.25) ap-
peared in a highly rated coolant channel with a strongly downward-
tilted axial power distribution, and

ii) that particular channel was located near the centre of an entire
sub-region of the core, containing coolant channels that all had
strongly downward-tilted axial power distributions and fairly high
channel powers; and

iii) that particular subregion extended to - and included - one of the
fuel assemblies adjacent to instrument tube 31.

Hence,, the SSPB recordings had been made when instrument tube 31 had been
on a borderline between two core subregions with different axial power
distributions: one highly rated region with a downward-tilted distribu-
tion, and one moderately rated region with an upward-tilted distribution,
tn contrast, the other three instrument tubes (6, 9 and 34) had all been
located within moderately-rated core regions, with axial power distribu-
tions that were either upward-tilted or peaked around the core mid-plane.

(f one were prepared to accept that the stability characteristics were
able to vary spatially over the core, then it would seem natural to expect
that the local decay ratio should have a higher value in a highly rated
core region with a downward-tilted axial power distribution than in a more
moderately rated core region with an upward-tilted power distribution.
This could explain why the LPRM signals from instrument tube 31 had-beha-
ved differently from those from the tubes 6, 9 and 34.

According to section 3, Studsvik found that the LPRM signals from instru-
ment tubes 9 and 34 behaved rather like "receiving sinks": this is in line
with the findings from the analyses of the SSPB recordings. As regards the
instrument tubes 23 and 20 that were involved in the Studsvik recordings
- but not in those made by SSPB (figs 6 - 1 0 show their core locations),
Studsvik found that the LPRM signal from the former tube behaved like a
"driving source". On a principal basis, even that conclusion would agree
with those drawn from the analyses of the SSPB recordings: since instru-
ment tube 23 was close to the centre of a subregion of the core in which
the majority of the coolant channels were highly rated (especially those
surrounding the tube), and all of them had axial power distributions that
were strongly downward-tilted.
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4.4 The channel inlet flow signals.

Figs 6 - 1 0 show the core locations of the four channel inlet flows in-
volved in the two SSPB recordings: CF01 - CF04.

As regards channel flow characteristics, both recordings yielded very sim-
ilar analysis results. Therefore, all results to be presented subsequent-
ly refer to the recording that was initiated at 19:21. Figs. 11 a - d
present noise auto spectra for the four channel flow signals. For the sake
of comparison, the noise auto spectrum for the~APRM"Signal is 'aTsu shown,
in fig. 12. (Each plot is individually scaled with respect to amplitude.)

Fig. 11 a Auto
spectrum CF01

Fig. 11 b Auto
spectrum CF02

Fig. U c Auto
spectrum CF03

Fig. 11 d Auto
spectrum CF04

The flow noise spectra in figs 11 a -
d all display rather broad peaks cen-
tered around 0.5 Hz, signifying that
fluctuations with time periods around
2 seconds were present in the inlet
flows to the corresponding core cool-
ant channels. These fluctuations were
clearly the major contributors to the
channel flow noise. Although all the
channel flows and the APRM signal
fluctuated at roughly the same charac-
teristic frequencies, the spectral
peaks are much broader for the flow
signals than for the APRM signal: an
indiction that the fluctuations in the
channel flows were better damped than
the oscillations in the neutron flux.

FREQUENCY HZ

Fig. 12 Auto
spectrum APRM

From the oscillatory behaviour of the auto correlation functions for the
four inlet flow signals, characteristic frequencies have been identified
for them all, and decay ratios for two of them: CF03 and CF04. For CF01
and CF02, the auto correlation functions were so strongly damped that the
decay ratio estimation was difficult (the ratios were anyway below 0.25).
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The following table presents the flow stability characteristics obtained,
quoting also the flow noise (expressed as the rms noise, relative to tne
signal average value). For the sake of comparison, the table also includes
the corresponding results for the APRM signal, reported under section 4.1:

signal CFO1 CFO2 CFO3 CF04 APRM

char.
decay
flow

freq.
ratio

noise

0
<
1

.50
0.
.72

Hz
25
X

0
<
1

.56
0.
.14

Hz
25
%

0
0
1

.43

.25

.99

Hz

%

" 0
0
1

.43

.28

.76

Hz

%

0.
0.
1.

49
80
37

Hz

%

The results confirm that the fluctuations in the channel inlet flows were
all very well damped: far better damped than the oscillations in the APRM
signal. Although the characteristic frequencies for the five signals were
very similar, they were not identical.

Cross analyses between all these signals nave demonstrated that there was
no significant coherence between the flow signals, nor between any of them
and the APRM signal - even at 0.5 Hz. In other words: the channel inlet
flows had fluctuated independently of each other, and of the neutron flux.

One is left to conclude that the channel flow fluctuations had been of a
purely thermal-hydraulic nature. Against this background, it is of soi.ie
interest to appraise to what extent these fluctuations in the inlet flows
to the four channels had been related to the channel operating conditions:
these are found in figs 8 - 10.

The noise levels stated above show that the flows CF03 and CF04 into the
two channels with tr " lower ratings (channel power factors of 1.05 and
i 16, respectively] were "noisier" than the flows CF01 and CF02 into the
two channels with the higher ratings (channel power factors ot 1.20 and
1.31, respectively). This behaviour - which may at first sight appear
paradoxical - is most likely a reflexion of the axial power distributions
in these channels: downward-tilted in the former channels, and mid-core-
peaked in the latter ones (according to fig. 10). These results may be
viewed as a demonstration of the significance of the axial channel power
distribution, with respect to the channel inlet flow characteristics.

Since the channel flow fluctuations had obviously not been of the same
nature as the neutron flux oscillations, the cact that the APRM signal had
oscillated at roughly the same characteristic frequency as the channel
inlet flows must be viewed as a result of sheer coincidence. In other
words: the SSPB recordings h^d been made in an operating situation when
these frequencies had happened to be rather close. It might be tempting to
suspect that the neutron flux and the channel flows would tend to mutually
destabilise each other, under such circumstances. However, the cross
analysis results show no evidence of such phenomena.

vet, there is reason to expect that the neutron flux oscillations should
provoke at least some response in the channel inlet flows - via the fuel-
to-coolant heat transfer. The tact that no such response could be observed
- even at the core resonance frequency - indicates that although the core
decay ratio was as large as 0.8, this response was so faint that it was
swamped by the purely therma"-hydraulic channel flow fluctuations.
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Since the 5SPB signal recordings concerned only involved flow-monitorea
core coolant channels that contained 9x9 fuel, it is not possible to com-
pare channel flows through 9x9 and 8x8 fuel assemblies, on the basis of
these recordings - on their own. However, noise studies of channel inlet
flows to 8x8 fuel have been presented elsewhere: in refs 2 and 3. Compar-
ing such experience for 8x8 fuel with the results presented in tnis paper
for 9x9 fuel, it appears that channel inlet flows to fuel assemblies of
both these designs behave very similarly.

5. CONCLUSIONS

The stability experience led to the im-
position of a certain restriction of the
allowed operating region of Forsmark 1,
as shown in fit,. 13. The region must not
be entered during startup. "Partial
scram" is triggered if the region is en-
tered inadvertently, for example: after
a core power reduction realised vis the
coolant flow.

The stability margins had varied to some
extent over the core, tending to be
extra narrow in high-rated subregions
with downward-tilted axial power distri-
butions. The neutron flux oscillations
nad largely been in-phase, although they
had briefly strayed into out-of-phase
oscillatory patterns on a few occasions:
reducing therebv the amplitudes of the
APRM signal oscillations, and sometimes
also causing phase flips of 180 degrees.

Core power
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, MW (th)
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Fig. 13 Operating region of Forsmark 1

As regards thermal-hydraulic flow stability, channel inlet flows to 9x9
and 8x8 fuel assemblies were found to behave in similar manners.
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"LOW STABILITY INVESTIGATIONS OF SVEA BWR FUEL

0. Blomstrand, 0. Nylund, R. Eklund
ABB Atom AB
S-721 63 Và'sterâs, Sweden

ABSTRACT

The SVEA BWR fuel assembly design makes use of four mi ni bundles, each loc-
ated within its own subchannel.

The thermal-hydraulic flow stability verification of SVEA is based on in-
core studies in operating BWRs, as well as loop studies. All these studies
have demonstrated that SVEA assemblies have improved flow stability, com-
pared to 8x8 lattice assemblies. Whereas the in-core studies of SVEA re-
fer to channel inlet flows to entire fuel assemblies, some of the loop
studies have also addressed the inlet flows to the separate subchannels.

In view of the very good flow stability observed at 70 bar (BWR operating
pressure), most of the loop studies of were conducted at reduced pressure.
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1. INTRODUCTION

Stability phenomena of two kinds may be encountered in BWR cores: channel
flow stability and core stability.

Channel flow stability relates to purely thermal-hydraulic flow fluctu-
ations that may appear in individual core coolant channels. These fluc-
tuations are normally incoherent: i. e. flows through different channels
fluctuate independently of each other. Core stability, on the other hand,
refers to coherent flow fluctuations that may appear in a group of neigh-
bouring coolant channels (usually comprising the entire core), whereby the
fluctuations in the individual channel flows are strongly coupled to each
other via nuclear feedback.

This paper adresses channel flow stability exclusively, and discusses this
topic for a special BWR fuel assembly design: SVEA.

Generally, to ensure adequate stability of the coolant flow through a
channel where boiling occurs, it is necessary to orifice the channel
inlet. In BWRs, the inlet orifices are normally installed in the fuel
support plate; therefore, they are part of the reactor plant - and not ->f
the fuel assembly.

The stability characteristics of the flow through each coolant channel
also depend to some extent on the design of the fuel assembly that it con-
tains. As regards the SVEA fuel assembly design, it has been possible to
demonstrate its flow stability virtues via in-core studies in operating
BWRs, as well as loop studies: a favourable situation.

In-core measurements are always made under fully realistic conditions.
However, the thermal-hydraulic information that such measurements can
provide is somewhat limited: partly by whatever in-core instrumentation
that may have been installed in the plant, and partly by restrictions
imposed on the channel operating conditions - with respect to dryout
margins, power shape factors, etc.

Loop measurements using full-scale fuel mockups with electrically heated
rods do not suffer from such restrictions. A fuel mockup in a loop can be
exposed to much more onerous operating conditions (in terms of channel
power, channel flow, inlet sub-cooling, inlet orificing) than could pos-
sibiy be permitted in the core of an operating BWR. Hence, only loop meas-
urements can supply information about the thermal-hydraulic performance
limits that apply to a particular fuel assembly design (w'th respect to
flow stability, dryout, etc), and investigate what happens when the fuel
assembly is operated close to these limits. A loop can even be used to in-
vestigate thermal-hydraulic conditions at pressure levels that differ from
those utilised in operating BWRs.

Moreover, a fuel mockup in a loop can be equipped with more instrumenta-
tion than a fuel assembly in a BWR core. Loop studies can, therefore, pro-
vide information about more details of channel flow thermal-hydraulics
than in-core studies.

The paper illustrates how in-core studies and loop studies of flow stabi-
lity can provide results that supplement and support each other.
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2. THE SVEA BWR FUEL ASSEMBLY DESIGN

SVEA-64 - the original design version of the SVEA BWR fuel assembly - may
be viewed as a rod bundle of the_conventional 8x8 lattice type that has
been divided up into four "mi ni -bundles" •. each comprising 16 fuel rods, in
a 4x4 lattice. Each mini-bundle has then been placed in its own subchan-
nel. The four subchannels are joined together in a square lattice arrange-
ment in such a manner as to open up a clearance between them: forming a
central space of cruciform shape.

In a BWR core, this space is occupied by water, creating a central "water
cross" in the assembly that serves to flatten the thermal neutron flux
across the assembly during power operation. Thereby, the neutron economy
is improved - and the fuel utilisation: this is the main virtue of the
SVEA fuel assembly design.

SVEA-64 was first described by Nylund et al (1). Two other design versions
of SVEA have since then been developed: SVEA-1OO and SVEA-96, comprising
100 and 96 fuel rods. They have been described by Nylund et al (2) and by
Eklund et al (3), respectively. The SVEA-100 minibundle resembles that of
SVEA-64, but has slimmer rods, arranged in a 5x5 lattice. SVEA-96 was
developed from SVEA--100 by removing one corner rod in each minibundle
(the rod closest to the centre of the assembly), creating a 5x5 - 1 lat-
tice. Figs 1 - 4 compare the schematic cross sections of a conventional
8x8 fuel assembly and the three SVEA assembly designs: SVEA-64, SVEA-100
and SVEA-96, respectively.
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Most of the coolant that enters the inlet plenum of a SVEA fuel assemply
flows into the four subchannels (about 94 - 96 %, depending on operating
conditions): the rest passes into the "water cross". This subchannel is
clcsed in the lateral direction, i. e. there is no communication between
the flow through the "water cross" and the "bypass water" that flows
through the gaps between the fuel assemblies.

Some special design features have been introduced to improve the thermal-
hydraulic flow stability:

i) To suppress tendencies towards individual fluctuations in the sub-
channel flows, communication openings are provided between adjoining
subchannels - throughout the entire length of the fuel assembly.
They permit some mixing of coolant between the subchannels, thereby
equalising the pressure.

ii) An extra orifice is located at the inlet to each of the four sub-
channels, in addition to that installed in the fuel support plate.

3. METHODS USED FOR FLOW STABILITY STUDIES

Flows through coolant channels (either in a reactor core or in a loop ex-
periment) are repeatedly exposed to disturbances of origins that are both
external (turbulences, variations in the inlet subcooling) and internal
(in-channel boiling). These disturbances provoke responses in the channel
flows to an extent and according to a pattern that depends on the thermal-
hydraulic flow characteristics - which in turn are governed by the design
of the channel and its operating conditions. Hence, the cnannel flows have
a natural tendency to fluctuate: i. e. some "flow noise" will be present.
This noise usually contains some information about channel flow thermal-
hydraulics: notably flow stability.

All stability experience that has accumulated on channel flows through
SVEA fuel assemblies has been obtained via studies of flow noise. This
applies to both the in-core measurements and the loop measurements.

Since the extraction of stability information from process noise involves
computer analysis, it is necessary to record the noise histories in digi-
tal representation. All the signal recordings involved in these flow
stability studies have been made by means of special computerised data
collection systems; they have been described by Andersson et al (4).

The recordings have been evaluated off-line, utilising standard methods
for studies of time series. They have comprised spectral analyses in the
frequency domain, and calculations of auto correlation functions in the
time domain. Apart from determining the flow noise levels, the evaluations
have aimed at obtaining natural frequencies and decay ratios for the flow
fluctuations. They can usually be identified via the oscillatory behaviour
of the auto correlation function of the flow noise.

All flow noise levels reported subsequently are expressed in terms of
relative "a-values": denoting the rms flow noise, divided by the steady
state value for the flow.
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IN-CORE STUDIES

4.1 Instrumentation

In most BWRs, the core coolant flow is measured via sensors that are loc-
ated in the external parts of the recirculation flow circuit. Such instru-
mentation cannot supply information about flows through individual core
coolant channels. Nor is it feasible to extract stability information
about individual channel flows from the neutron sensitive in-core instru-
mentation (LPRW):

There are six BWRs, however, which are equipped with in-core instrumenta-
tion monitoring the inlet flows to individual core coolant channels. Four
of these reactors are located in Sweden (Forsmark i - 3 and Oskarshamn 3),
and two in Finland (TVO I - II).

The instrumentation senses the
pressure drops over the pre-
calibrated inlet orifice plates
of eight selected core coolant
channels, in each reactor. The
pressure drop signals are con-
verted to channel inlet flow
signals, via root-extracting
devices. The total core coolant
flow is obtained by extrapolation
from the measured flows through
the eight flow-monitored chan-
nels.

As an example, fig. 5 shows the
core locations of the flow-moni-
tored channels in Oskarshamn 3
and Forsmark 3.
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Fig. 5 Flow-monitored channels in
Oskarshamn 3 / Forsmark 3

The flow sensors have such fast response characteristics that the flow
signals reproduce quite rapid changes in the channel flows - even in rel-
ation to the time-scale set by the natural frequencies of any stability-
related fluctuations that may be present in these flows. Hence, the
instrumentation does not merely provide information about the absolute
values of the inlet flows to the flow-monitored channels (during steady-
state operation), but also dynamic information about these flows: notably
with respect to stability.

Among commercial BWRs, this instrumentation is unique. Hence, in each of
the reactors mentioned above, it is possible:

i) to compare various fuel assembly designs (for example: 8x8, 9x9,
SVEA), with respect to channel flow stability characteristics; and

ii) to study - for each particular fuel design - how its channel flow
stability characteristics depend on operating conditions: inlet
flow - as measured by the instrumentation, and channel power and
axial channel power distribution - as calculated by the core simula-
tor (on-line or off-line).
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4.2 Experience

All the BWRs equipped with instrumentation for channel inlet flow monitor-
ing contained 8x8 lattice fuel initially. To date, five of them have been
reloaded with SVEA fuel. Flow noise recordings in these plants have al-
ready yielded a wealth of experience on flow stability for both 8x8 lat-
tice fuel and SVEA fuel. Some early results (mostly referring to full
power conditions) have been presented by Blomstrand et al (5).

More recent investigations have
focused on operating conditions
at reduced flow and fairly high
power, i. e. the area of the per-
mitted operating region marked in
fig. 6 (which is known to be of
interest with respect to stabili-
ty). The area can be reached in
two ways: either during power as-
cension after a shutdown - f l -
owing the procedure explained in
a companion paper by Blomstrand
et al (6), or during power reduc-
tion from higher power - realised
by lowering the coolant flow.
Such power reductions are made
regularly (for example, for peri-
odic testing of the main steam
line isolation valves).

Power

Permitted
operating

region

Interesting area

Flow

Fig. 6 Typical operating region

All in-core results quoted here refer to such operating situations. They
have been obtained via analysis of signal recordings made in Oskarshamn 3.

Figs 7 a - c compare noise levels and noise auto spectra of inlet flows to
differently rated coolant channels, all containing 8x8 fuel assemblies.
The results refer to a signal recording that was made at 76 % power.

O (0-2Hz) <S (0-2H2) = 0.77%

Fig. 7 a 8x8
Auto spectrum
f-rad =1.24

Fig. 7 b 8x8
Auto spectrum
f-rad = 0.95

frequency, Hz

Fig. 7 c 8x8
Auto spectrum
f-rad = 0.67



80

Fig. 7 a (which refers to a fairly high-rated rated coolant channel) shows
quite a significant spectral peak at about 0.6 Hz in the flow noise auto
spectrum: an indication that periodic fluctuations were present at this
frequency in the channel inlet flow to the fuel assembly. A peak - albeit
with a reduced amplitude - can also be seen at the same frequency in fig.
7 b (referring to a moderately rated channel). In fig. 7 c (which refers
to a low-rated channel), the spectral peak is so faint as to be barely
visible. These examples show that:

i) channel inlet flows to 8x8 fuel assemblies are prone to fluctuate in
a periodic fashion; and

ii) the amplitudes of the flow fluctuations depend strongly on the chan-
nel power.

Cross analyses have shown that the fluctuations that appeared in the indi-
vidual channel inlet flows were unrelated to each other, and also to the
neutron flux noise: the fluctuations were - in other words - incoherent.
It follows that the fluctuations observed in the channel inlet flows were
of purely thermal-hydraulic origin.

Figs 7 a - b demonstrate that it was these thermal-hydraulic flow fluctu-
ations that provided the most significant contributions to the channel
inlet flow noise.

The absence in fig. 7 c of a spectral peak of any significance at 0.6 Hz
demonstrates that the channel inlet flow to the rather low-rated 8x8 fuel
assembly was very stable. Moreover, the spectral peaks appearing in figs 7
a - b are rather broad: this indicates that the periodic fluctuations in
the corresponding channel inlet flows were quite well damped. Hence, even
these channel inlet flows were fairly stable.

Noise auto spectra for channel inlet flows to one high-rated 8x8 lattice
assembly and an even more highly rated SVEA-100 assembly are compared in
figs 8 a - b. They refer to a recording that was made at 65 % power.

O (0-2Hz) = 1.28%

O

frequency, Hz

Fig. 8 a 8x8
Auto spectrum
f-rad = 1.26

E<

frequency, Hz

Fig. 8 b SVEA-100
Auto spectrum
f-rad = 1.36
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A peak appears at 0.5 Hz in both spectra. Observe, however, that the peak
in the noise auto spectrum of the inlet flow to the 8x8 fuel assembly
(fig. 8 a) is very significant, whereas that in the noise auto spectrum of
the inlet flow to the 5VEA-100 fuel assembly (fig. 8 b) is barely visible.

According to these results, the channel' inlet flow to the SVEA-100 fuel
assembly had even better thermal-hydraulic flow stability - and signifi-
cantly lower flow noise - than that to the 8x8 lattice assembly. The im-
provement is substantial: a comparison between figs 8 b and 7 c suggests
that inlet flows to high-rated SVEA-100 assemblies behave like_inlet flows
to low-rated 8x8 lattice assemblies.

Flow stability conditions, similar to those illustrated in figs 7 and 8,
have in fact been experienced for the majority of the signal recordings
studied (at least for operating situations within the permitted operating
region, fig. 6). Even for channel inlet flows to 8x8 fuel assemblies, the
channel flow stability is usually so good that although it may be possible
to recognise a characteristic frequency for the flow fluctuations, the
corresponding decay ratio is so small that it is difficult to obtain a
reasonably accurate identification from the auto correlation function of
the channel flow signal. Accordingly, if one wants to present experience
gained from noise studies of channel flow stability in a pedagogic manner,
then it is better to display noise auto spectra of channel inlet flow sig-
nals, rather than comparing small decay ratios.

Figs 9 a - b compare noise auto spectra of channel inlet flows to two
equally rated SVEA assemblies: of the SVEA-64 and the SVEA-100 designs,
respectively. The results refer to a signal recording that was made at 75
% power.
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Fig. 9 a SVEA-64
Auto spectrum
f-rad = 1.26

frequency, Hz

Fig. 9 b SVEA-100
Auto spectrum
f-rad = 1.26

No evidence of channel inlet flow fluctuations can be seen in either of
the auto spectra. Their similarity indicates that the two SVEA assembly
designs have similar thermal-hydraulic flow stability properties.
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Finally, figs 10 a - c compare noise levels and noise auto spectra of
inlet flows to differently rated coolant channels that all contained
SVEA-64 fuel. The results refer to a signal recording made at 75 % power.
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Fig. 10 a SVEA-64
Auto spectrum
f-rad = 1.46

frequency, Hz

Fig. 10 b SVEA-64
Auto spectrum
f-rad =1.28

frequency, Hz

Fig. 10 c SVEA-64
Auto spectrum
f-rad =1.20

These examples illustrate that channel inlet flows to SVEA-64 fuel assemb-
lies retain their reluctance to fluctuate, even when channel power factors
are as. large as 1.46. In consequence, the channel flow noise depends quite
weakly on the channel power.

To summarise, the in-core studies of channel flow stability have demon-
strated that channel flows through SVEA fuel assemblies (both SVEA-64 and
SVEA-100) are much less prone to exhibit periodic fluctuations of a
thermal-hydraulic nature than channel flows through 8x8 assemblies. In
other words. the SVEA fuel assembly design offers even better thermal-
hydraulic stability than the 8x8 lattice design.

In fact, our experience shows that it is normal to observe damped periodic
fluctuations in channel inlet flows to 8x8 fuel assemblies, but unusual to
find periodic fluctuations in channel inlet flows to SVEA fuel assemblies.
It is important to emphasize here that these remarks only apply to such
situations where any channel flow fluctuations observed have been purely
thermal-hydraulic (i. e when cross analyses between channel inlet flow
signals and APRM-LPRM signals have shown no evidence of any significant
dynamic coupling between neutron fluxes and channel flows).

Some stability results relating to channel inlet flows to fuel assemblies
of the 9x9 lattice design are presented in a companion paper by Blomstrand
et al (6). A comparison suggests that such flows behave similarly to chan-
nel inlet flows to 8x8 fuel assemblies.

Before leaving the subject of in-core studies of channel flow stability.
it is pertinent to remark that stability results obtained from studies of
channel inlet flows to SVEA assemblies rray not necessarily be fully repre-
sentative of the flow conditions in the four subchannels of the assembly.
The loop studies shed some light on this issue.
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5. LOOP STUDIES

5.1 Facilities

The FRIGG loop, which is located at the ABB Atom laboratories in Vasterâs,
Sweden, has has been used since the mid-sixties for thermal-hydraulic
testing and verification of full-scale mockups of nuclear fuel assemblies
for both BHWRs and BWRs.

The loop has been described by Nylund (7). Briefly, its test section
houses the fuel mockup - with rods that are heated electrically. When the
loop is running, the steam-water mixture leaving the upper end of the test
section passes through a steam separator. Tne separated steam flows to a
spray condensor, which also serves as the pressure controller for the
loop. The water leaving this condenser first passes through a cooler, and
is then mixed with the return water from the steam separator. After flow-
ing through a downcomer, the mixture ss finally forced - via a recircula-
tion pump (followed by an adjustable orifice) - into the lower end of the
test section.

The loop is generously equipped with instrumentation for measuring process
parameters of interest, such as pressure, channel inlet flow, inlet sub-
cooling, etc. The fuel mockups to be tested are also provided with instru-
mentation for detecting dryout, monitoring the pressure conditions along
the heated subchannels, etc.

During the eighties, the loop has been used for extensive thermal-
hydraulic studies of the SVEA fuel design. They have comprised:

i) for SVEA-64: a full-scale mockup of an entire assembly, i. e. with
four mi ni bundles;

ii) for SVEA-1OO and SVEA-96: full-scale mockups of individual mini-
bundles (containing 25 and 24 rods, respectively) in a subchannel.

The flow stability tests, in particular, covered a wide range of operating
situations: with respect to inlet orificing, inlet subcooling, channel
power and channel flow - and even loop pressure. Briefly, the tests were
conducted as follows: with the recirculation pump running at a given speed
(or at natural circulation), the power of the assembly mockup was raised
in steps, until either dryout occurred or the flow became unstable.

For all three design versions of SVEA, the loop studies have confirmed the
attractive flow stability properties observed in-core. In those loop tests
that were conducted at 70 bar (normal BWR operating pressure), dryout
occurred before periodic flow fluctuations of any significance had been
able to develop. At this pressure, the thermal-hydraulic performance
limits for SVEA appear to be set by dryoi't, rather than by flow stability.

In order to bring about fluctuations in the coolant flow - with amplitudes
large enough to permit more detailed flow stability studies to be carried
out, it was necessary to reduce the loop pressure to below 40 bar. Hence,
the majority of the loop studies of flow stability were conducted at loop
pressures that were substantially lower than the normal operating pressure
of BWRs.
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5.2 The SVEA-64 tests

The mockup that was used in these tests was fully representative of the
actual SVEA-64 assembly design (fig. 2), except for some minor design
modifications which had to be introduced for practical reasons:

i) the inlet orificing of the four subchannels was achieved differently
- still producing the correct subchannel inlet pressure drops;

ii} instead of a central water cross, a solid central cross was used.
Hence, compared to the actual SVEA-64 fuel assembly design, the
mockup lacked the bypass flow through the water cross.

Three of the mi ni bundles had the same power ratings, whereas the rating of
the fourth mi ni bundle was 4 % higher.

Both forced and natural circulation conditions were investigated. The
channel inlet flow to the fuel mockup was monitored via the instrumenta-
tion measuring the flow through the loop. The inlet flows to the four
subchannels were monitored via special instrumentation, measuring the
pressure drops over their inlet orifices.

Some results from the 5VEA-64 flow stability studies in FRIGG have already
been reported by Blomstrand et al (8). Briefly: when channel flow stabili-
ty was investigated at 70 bar (BWR operating pressure), each test sequence
was terminated by dryout, before any flow instabilities could be observed.
Although periodic channel flow fluctuations could actually be perceived
during at least one of the tests, at a characteristic frequency similar
to those observed in operating BwRs (under similar operating conditions,
with respect to power and flow), the decay ratio identified was no larger
than 0.2.

The tests were then reneated at successively lower pressures. Below about
40 bar, it became possible to induce flow instabilities, before dryout oc-
curred. Extensive flow stability measurements were then conducted at 31
bar and 22 bar. They demonstrated that:

i) the thermal-hydraulic fluctuations in the subchannel inlet flows
were always strongly coupled to each other, and in phase;

ii) they were also strongly coupled to the fluctuations in the channel
inlet flow.

These observations refer to flow stability situations that ranged from
rather stable flows up to the stability limit. Moreover, below "three
quarter damping", all the subchannel inlet flows had similar noise levels:
of the same magnitude as the channel inlet flow noise. Closer to the
stability limit, higher flow noise levels were seen in the highest rated
subchannel.

These loop test results provide strong indication that flow stability ex-
perience that is acquired via in-core studies in operating BWRs of channel
inlet flows to SVEA-64 fuel assemblies also applies to the inlet flows to
the four subchannels.
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5.3 The SVEA-100 and SVEA-96 tests

The decision to restrict the thermal-hydraulic loop tests of the SVEA-100
and SVEA-96 fuel assembly designs to
rather than full-scale assemblies
experience gained via the loop tests
fuel assembly design, as regards
channels in relation to each other -

full-scale mockups of minibundles
- was based chiefly on the favourable
of flow stability for the SVEA-64
the flow conditions in the four sub-

and to the channel inlet flow.

The loop measurements of SVEA-100 and SVEA-96 have been described by
Eklund et al (3). Only forced circulation conditions were investigated.
The most comprehensive flow stability studies were conducted at 42 bar and
28 bar.

The detailed evaluations of the signal recordings that were made during
these tests suggest that both the SVEA-100 and SVEA-96 designs have simi-
lar channel flow stability properties, which are also similar to those of
SVEA-64.

5.4 Comparison with 8x8 lattice test results

F-;g. 9 summarises the flow stability experience obtained from the more
recent FRIGG studies of the SVEA fuel assembly design, and compares with
older FRIGG experience with respect to the 8x8 fuel assembly design. The
material presented here refers to natural circulation conditions (most of
the data points have been obtained via extrapolation to natural circula-
tion of results obtained during tests conducted at forced circulation).
The comparison suggests that the SVEA design has improved flow stability,
compared to the 8x8 lattice design.

Stability limit
kW/litre
160

10 20 30 40 50 60 70
Pressure, bar

Fig. 11. Stability limits at natural circulation for SVEA and 8x8
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6. CONCLUSIONS

The attractive thermal-hydraulic flow
SVEÀ fuel design have been demonstrated
the loop studies in FRIGG.

stability characteristics of the
by both the in- core studi'ps and
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2.3

PRACTICAL EXPERIENCE WITH INSTABILITY MEASUREMENTS
IN GERMAN BWR'S AND RELATED CONSEQUENCES

L. P. Brandes*, W. Waschull**
* Hamburgische Electricitats-Werke AG
** Kernkraftwerk Kriimmel GmbH
Hamburg, FRG

ABSTRACT

The paper gives a german utility over-view on stability issues.
The historical back-ground of stability as a safety aspect, the
stability measurements performed in two German BWR plants and
their results are described first, followed by the most impor-
tant results and conclusions and a description of the conse-
quences at the end. The presented automatic control rod group
insertion is a safety system which meets the specific require-
ments to limit instabilities. The measures taken by the opera-
tors are judged by the German reactor safety commission as
adequate and sufficient.
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1, INTRODUCTION

From the early beginning the development of the boiling wa-
ter reactor for large plant capacities has been influenced
by the question how a stable operating behaviour can be en-
sured. The experience with conventional steam generators
had taught that two-phase flows can give rise to flow os-
cillations with the risk of local overheating because of
insufficient cooling of the heating tubes. This is déter-
minée by the feedback of the pressure drops in the 1-phase
and 2-phase region.

In boiling water reactors the coolant condition has addi-
tionally a feedback effect upon the reactivity behaviour of
the reactor core and hence upon the neutron flux which in
turn has an impact on the coolant. This interrelationship
is called neutron-kinetic thermohydraulic feedback [1J.

This feedback limits the effects of numerous transients be-
cause it is in general a reverse feedback. For each system
subject to feedback, however, operating points can always
be specified in which the system becomes capable of oscil-
lating, i. e. unstable.

The design of the reactor must ensure that such instabili-
ties are prevented or that their effects are limited in
such a way that they do not pose a threat to the reactor
core.

Especially in the sixties, all BWR manufacturers performed
in-depth studies to understand these relationships better
and to demonstrate the technical feasibility of the BWR
concept. Once the tests and analyses had proven that suf-
ficiently stable operation can be ensured in principle also
with the planned capacities, the subsequent investigations
in the seventies were rather aimed at confirming the ear-
lier results on real plants. In addition, time-domain ana-
lysis methods were developed unlike the previously used
simpler frequency-domain analyses. In the late seventies,
extensive stability measurements were performed in several
plants (e. g. Peach Bottom, Vermont Yankee) which served to
advance and verify primarily the methods. At the beginning
of the eighties, the instabilities which had occurred in
TVO (Finland) and Caorso (Italy) moved this issue back into
the discussion [2,3,4]. In Germany, the result was that in-
stabilities affected more availability than safety aspects
so that administrative procedures, complemented by training
measures, are sufficient precautions.

In the first half of the eighties, the transition from the
Hench-Levy correlation for the determination of the criti-
cal heat flux density to the GEXL correlation was made in
the German BWR plants, which was relatively late by compar-
ison with the US plants. The introduction of this correla-
tion and the associated higher safety margin were supposed
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to permit the expansion of the characteristic power-flow-
map, i. e, the operation on a control rod line higher than
100 % so that the advantages resulting from reduced core
flow can be utilised.

Against this background, the question of stability was at
the centre of the licensing procedure for the two North
German BWR plants of Brunsblittel ( KKB ) and Kriimmel (KKK)
which were the first to apply for corresponding -licences.
This question resulted in the necessity to conduct exten-
sive stability measurements and supplementary theoretical
investigations as well as to install an additional safety
system going beyond the existing administrative procedures.

In the following, the stability measurements and their re-
sults will therefore be presented first, followed by the
most important analysis results and a description of the
safety system at the end.

2. THE STABILITY MEASUREMENTS AND THEIR RESULTS

Fig. 1 shows the characteristic power-flow-map of a German
BWR plant of the line '69 with internal coolant recircula-
tion pumps including the protection and limiting measures
demonstrated by the KKK plant. Operation is possible up to
a 115 % control rod line corresponding to 80 % coolant flow
at rated power. Immediately above are the limit marks AFV
and EFA which prevent withdrawal of the control rods or
initiate their insertion in line with the current operating
mode. The control rods to be moved are selected by a con-
trol rod manoeuvring computer which, however, is not fail-
safe and permits only relatively slow load change rates
because it also supports the withdrawal of the control rods
during normal operation.

Above these limiting systems are the reactor protection
measures (GLVM, GNVM, FLBM, GLSM, GNSM and FNSM). The first
three actuate the withdrawal lock of the control rods. The
GNVM prevents the pumps from increasing speed. GLVM and
FLBM initiate additionally fast coastdown of the coolant
recirculation pumps to minimum speed (40 % core flow). The
last three lead to reactor scram.

The respective stability limit of the plants was ascer-
tained on the basis of the following measuring programme
(fig. 2), and the required data were recorded. Starting out
from a control rod line as high as possible (ideally 115 %)
at xenon equilibrium and rated power, the power was lowered
with the maximum gradient possible (20 MW/min set by the
load dispatcher) to the left corner point (minimum pump
speed). The actual measurements were taken in the range of
lowest stability, i. e. between minimum pump speed and
natural circulation. This corresponds to a flow range of
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about 20 % to 40 %. The recirculation pumps (in KKK: 10; in
KKB: 8) were individually switched off one after another to
wait subsequently in each individual case until a thermal
equilibrium had been reached, i. e. until the feedwater
temperature did no longer change. Afterwards, the control
rods were withdrawn until a sufficiently high stable con-
trol rod line or the stability limit had been reached. The
stability limit has been defined by neutron flux oscilla-
tion amplitudes amounting to more than 3 % of the station-
ary signal and not by means of the decay ratio which is
otherwise generally used. Afterwards the original control
rod line was restored by control rod insertion, and the
next pump was switched off. Once the natural circulation
point had been reached, the pumps were individually
switched on again one after another, and the minimum sta-
bility range was approached again in order to check the
reproducibility and to determine the xenon influence, if
necessary.

Following the measurements the tests were evaluated with a
view to changes compared with the preceding measurements.
The measurements normally took about 2 hours so that the
change in the xenon concentration was still acceptable. The
actual measurements were taken several times per cycle in
Loth plants between 1985 and 1988, in general at intervals
of 2 to 3 months. Later on this was reduced to one measure-
ment at the beginning of the cycle to find out whether sig-
nificant changes had occurred. Since the measuring data of
both can be compared, the most important results are demon-
strated by the KKK plant (fig. 3).

With most measurements the stability limit based on the
above criterion was between a 110 % and a 115 % control rod
line. In some cases, it was also found on higher or lower
control rod line. Minimum stability always occurred in the
range of 4 to 5 running pumps, i.e. 5 or 6 pumps switched
off. This corresponds to a coolant flow of about 30 % at a
reactor power of between 40 % and 50 % depending on the
control rod line. During the measurements the permissible
neutron flux oscillations were limited to amplitudes of
15 % in order to obtain on the one hand a sufficiently
clear signal and to ensure on the other hand sufficiently
large safety margins to the reactor protection measures.
The AFV and EFA limiting measures had been deactivated for
the duration of the measurements. The typical oscillation
pattern of a local power range monitor is represented in
fig. 4. The influence of the control rod manoeuvring as
well as the coolant pumps can be seen quite clearly.

In sum, the following major conclusions can be drawn from
the stability measurements.

The observed oscillations were always sinusoidal with a
frequency of about 0.5 Hz.
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The change of the stability limit during a cycle as well
as from one cycle to the next showed a similar bandwidth,
i. e. there were no significant differences.

Until 1990, the increasing number of 9x9 fuel elements
with a share of 60 % in the reactor core had no clear
impact on the stability behaviour [5].

The natural circulation point was always sufficiently
stable within the characteristic operating diagram.

The stability limit declined slightly in the course of
the cycle.

The insertion of shallow rods alone had a clearly sta-
bilising effect without any measurable change in reactor
powe r.

The increase of the oscillations was relatively slow, in
some cases the amplitude increase was in the minute
range.

Single-phase oscillations, i. e. full-core instability,
occurred in most cases. In exceptional cases, antiphase
half-core oscillations also occurred with measurements at
the beginning of the cycle. This was possibly due to the
peaked power distribution high influenced by xenon defi-
ciencies because measurements taken immediately after-
wards in the equilibrium state did not confirm the pre-
ceding result. In combination with the group insertion
this behaviour always allowed reactor operation up to the
115 % control rod line.

3. SAFETY CONSIDERATIONS

Apart from the measured results, the most important question
related to the maximum impact which the highest possible
neutron flux oscillations could have. For this purpose it
was to be clarified whether the basic protection objectives
such as shutdown capability and residual heat removal capa-
bility are endangered. The following is a brief summary of
the considerations by KWU in this respect.

At the stability limit the reactor can be described as a
linear system, and the neutron flux oscillations are sinuso-
idal [6,7,8]. When the stability limit is clearly exceeded,
however, the non-linear behaviour of neutron kinetics is
obvious because

- the negative half-waves of the oscillations become more
shallow and the positive peaks become steeper and
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- a stable limit cycle is reached.

As amplitudes keep increasing the oscillations turn into a
sequence of neutron flux pulses whose pattern is controlled
by the behaviour of the void content in the core and hence
of the fuel temperature and heat flow into the coolant.
Since the heat flow into the coolant and hence the void
content do not change abruptly but can at best decline with
a time function determined by the fuel time constant of a
few seconds, an immediate criticality is ruled out. The
immediate feedback via the void content generated through
the heat released immediately into the coolant as well as
through the rising fuel temperature can therefore largely
offset the reactivity added by the declining void content.

It is assumed in the following that the reactor turns sub-
critical through the void reactivity and Doppler reactivity
coefficient during an instability when there is a steep
power increase corresponding to the neutron flux pulse. The
fuel temperature and the heat flow into the coolant and
hence the void content decline in this case because of the
lack in power generation. The gradient is then determined by
the fuel time constant; T - 5 s for 8x8 fuel elements, T »
3.5 to 4 s for 9x9 fuel elements.

If the fuel rod is represented by a differential equation of
the first degree, fuel temperature and heat flow decline
expondentially with the time constant T. At the time of core
recriticality this results in reactivity rates of about
1 %/s for the steam void and about 0.25 %/s for the fuel
temperature, hence about 1.25 %/s altogether. However, this
value corresponds to reactivity accidents such as the "rod
drop accident", for example, for which it has been demon-
strated that the peak fuel enthalpy is below 585 kJ/kg so
that the aforementioned safety goals are met. More detailed
studies revealed furthermore that the value of 1.25 %/s must
be regarded as a conservative upper estimate because taking
into account the feedback effects and the direct heat re-
lease into the coolant lead to substantially lower reactivi-
ty changes [9].

4. CONSEQUENCES FROM THE MEASUREMENTS AND ANALYSES

Once the comprehensive measuring results were available, the
regulatory authority, independent experts and operators
agreed that although instabilities are basically safety-re-
levant tha integrity of the fuel elements is only endangered
in the event of longer and extremely high oscillation ampli-
tudes. This is confirmed by the experience gathered in
plants such as Caorso, Forsmark, TVO and La Salle where no
fuel element defects occurred. The only question remaining
was therefore whether administrative procedures alone are
sufficient and how quickly they have to be taken [10,11]. In



order to bring these discussions finally to a conclusion and
above all to avoid extensive analyses which are difficult to
verify it was decided for both plants to install an automa-
tic limiting system, the so-called group insertion. The con-
cept wa^. based on the idea to dispense with rigorous meas-
ures such as a reactor scram which are unnecessary from a
safety-engineering perspective and to have at the same time
another precaution available against other slow transients
such as cold water transients.

The group insertion (insertion of control rods in groups)
results in a rapid power reduction reinforced by a simul-
taneous quick coastdown of all coolant recirculation pumps
unless they are running at minimum speed already. The object
is to avoid instabilities or to end them quickly enough. Un-
like the aforementioned EFA the group insertion does without
the control rod manoeuvring computer and interferes directly
with the control of each individual control rod. In doing
so, preselected control rods are fully inserted into the
reactor core in three subgroups. In the "all subgroups fully
inserted" condition a control rod pattern conforming to the
mode of operation is obtained so that other control rods can
subsequently be moved by the control rod manoeuvring comput-
er.

A group consists of up to four subgroups moving simulta-
neously in response to a trigger command. The rods of a
group of four are firmly assigned to each other and are
placed in the core in quarter-core rotational pymmetry. The
groups have been chosen with a view to maximum load change
rates while preventing unacceptable power distributions at
the same time (fig. 5).

The travel commands received by the groups are staggered in
time. As soon as the criterion "no rod travelling" applies,
the next group is automatically given a travel command. If
the rods of the groups were in the lower half of the core
before actuation, the groups are selected at 60 s intervals.
The rods of the group travelling before have not yet reached
their upper final positions before the next group starts to
be inserted because the rate of travel of the control rods
driven by electric motors is 3 cm/s. Apart from the automat-
ic actuation, the group insertion can be initiated manually
any time from the control room. The insertion can also be
manually stopped, at the earliest, however, after a blocking
time of currently 75 sec.

The achievable load change rates are well above 10%/min;
after group insertion the final power is above the minimum
turbine load to ensure station supply.

Automatic actuation occurs when more than three pumps (in
KKK) fail and the other pumps run at minimum speed at the
same time. The criterion for this actuation is the differen-



tial pressure above the lower core grid plate. In fig. 6 the
measured values of the differential pressure are plotted
across several cycles as a function of the number of running
pumps. Together with the information on the behaviour of the
stability limit measured at the beginning of each cycle this
is ideally supposed to ensure that the unstable region is
not entered, but that it is in any case left again quickly.

The circuit configuration can be described as follows. At
the actuation level the circuit configuration is 2v3 (2 out
of 3). Apart from that, the processing is of the two-channel
type. This ensures that the circuit configuration meets
single-failure criteria and is suited for recurrent testing
(fig. 7). It is not, however, a proper reactor protection
system with a configuration that this would require.

In conclusion, it is safe to say that the maximum time of
about one minute which can elapse until the instability is
ended by a corresponding power reduction is acceptable with
a view to preventing fuel element defects. This has been
borne out by both practical experience, particularly with
transient response, and the most recent complex theoretical
studies [12], Against this background, the presented group
insertion is a sufficient and adequate system to limit in-
stabilities .

5. CONCLUSIONS

The large number of stability measurements performed in two
German BWR plants and their most important results have been
described. The experience gathered on this basis has been
translated into an additional automatic measure, the group
insertion. In this context, the group insertion has to be
regarded as an additional precaution, however, and not as a
necessary reactor protection system. This has also been
proven in particular by studies which revealed that there is
no cause to suspect that short-term high neutron flux oscil-
lations results in fuel element defects. From the operator's
point of view the advantage of this additional limiting sys-
tem is that power can be reduced quickly in the event of
transients which makes an unnecessary reactor scram less
likely.

By contrast, the main advantage of the comprehensive measur-
ing programme conducted consists in the inevitably associ-
ated training programme for the power station personnel. As
a result, the shift personnel has become well familiar with
the instability phenomenon and knows the unstable region of
the characteristic operating diagram as well as the symptoms
of instability and the adequate remedial action. This is
supported by the central arrangement of the neutron flux in-
strumentation in the control room. The practical proof has
been furnished by the shift personnel in the KKB plant in



May 1990 when the group insertion was immediately (after
30 s) actuated manually when during power operation minor
neutron flux oscillations had suddenly occurred which could
in the following be traced back to periodic pressure control
disturbances. This demonstrated that administrative proce-
dures can be absolutely sufficient if the staff is ade-
quately trained and the instrumentation gives clear and re-
liable information.

In conclusion, it should be pointed out that the German
reactor safety commission judged the measures taken by the
operators as adequate and sufficient in connection with the
discussions about the La Salle event [13].
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Fig. 2 Measurement of Stability
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Fig. 3 Border of Stabill y
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2.4

FIRST STABILITY TESTS IN A LARGE BWR VITH A COMPLETE 9x9 CORE

R, Seepolt, h. Bauersfeld, Kernkraftwerke Gundremmingen, D-8871 Gundremmingen
R. Fuge, NIS Ingenieurgesellschaft, D-6450 Hanau
H. Heckermann, RVE Energie AG, D-4300 Essen

ZUSAMMENFASSUNG

In KRB Gundremmingen, Block B, wurden Stabilitätsversuche zur Bestätigung der
nuklear-thermohydraulischen Stabilität von 9x9-Ganzkernen durchgeführt.

Mit dem Programmsystem DIKA wurden Rauschmessungen im Bereich zwischen Min-
destdrehzahl der Bauptkühlmittelumwälzpumpen und Naturumlauf durchgeführt und
bezüglich Neutronenflußschvingungen analysiert.

Es konnte gezeigt werden, daß sich der Reaktor im gesamten Betriebsbereich
einschließlich Naturumlauf stabil verhält. Der minimale Abstand zur Stabili-
tätsgrenze liegt vor, wenn 3-5 Kühlmittelumwälzpumpen eingeschaltet sind.

ABSTRACT

Testing of nuclear-thermohydraulic stability was required to confirm the
stable behavior of the reactor core, which was almost completely (98 X)
loaded with fuel assemblies of the 9x9-1 fuel rod array type. These tests
were performed at unit B of the KRB Gundremmingen power station.
Using the digital stability monitor DICA 3.1 preselected local power range
monitor (LPRM) signals were analyzed with respect to neutron flux
oscillations.
For the testing purpose the reactor was operated in the high power/low
coolant flow region of the operating domain.
According to the test results a stable behavior of the core could be demon-
strated.
Minimum margin to the stability boundary was determined for the test oper-
ating condition with 3-5 out of the 8 recirculation pumps running at minimum
speed.
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Objective of the stability testing

The stability tests vere planned and executed in compliance with requirements
set by the licensing authority and their safety assessment expert organiza-
tion.

The following objectives were to be considered:

- Final confirmation of the stable behavior of the plant with
respect to the requirements of the licensing authorities and"
to the operational concerns.

- Establish margin to the stability boundary in the region with
reduced coolant flow, i.e. natural convection and reduced number
of operating recirculation pumps.

- Evaluation of the effect of fuel assembly (FA) - lattice type
such as 8x8 vs. 9x9 on stability performance.

Plant Description

The KRB Gundremmingen station consists of 2 operating boiling water reactors
(twin-units) rated at 1300 MW electrical output each. The units incorporate
some advanced BVR design features, e.g.

- internal reactor coolant pumps
- fine motion control rod drives
- high specific core power
- fuel assemblies with 9x9 rod array.

The plant is in commercial operation since the year 1984. At present both
units are operating in their 6th fuel cycle.

The question of sufficient margin to the stability boundary was already ad-
dressed earlier in the phase of the initial core design, especially in con-
junction with the 9x9 fuel bundle development, which was at the first time
realized for this plant. Appreciable numbers of this fuel type were loaded
into the first reactor cores of KRB. Now both reactors are fully loaded with
this fuel type.

Table 1 summarizes some main parameters of the reactor and core loading for
the fuel cycle no. 6.
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Table I
Main Core Characteristics

Thermal power
Power density
Average core exposure
Fuel assembly quantity
9x9-1 assemblies
8x8-2 assemblies

700 9x9-1 assemblies
Average enrichment
Gadolinium

68 9x9-1 assemblies
Average enrichment
Gadolinium

16 8x8-2 assemblies
Average enrichment
Gadolinium

3840 MW
56.8 kW/I
17700 MWD/MT
784
768
16

3.14 w/o V-23S
8 rods 3.00 w/o Gd, O,

3.13 w/o 11-235
6 rods 2.00 w/o Gd,O3

2.12 w/o U-235
2 rods 2.00 w/o Gd, O}

Fig- 1 schematically shows the arrangement of the core loading and the
in-core instrumentation during the stability tests.
For the purpose of online stability analysis only the lovermost LPRM-detec-
tors from the encircled positions were used according to the experience
which was gained from stability tests during plant commissioning [Lit.li

• Local P o m KMfe Monitor

(LPRMl (44x41

• lnunH«MeRaBft Monitor

(TOM) (3)

A SoarceRiafcMMilor

(SUM) (51

à RfonMLFRM

Fig.l Core Loading and Instrumentation
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Description of test performance

The KRB-B core of cycle no.6 is loaded according to a scatter load low-leak-
age scheme.
At the time of stabili
cycle amounted to 2960
core was close to it's
40 hours prior to the
duced to 63 X of rated
operating point at the
This starting point is

ty testing the core exposure increment since begin of
MVD/MT. Due to the progress in Gadolinia burn-out the
reactivity maximum for this cycle.

start of stability testing the reactor power was re-
power at 39 X coolant flow, which corresponds to an
110 X rod line with the recirc pumps at minimum speed,
denoted test point no.l.

Fig.2 shows the operating domain and some of the flow biased limit lines,
which are effective during operation to avoid inadvertent power increases.
To perform the tests in the region between minimum pump speed and natural
convection as a prerequisite it was required to modify temporarily the auto-
matic rod block/rod insertion line as shown in this figure.

Power (X)

120

100
90.

60.

30.

20 40 60
Coolant flow (%)

80 100

Fig.2 Operating Domain and Limits for Stability Testing

After recording the preselected signals at test point no.l the reactor power
was reduced to the 100 X rod line by inserting control rods. This test point
no.2 denotes the so-called "left corner" of the normal operating region of
the power flow map. After data recording a further power reduction was accom-
plished down to the 90 X rod line. This was done as a precaution against
reaching inadvertently an instable region in the course of the subsequent
switch-off of all of the eight recirculation pumps.

At natural convection flow condition the control rod pattern of test point
no.2 was restored. In this way the natural convection point of the 100 X rod
line, test point no.3, was determined with 28.5 X power and 16.6 X core flow.
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Because of the long low power period prior to test begin the xenon build-up
was rather small, this way the control rod pattern of test point no.2 gave a
fairly good reproduction of the 100 X rod line for the total test sequence.
To reach test point no.4 the reactor power was increased by control rod with-
drawal up to the 110 X rod line.
Now for the test points nos.6 thru 11 one recirculation pump after another
was switched on again. However prior to switching on any single recirc pump
each time the reactor power was lowered by insertion of control rods below
the 90 X rod line. After the start of each recirculation pump the power was
gradually increased up to either the 110 X rod line or the stability limit,
whichever was reached first. In this way the stability limit in the part-pump
region of the power flow map was investigated up to the 110 X rod line at a
maximum.

At the final test point no.12 all the eight recirculation pumps were operat-
ing again at minimum speed, and the control rod pattern of test point no.2
was exactly restored.
This test point was chosen to compare the results of the tests at the "left
corner" of the operating domain at beginning and at the end of the test se-
quence.
The test sequence was completed within five hours.

Data acquisition and evaluation method

During the stability tests 16 measured values were permanently recorded by a
fast multi channel recorder. These were:

12 LPRM-readings
1 APRM-reading
reactor pressure
feedwater flow
differential pressure at lower core grid.

Since the LPRM-output signal are best suited for the monitoring of local and
global neutron flux fluctuations 8 out of the 12 LPRM's were selected for the
online evaluation by the DICA-System. The remaining reactor instrumentation
is either not sensitive enough or the time constants are too large in order
to measure the small fluctuations, which indicate a change of the decay
ratio.

DICA is a portable system, which was developed for the purpose of discontin-
uous monitoring of the stability characteristics of a BWR [Lit.2].

DICA includes - the DICA real time software system
- a (portable) personal computer
- a data acquisition module, installed in the PC.

DICA records the electrical outputs of the 8 preselected LPRM's via the data
acquisition module, automatically compensates the direct current portion of
the signals and amplifies the remaining signal fluctuation for analog to di-
gital conversion. The programmable clock rate is adjusted to 10 samples per
sec, according to the interesting frequency region of the neutron flux fluc-
tuations.
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The data are stored in RAM buffers for the subsequent data analysis. There
are two buffers, which are switched for data acquisition and evaluation
alternately.

The signal analysis is executed in the frequency domain based on the auto
power spectral density (APSD) of the recorded signals. The APSD is calculated
using the algorithm of Fast Fourier Transform (FFT). The decay ratio, natural
frequency and the RMS value of the local flux fluctuations are estimated by
fitting the theoretical model of a second order linear system to the relevant
peak of the APSD's for all monitored LPRM's.

The location of the peak and the vidth of the fit region are automatically
determined depending upon the shape of the APSD.

Fig.3 thru 5 are examples for the development of the APSD of one particular
LPRM in the course of the stability tests while approaching the stability
boundary.
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The DICA-System performs all its tasks in real time and automatically. That
is, the output of stability characteristics takes place without the need for
interactive operator inputs once the measurement is started. The duration of
one measuring cycle is adjusted to 51.2 sec, corresponding to 512 samples of
each monitored LPRM-signal.
At each measuring cycle DICA automatically refreshes its outputs ->r each
monitored LPRM.
In order to obtain statistically stable results the total measuring time for
one reactor state (measuring point) is eight to ten cycles, corresponding to
seven to eight minutes measuring time. At low decay ratios, say DR<0.6, the
DICA output stabilizes after 3 to 5 measuring cycles, that is after 3 to
4 minutes. At decay ratios DR>0.9 even the first measuring cycle produces
qualified outputs. In fact, at DR near 1 the oscillation amplitudes are se-
veral percent of the mean local flux and can easily be observed from the
standard reactor instrumentation of our plant. Fig.6 is an example for such
a situation.
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Fig.6 LPRM Signal at Limit Cycle

From the point of view of statistics, the measuring time may be reduced vith
increasing decay ratios. This is not of large importance in our case of ded-
icated stability measurements. But it may be of importance from the point of
view of response time, if continuous stability monitoring is to be performed.
DICA displays the stability characteristics on the screen of the PC. Sampled
data, APSD's and the evaluated stability characteristics can be stored on
hard disk for the purpose of more detailed post analysis. DICA provides a
play back mode for this purpose, which retrieves the sampled data in real
time. All the DICA options available for the directly measured data may be
applied to play back data as well. This feature is extensively used to pro-
duce hard copies of the grafic screens. Fig.7 was made using the play back
mode of DICA.
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Test point no. 7

Fig.7 Regional Oscillations

Results

Table II summarizes the results of the afore described stability tests at
KRB-B.

Table II
Results of the Stability Tests

Test point
no.

1

2
3

4

S

6
7
8
9

10
11
12

Reactor
power
III

62.7

56.0

28.5

J3.8

36J
39.1
41.6
44.5
52.7
S8.8
61.6
55.6

Con
now
1*1

39.3
39.4
16.6
16.8
29.8
23.0
26.1
28.5
31.1
33.6
35.4
39.2

Kecircublion
pumps in
operation

8
8

0

0
1
2
3
4

5
6
7

8

Deciy ratio

0 3 7

036

0.50

0.83
0.78
0.81
0.99
0.93

0.92

0.87

0.79

0.40

Frequency

[Hz]

0.57
OSS
0.36
0.39
0.42
0.44
0.47
0.49
0.51
0.55
0.58
9.53

i
Remarks

110% Rod line

100% Rod line

100% Rod line

110% Rod line

Limit cycle

Limit cycle

Limit cycle

100% Rod line

test point no-2
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A stable reactor behavior was measured vith all the recirculation pumps
operating at minimum speed and control rod patterns corresponding to
the 100 X rod line and the 110 X rod line as well.

This is also the case for the natural convection condition (all pumps
shut-off).

The stability boundary interferes with the 100 X rod line if only 3 or
4 pumps are operating at minimum speed.

The stability boundary crosses the 110 X rod line when 2 or 5 pumps are
running. Fig.8.
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Fig.8 Pover Flow Map and Test Points

All the observed instabilities were counterphase regional oscillations
around a neutral line which is oriented diagonally across the core
Fig.7.

The flux oscillations are of non sinusoidal shape, as can be seen in
Fig. 6.

The measured frequencies are in the range between 0.36 and 0.58 Hz
(1/sec).
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Conclusions

Conclusively it can be said, the performed stability tests confirmed the ex-
pected stable behavior of 9x9 cores vith sufficient margin in the complete
operational domain.

The change in core loading from 8x8 to 9x9-type assemblies did not result in
inadvertent stability performance.
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Monitoring Local Changes of
the Core Stability of a BWR

T.H.J.J. van der Hagen
Delft University of Technology, Interfaculty Reactor Institute

Mekelweg 15, 2629 JB Delft, The Netherlands

ABSTRACT

Global and in particular local changes of the stability of the Dodewaard BWR (The Nether-
lands, 183 MWth, natural circulation) were studied in order to develop a reliable procedure
for on-line stability monitoring. To this end, numerical calculations were performed on the
sensitivity of neutron detectors to in-core flux perturbations.
Experiments were performed on several asymmetrical neutron flux profiles, the results of
which led to the conclusion that the so-called rcns ratio, which takes into account the peak-
ing of the neutron noise spectrum, is very sensitive to local changes of the stability.
Another method which was tested, uses the variations of the in-core coolant velocity. It was
found that these variations are not a measure of the local stability in very stable cores, such
as the Dodewaard reactor.



118

1. INTRODUCTION

Although the theoretical understanding of the physics involved in BWR instability
phenomena is increasing, it is felt and confirmed by recent experiences (for instance the
La Salle incident and experiments at Forsmark 1 [1]), that a continuous surveillance of the
reactor stability is of paramount importance. A common strategy is to avoid certain regions
of the power-flow map during operation of the reactor [2,3]. This is a rather indirect method
of safety surveillance. Moreover, in case of a natural-circulation-cooled reactor - such as the
new Simplified Boiling Water Reactor of General Electric - measuring the coolant flow is not
a straightforward procedure.

This paper deals with theoretical and experimental research performed on the Do-
dewaard reactor (183 MWth, The Netherlands), which is one of the two BWRs in the world
that use the before-mentioned cooling principle. It focusses on the monitoring of local changes
of the reactor stability (channel-flow stability); results on the surveillance of global stability
have been reported in Refs. [4] and [5]. A resume of the relevant parts of these presentations
is given in Section 2.

2. GLOBAL STABILITY

The Dodewaard reactor is equipped with three thermal-neutron detectors, which
are positioned outside the reactor vessel, almost three metres from the centre of the core. It
is known that the noise part of the signals of these detectors contains valuable information
on the global stability of the reactor [6].
Three methods of extracting this information from the signals were applied.

2.1 Time-domain monitoring

The noise part of the neutron signal was represented using an auto-regressive model,
where the discrete signal at a certain time is written as a weighted sum of earlier signal val-
ues and a random contribution. Once the model is established, the impulse response of
the signal can be calculated. The next problem to be solved was the determination of the
decay ratio from the impulse response. It was clear that a representation of the system by
a simple second-order system, as has been done by others [7], is not sufficient. The need for
a higher-order model has also been pointed out by March-Leuba [8]. A reliable estimate of
the decay ratio could be determined by using a third-order modal.
It was found that the Dodewaard reactor is very stable (decay ratio w 0.1-0.2) at nominal
conditions and that pressure lowering, power increase and flux peaking lead to a slightly
higher decay ratio (worse stability).

2.2 Frequency-domain monitoring

The results from the time-domain analysis were backed up by studies in the fre-
quency domain. A third-order model was used to describe the normalized FFT-based auto-
power spectral density (NAPSD) of the neutron noise.
The decay ratios from these analyses agreed nicely with those from the time-domain analyses.
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2.3 On-line monitoring

In spite of the good results it was felt that on-line monitoring of the stability as an
operator's aid using these methods is impeded by the complex character of the methods. A
novel stability criterion, which can be easily monitored, was therefore introduced. This BO-
called rms ratio takes into account the peaking of the spectrum of the neutron noise around
the resonance frequency (approximately 1 Hz in the Dodewaard reactor) by taking the ratio
of the rms (root-mean-tquare, a measure of the noise intensity) value from 0.8-1.3 Hz and
0.4-0.8 Hz. ^gure 1 shows the rms ratio as a function of the decay ratio for several operating
conditions (experiments were carried out both at nominal and at specially created abnormal
conditions).
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Figure 1. The rmi ratio as > function of the deeajr ratio.

The accuracy of the rms ratio was calculated from the statistical properties of the NAPSD,
taking into account the correlation between the spectrum points.
The results are given in Table I.

Table I
Standard deviation of the rail ratio and the decay ratio (DR)

as a function of the measuring time

measuring
time
2 h
1 h

30 min
10 min
1 min
30 s

&rmêratio

( % )

0.88
1.24
1.75
3.0
9.6
13.6

<r(DR) (%)
(DR=0.5)

1.3
1.9
2.6
4.5
15
21

Clearly, using the rms ratio is a suitable method for on-line stability monitoring, as the
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accuracy is high within short measuring times.

3. LOCAL STABILITY

After the positive results regarding the surveillance of the stability of the core as
a whole, it remains to be investigated whether it is possible to monitor local changes of
the stability, such as channel-flow instabilities. To this end, the sensitivity of neutron noise
signals to parametric changes in the core was calculated. The sensitivity of the signal of ex-
vessel neutron detectors to local changes of the stability (channel-flow stability) was studied
experimentally.
A second method of monitoring the channel-flow stability is presented as well. In this method
the variation of the steam velocity is studied.

3.1 Field-of-view of a neutron detector

The sensitivity of a neutron detector to in-core neutron flux perturbations - the
so-called field-of-view (FOV) of the detector - is a function of the multiplication factor of the
reactor, the position and the frequency of the perturbation. High-frequency perturbations are
filtered due to the neutron-generation time. It can be shown that the FOV can be calculated
using the adjoint Laplace transform of the neutron-diffusion equation. The thuswise obtained
set of differential equations can be solved numerically by an ordinary neutron diffusion code,
after rearrangement of the parameters of the equations.
The concept of the FOV of a detector and the derivation of the relevant equations are treated
briefly in this paper; detailed information can be found in Ref. [9].
The variations in the signal of a neutron detector are assumed to arise from small changes of
the macroscopic cross-sections in the core. These changes, in a BWR mainly caused by the
formation, collapse and transport of steam bubbles, are called 'parametric changes' as the
cross-sections appear as parameters in the neutron-transport equations. The changes result
in small fluctuations of the neutron flux and the concentration of delayed-neutron precursors.

The relation between the parametric changes and the detector signal can be calcu-
lated using neutron diffusion theory and adjoint function theory in the frequency domain. A
representation in frequency domain instead of time domain is preferred as the fluctuations
are of a stochastic nature. The exact time dependence is unknown, whereas the frequency
spectra may be known.
The time dependent n-group diffusion equation with delayed neutrons for the neutron flux
<f>i of energy group i and delayed-neutron precursors C* of group k reads, in conventional
notation:

- ~ - V-
vi at

>i} = Siy (1)
ii*

BC

- ^ = A E " 2 / > i - ^ - (2)
Where £ denotes the summation over the delayed-neutron precursors.
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The reader who is unfamiliar with the presented notations is referred to standard text-books
such as the work of Duderstadt and Hamilton (1976).
After Laplace transformation cne finds for the fluctuating parts of the neutron flux, 5(f>, and
the delayed-neutron precursors, 8Ck, in a first-order approximation

« M

where 3 is the Laplace parameter and in which the bar denotes a Laplace transform. For
completeness, variations of the fission cross-section have been taken into account as well,
although they are caused in an indirect way by boiling processes, namely by changes of the
neutron spectrum.
The adjoint function, 4>+, can be derived by taking the adjoint equation

{L .. V-D.V + £a,, + é S ^ - Xi(l

^fA4î = Sd, (4)

where E^,, is the detector cross-section for energy group i.
The detector response, defined by

(5)

can now be calculated by multiplying equation (3) by 4>f and equation (4) by Sfa.
The result is

SR = J2 JdV [S

(6)

It can be observed from this equation that <f>f can be considered as describing the sensitivity
of the detector to parametric fluctuations. We will call this sensitivity the field-of-view of the
detector. It is a complex function that is dependent on the position of the detector - through
the spatial distribution of Sj,, and on the frequency of the perturbations via the Laplace
variable, a. The great advantage of using equation (4) instead of just the forward equation
(3) is that the response of a detector can be determined for every spatial distribution of the
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perturbations in a single calculation.
The complex equations (4) can be split up into two sets of differential equations, one for
the real part and one for the imaginary part. It can be shown that these equations can be
solved by an ordinary time independent neutron diffusion code, after rearrangement of the
parameters of the equations [9].

In this manner both the field-of-view of an in-core and of an ex-vessel neutron
detector of the Dodewaard reactor were calculated for the situation where four control rods
in the centre were partly inserted. Two neutron energy groups were taken into account.

Figure 2. Relative contribution of void fraction variation*
of 1 Ha to the ex-vessel neutron signal.

20 cm

nautron detector
N6

core contour

Figure t. Distribution of the relative contribution of 1-Hs variation*
of the moderation cross-section to the ex-vessel neutron signal.

1=10-20%, 2=20-90%,..., »-BC-100%.
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Figure 2 displays the relative contribution along the core of void-fraction variations of 1 Hz
to the signal of an ex-vessel neutron detector. It can be seen that the decrease in moderation
- which is the <JS,,i2</>i(^ — <f>£) term in equation (6) - forms the dominant factor.
Figure 3 shows the spatial distribution of this effect. The four areas with inserted control
rods can clearly be seen as the influence of changes in the void fraction in these regions is
very small (20 - 30% of the maximum). It is obvious that changes generated in fuel bundles
with high pover - which concern the least stable elements - contribute most to the detector
signal, which is propitious for stability monitoring. Another interesting aspect is that the
detector 'looks' behind the control rods: fluctuations in the remote regions are propagated
via the fission and diffusion process around the control rods to the detector.

3.2 Monitoring local changes with ex-vessel neutron detectors

The results from the previous section suggest the possibility of monitoring local sta-
bility changes by means of the ex-vessel neutron detectors.
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Figure 4. Experimental conditions A, B, C and D.

To this end, experiments were performed on the Dodewaard reactor at the beginning of a
fuel cycle, where changes in stability were brought about by slightly changing the control-rod
pattern. The effect of this change on the power and void fraction distribution was calculated
by the LWRSIM computer code [10], which is an improvement of the Flare code [11]. The
numerical model is based on a one-group transport kernel theory including only kx and M2

(the neutron migration area) as parameters.
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Four cases will be discussed here. Figure 4 presents the corresponding control-rod pat-
terns. The positions of the three ex-vessel neutron detectors N5, N6 and N7 are shown as
well. Axial control-rod positions are numbered from 0 to 23, where 0 corresponds with a
fully inserted rod, whereas 23 denotes a completely withdrawn rod. The number 23 is re-
placed by a blank in Figure 4. Thus all but four control rods were withdrawn in cases A— D.

Table U. ~~
Monitoring local changes of the stability by using

the mu ratio of the ex-vessel neutron flux

case

A

B

C

D

Ael. power [%)_j
mm.

-

-L2

-2,2

-22.9

max.

-

3.8

2.3

3.9

Aexit void
nun.

-

-0.003

-0.007

-0.069

max.

-

0.010

0.006

0.011

meas.
time (h)

2.8

2.0

1.9

6.9

rms ratio

N5: 0.900
N6: 0.854
N7: 0.891
N5: 0.934
N6: 0.887
N7: 0.933
N5: 0.912
N6: 0.864
N7: 0.902
N5: 0.908
N6: 0.836
N7: 0.902

&rma ratio

(%)

0.74
0.74
0.74
0.86
0.86
0.86
0.90
0.91
0.90
0.48
0.48
0.48

rel. diff.
with A {%)

-

3.8
3.9
4.7
1.3
1.2
1.2

0.89
-2.1
1.2

Table II displays the numerical and experimental results. The rearrangement of the control
rods caused in some elements a power decrease whereas in other elements the power increased.
These changes are shown in the left half of Table II; the word minimum refers to the
radial position where the power was decreased the strongest, maximum refers to the highest
increase. The minimum and maximum change in element power P with respect to case A
were calculated as p«"fi~p* • 100% and the minimum and maximum change in the exit void
fraction a are expressed as afflK - aA. The exit void fraction is of importance as it is the
criterion that is normally used for stability surveillance of the Dodewaard reactor. The right
half of Table II presents the measuring time of the noise recordings of ex-vessel neutron
signals and the results of stability monitoring using the rms ratio. The inaccuracy of the
measured rms ratio {txrm,ratto) was calculated from the noise spectra.

The rms ratio is low in all cases, which corresponds with a very stable reactor (decay
ratio % 0.1). This low decay ratio is normal for the Dodewaard reactor, especially at the
beginning of a fuel cycle. Stability is then improved by the fact that fresh fuel elements have
a larger fuel time constant due to a lower gap conductance [12], which gives better stability
[13]. It has been suggested that not only are these elements more stable but that they have a
stablizing effect on other elements as well, as the elements are strongly coupled neutronically
[10]. The rms ratio of the signal of N6 is always lower than those of N5 and N7 probably
due to the fact that detector N6 faces the core from a different point of view; the detector
is shielded from the core by an extra amount of water in the downcomer, which acts as a
low-pass filter.

The various cases will now be treated successively.



125

A The normal situation, power is 183 MWth. A very accurate determination of the rms
ratios.

B Control rod D5 was withdrawn two notches (approximately 16 cm). The total power was
maintained at 183 MWth by lowering the water level in the vessel. This led to a higher
local power in the elements surrounding D5 and thus to a lower local stability (a change
in element power of 3.8%). All three ex-vessel neutron detectors register this decrease
of stability as the detector signal is dominated by the least stable elements (Section
3.1). According to the relation from Fig. 1, the change in rms ratio corresponds with a
change in decay ratio from 0.10 to 0.12. N.B.: it is very difficult - were it possible - to
detect such a small change in stability from the decay ratio as this would involve either
impulse response fitting or spectrum fitting (Section 2).

C Control rod6 C4 and E4 were withdrawn by one notch; power was maintained by water-
level lowering. In fact a symmetrical situation. However, as the power was more
concentrated in the elements C4 and E4, the stability of the core decreased. This even
smaller change in decay ratio than in case B (increase from 0.10 to 0.11) was again
measured by all detectors.

D This measurement dealt with a strongly asymetrical flux profile: in one element an
increase in peaking factor of 7.4%, in another element a decrease of 20.3%. In this case
the total power was 177 MWth. The rms ratio of detector N6 - facing the most stable
side of the core - dropped 2.1% (corresponding with a decay ratio lowering from 0.10 to
0.09), whereas the rms ratios of N5 and N7 increased by 0.9 and 1.2% (corresponding
with a decay ratio increase from 0.10 to approximately 0.11).

From the results obtained it can be concluded that stability monitoring using the
rms ratio is a very sensitive and reliable method and that local effects can be distinguished
by using three detectors.

3.3 Channel-flow monitoring

A completely different approach of local stability monitoring is provided by the fact
that the field-of-view of an in-core neutron detector is strongly peaked in its vicinity [4].
This enables the determination of the velocity of steam bubbles in the coolant channels sur-
rounding two axially-displaced in-core neutron detectors by correlation the noise signals of
the detectors, which is a well-known and widely used technique.
As a decrease of channel-flow stability is expressed by in increase in steam velocity variations,
a method was developped for determining the steam velocity within a second. The idea is,
that the stability of a certain spot in the reactor can be studied in this manner.

An estimation of the coolant velocity was obtained by fitting the maximum of the
cross-correlation function (CCF) of two in-core neutron noise signals to a parabola; the
position of the maximum of this fit renders the transit time for bubbles to travel from the
lower to the upper detector. This was done for very short measuring times. A detailed
outline of this method can be found in Ref. [14].
The measured variations of the coolant velocity have two causes:

1. real variations of the coolant velocity,

2. statistical inaccuracy of the method due to a finite measuring time.
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The shorter the time over which the CCF was determined, the worse are the statistics. The
inaccuracy of the method (which results in changes of the measured velocity not related to
actual velocity variations) was estimated by performing a least-squares fitting of the phase
of the cross spectrum (0-35 Hz) and thereafter determining the standard deviation of the
fitted slope. True velocity variations were then calculated by subtracting the variances (c2):

~ 2 — ̂ -2
i mi — tr.method (7)

in which the subscript V refers to real velocity variations, meas to measured velocity varia-
tions and method to the inacurracy of the method.

Velocity variations were measured during the experimental cases A, B and D. The
two detectors were positioned 105 and 115 cm above the bottom of the core (the core height
is 180 cm) in a detector tube near element 5D (this position in indicated in Figure 4)
during the first two measurements. The noise signals were sampled with 10 ms sampling
time, whereafter the velocity was calculated every 0.64 s (/A'!WUI»<=0-78 HZ) and every 0.32
s (//vWuut = 1-56 Hz). The measured velocity variations are displayed in Table III.

Table m
Variations of the in-core coolant velocity in cases A and B

case

A
A
B
B

JNyqutst
(Hz)
0.78
1.56
0.78
1.56

(%)
4.36
6.12
3.23
5.02

^method
( % )

2.1
3.1
2.1
3.1

(%)
3.8
5.3
2.5
4.0

It can be noted from this table that the velocity variations are very small, pointing to a
stable system. However, the variations are larger at case A than at caae B. Figure 5 shows
this effect as a function of frequency. This is unexpected u the core is more stable in case
.4 (see also Table II), especially near element 5D.
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Figure E. Auto-power ipeetral density of the in-core
coolant velocity for caae* A and B.
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An explanation might be that the flow pattern at case B differs from that at case A. The void
fraction in element 5D is higher in case B than in case A, which might result in a decrease
in steam velocity variations (consider for instance churn flow -"rith large velocity fluctuations
and annular flow). Apparently, this change of flow pattern overrules the increase in velocity
variations due to the stability decrease.

In order to compare the local stability of several spots in the reactor, velocity varia-
tions were measured in four core positions during the measurements in case D (/ArV7m,(=0.78
Hz). The radial detector positions are labeled 1, 2, 3 and 4 and are indicated in Figure 4.
The axial detector positions 2 differed from the others, as the coherence between the neu-
tron noise signals at a position of 105/110 cm was too low for performing accurate velocity
measurements. The detectors were therefore placed at a higher axial position (153/163 cm),
where the coherence was satisfactory. The measured velocity variations are shown in Table
IV.

Table IV
Velocity variations at several core positions for case D

position

1
2
3
4

5.17
8.92
2.40
1.99

^method
IW \

3.0
3.7
1.5
1.3

try

4.2
8.1
1.3
1.5

The variations at positions 3 and 4 correspond well as they represent more or less equivalent
core positions. Surprisingly enough, variations of the velocity are the largest near detector
position 2, which is the most stable core region investigated (near the core edge where the
power is low). The reason for this discrepancy might be that the power near detector posi-
tion 2 is unevenly distributed over the surrounding fuel elements. This can be judged from
Table V, where the calculated void fractions in the elements surrounding a detector position
are presented. The void fractions in the fuel elements at upper left and lower right from
detector position 2 differ with 0.16.

Table V
Void fractions in the fuel elements

surrounding a detector position

position
1

2

3

4

void fraction
0.48 0.42
0.44 0.33
0.38 0.48
0.49 0.54
0.52 0.47
0.51 0.47
0.51 0.51
0.53 0.50

The same asymmetry can be seen at position 1, at which unexpectedly large velocity flue-
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tuatkras were measured as well, with a difference in void fraction of 0.15 in two surrounding
elements.
Obviously, the larger velocity variations axe not imposed by stability changes but are caused
by the large asymmetries in flow-pattern/void-fraction/coolant-velocity in the fuel elements
surrounding detector positions 1 and 2.

4. CONCLUDING REMARKS

The following conclusions can be drawn from the presented material:

• fluctuations in the least stable fuel elements dominate the variations of an ex-vessel
neutron detector signal

• local stability changes are reflected in the rms ratio of ex-vessel neutron detectors

• variations of the coolant velocity are not an absolute measure of the channel-flow stabil-
ity of the fuel elements surrounding the detector set. The expected increase in velocity
variations caused by a decrease of stability seems to be masked by two other effects:

1. the asymmetry between flow patterns in the four L.el elements surrounding the two
neutron detectors used for the velocity determinations,

2. the flow pattern itself in the four bundles.

As to the last item it must be stressed that the reactor under consideration is very stable
(decay ratio 0.1-0.2), resulting in small velocity variations. The method might give satisfac-
tory results in less stable reactors.
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3.2

VALIDATION AND IMPLEMENTATION OF AN ON-LINE STABILITY MONITOR

D. W, Pruitt, L A. Nielsen, S. W. Jones M. C. Humphreys, R. H. Torres
Advanced Nuclear Fuels Corporation Washington Public Power Supply System
Richland, Washington (United States) Richland, Washington (United States)

ABSTRACT

Neutron noise analysis techniques to determine the decay ratio of a Boiling Water Reactor
Core have been developed and qualified. The algorithms of the stability calculations are based
on work performed at Oak Ridge National Laboratory. From the large Siemens-KWU data base
on limit cycle experiments (more than 100 limit cycles in 7 different plants) the Gundremmingen
tests were selected to qualify the model. The stability monitoring software was approved by the
USNRC and installed at an operating reactor. The stability monitor provides plant operators with
information on the stability of the reactor core when operating in regions of the power and flow
operating map where instabilities could occur.
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Introduction

The use of time series modeling of neutron noise signals to determine the decay ratio
(measure of stability) of a Boiling Water Reactor (BWR) core is well documented [1,2]. The
technique was successfully applied and qualified as an alternative to special perturbative testing
programs [3-7]. This qualification of the use of naturally occurring noise to determine the stability
of a BWR core reduced the cost of performing stability measurements and resulted in an increase
in the number of tests performed and documented [8-10].

A significant outgrowth of using neutron noise analysis to determine reactor stability is
the development and use of on-line monitoring systems. These systems provide the ability to
determine the time dependent stability margin of the reactor core as operators maneuver the
plant near regions that have been identified as potentially unstable. The Advanced Nuclear Fuels
Corporation (ANF) has developed an on-line monitoring system, ANNA™1, which has been
implemented by the Washington Public Power Supply System. This paper provides a description
of the system qualification based on pre-recorded reactor data and the implementation and
operation of the ANNA™ system at the Washington Nuclear Power Unit 2 (WNP-2).

The ANNA™ stability monitor installed at the WNP-2 reactor represents the latest step in
the evolution of ANF noise analysis software. The basic algorithms of the ANNA™ stability
calculations are based on the BWRSTAB program developed by Jose March-Leuba [11]. The
basic system, initially used for off-line reduction of stability data, was enhanced to include the
input signal processing, calculational selection logic, and data displays necessary to provide
reliable and prompt estimates of the current reactor conditions.

The algorithms developed for the on-line ANNA™ system were refined based on the
analysis of pre-recorded and on-line reactor data. The initial qualification of the ANNA™ system
was documented in the ANF topical report submitted to the U. S. Nuclear Regulatory Commission
(USNRC) [12]. This report included analysis of stationary reactor tests, a reactor maneuver from
stable operation to regional oscillations, and 20 sample autocorrelations provided by Oak Ridge
National Laboratories.

Qualification

In 1984, a series of highly instrumented stability tests were performed at Gundremmingen
C (3,840 MWt BWR with internal recirculation pumps). For these tests, all Local Power Range
Monitors (LPRMs) in the lowest level of the core were recorded as well as all four levels in nine
of the LPRM strings. The data recordings included naturally occurring noise and the detector
responses during tests in which random changes to the pressure setpoint were imposed on the
reactor. Thus, the tests provided a direct comparison of the stability estimates based on
perturbational testing and those determined from the naturally occurring noise.

The data analysis of this stationary data confirmed that, for the state points analyzed, the
decay ratios calculated by the ANNA™ system using the naturally occurring noise agreed with
the results determined by the transfer function technique and perturbational testing. The ANNA™
results for the bottom LPRMS for one of the noise recordings (33.1 percent of rated power and

ANNA is a Trademark of Advanced Nuclear Fuels Corporation.
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16.4 percent flow) are shown in Figure 1. The mean of the LPRM decay ratios of 0.63 and
standard deviation of 0.06 agrees well with the APRM decay ratio of 0.62. In addition, both decay
ratios agree with the KWU reported number of 0.59 determined from the pressure perturbation
tests.

The Gundremmingen data recordings also provided a unique opportunity for the
assessment of the ANNA™ monitoring system. This analysis was tor a reactor maneuver from
stable operation to regional (half-core) oscillations. The reactor maneuver was performed at
natural recirculation conditions. The power ascension began at approximately the 100% rod line
and a reactor decay ratio of 0.55. Control rods were then withdrawn. At approximately the 120%
rod line, the initialization of limit cycles were observed in some of the LPRM signals. Between
the 120% and 124% rod lines, the limit cycle amplitudes increased gradually but remained
bounded at approximately 3% for the average power range monitors (APRM) and 25% of the
instantaneous LPPM signals. As the power increased beyond the 126% rod line, the oscillations
diverged and reached approximately 83% peak-to-peak of the instantaneous LPRM signal before
the oscillations were terminated by pump start-up and control rod insertion. This maneuver
provided an excellent opportunity to evaluate the response of the stability monitor because every
detector on the bottom level of the reactor was recorded for this maneuver as well as the average
power range monitors.

The maximum LPRM noise level from the bottom level of the core versus the maximum
decay ratio for the Gundremmingen reactor maneuver is shown in Figure 2. While the noise
levels do increase slightly for decay ratios above approximately 0.8, the increase is too small to
be used as a reliable tool for stability monitoring. The 50% increase observed must be
contrasted to the factor of 2 or 3 in LPRM noise between two-loop and single-loop operation in
a jet pump BWR [8], Once the reactor oscillations begin to diverge, the noise level responds
promptly. The maximum LPRM noise level versus time is shown in Figure 3. Thus, the ANNA™
system monitors the noise level to provide an additional warning for rapid transitions to divergent
oscillations.

A second evaluation of the monitor's response to the reactor maneuver is presented in
Figure 4. This figure presents the mean of the LPRM decay ratios and the maximum APRM
decay ratio as calculated by ANNA™. The mean LPRM and APRM decay ratios are consistent
for the initial power escalation. Approximately 9 minutes into the maneuver, these two measures
of stability diverge. As the power increases, the mean LPRM decay ratio shows a continual
increase reaching 0.73 at the threshold of the limit cycles. The analysis of the APRM signals at
the same power level results in a 0.59 decay ratio. This analysis indicates that the APRM
provides essentially no in formation with respect to the transition to regional instability. The
contents of the LPRM signals, associated with the decreasing regional stability margin, is
eliminated in the averaging process that creates the APRM signals. Thus the ANNA™ system
monitors and alarms based on the LPRM signals, with the APRM used solely as a reference.
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U. S. Nuclear Regulatory Commission Evaluation

The ANNA™ topical report was sent to the USNRC tor review in April, 1988. The Safety
Evaluation Report on the ANNA™ algorithm was released in February 1990. The conclusions
were as follows:

1 ) The mathematical algorithms and physical principles used by the ANNA™ system
are technically sound and appropriate.

2) The software implementation of the algorithm in the ANNA™ system is adequate
to reproduce the results of computer generated benchmarks and real reactor data
and is acceptable.

3) The ANNA™ system may be used as an on-line instability detector in addition to
the stability meter mode. Acceptance of the ANNA™ system as an instability
detector is subject to a review of the hardware implementation and a threshold
value for an alarm shall not exceed 0.90.

Based on the qualification analysis, ANF and the Washington Public Power Supply System
initiated an on-line stability monitor demonstration program in January 1988. This program was
directed toward the implementation of an on-line multi-channel version of ANF's ANNA™ stability
monitoring system as well as verification and enhancement of the capabilities of the system to
measure the stability margins on-line.

ANNA™ Implementation and Operation at WNP-2

The ANNA™ stability monitoring system was installed at WNP-2 in June 1989. An initial
period of system performance verification was conducted before the system was used to guide
plant maneuvers. The objective of this observation period was to allow the operators to train,
interact, and familiarize themselves with the system and related operating procedures.

During the demonstration, the monitor produced stability measurements that were
misleading. Shifting recirculation pump speeds and control rod moves were two examples that
produced high neutron peak-to-peak amplitudes and erroneous measurements. To remedy these
problems, software and hardware configuration refinements were made.

Analyses of various recordings of plant neutron signals aided in the development of
control logic for the ANNA™ calculations. Refinement of the control logic was essential to
improve the system capability to provide quick, accurate, and reliable information to the
operators. In March 1990, the system in its final configuration was declared operable for use
during actual plant operations.

The WNP-2 ANNA™ system is installed on a dedicated minicomputer that is linked to the
plant Process Computer. Data acquisition is performed through the plant Process Computer at
a rate of 10 samples per second per signal. The system selects one LPRM string in each of nine
predefined core regions and monitors two different level LPRMs (level A and C) for each selected
string. A total of 18 LPRM signals are processed by ANNA™ and monitored simultaneously. In
additic' to these, all 6 APRM signals are also monitored.
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A series of graphical displays which are designed to provide essential information for use
by operators to monitor core stability are available on a color monitor. The information available
in these displays includes regional and global decay ratios, frequency of oscillation, and peak-to-
peak amplitudes that are calculated for each of the various neutron signals.

The software automatically performs apparent decay ratio calculations and display the
results in near-real time (once every five seconds). Results of the ANNA™ calculations are also
presented in tabular format and stored in the data base with all of the sampled data. The storage
is continuous and the last eight hours of data are retrievable. Use of the data storage and ease
of retrieval provide a valuable source of information for mapping stability regions and analyzing
other plant phenomena.

The ANNA™ system also calculates the asymptotic decay ratio. This decay ratio is based
on the collection and analysis of several minutes of data. The asymptotic decay ratio provides
more accurate data for mapping decay ratios with respect to operating conditions.

The WNP-2 application of the ANNA™ system was formally reviewed and approved by the
USNRC. The capability of ANNA™ to reliably provide a quantitative measure of stability justified
modification of the interim operation procedures [13] to eliminate Region B and enlarge Region
C on the power/flow map as shown in Figures 5 and 6. The WNP-2 Technical Specifications
were changed to allow the plant to operate in those regions of the power/flow map that are
susceptible to instability (i.e., Region C), provided the measured decay ratios are less than 0.75.

Operation in Region C allows WNP-2 greater flexibility to set control rod patterns at
minimum core flow. Control rod withdrawal, while at minimum flow, minimizes the risks of pellet-
clad-interaction (PCI) by reducing fuel duty. This capability becomes most valuable during Xenon
free startup, when it becomes difficult to set all shallow control rods to their target positions
before exceeding the 80% load line and entering Region C. The ANNA™ system allows the plant
to continue control rod withdrawal above the 80% load line, thereby permitting shallow rods to
be set before increasing core flow.

Without the ANNA™ system, operation in Region C would not be allowed. Control rod
withdrawal at minimum flow would be limited to the 80% load line, at which point the recirculation
pumps would be switched to high speed and core flow increased to > 45% of rated flow before
control rod withdrawal could resume. At WNP-2, additional restrictions are administratively
imposed to reduce the duty on the recirculation pumps when operating at high speed and low
flows. In practice, core flow must be quickly increased from minimum to > 55% of rated flow as
soon as the pumps are switched to high speed. Performing control rod withdrawal at the higher
power/flow condition increases the PCI impact on the fuel. Withdrawal of shallow control rods
at the higher flow condition must proceed carefully requiring additional time to evaluate margins
to PCI. Therefore, startup times can be reduced and PCI margins increased with the flexibility
provided by the ANNA™ system.

Conclusion

The on-line use of neutron noise analysis as a stability monitor is effective in identifying the
margin to instabilities and the onset of regional oscillations. The stability margin should be based
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on the LPRM signals with the APRM signals used solely as a reference, because the APRM
signals do not respond to the decreasing stability margins associated with the transition to
regional oscillations. The monitoring of the margin to instability by plant operators can produce
more efficient operation of the reactor with fewer challenges to the plant hardware. In the WNP-2
application, the use of ANNA™ has eliminated Region B from the plant technical specifications.
This results in additional operational flexibility which minimizes challenges to the recirculation
pumps and fuel preconditioning during reactor startup maneuvers.
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Figure 1 ANNA™ decay ratio analysis of bottom level LPRM signals for
stationary data at Gundremmingen-C (33.1% power at natural
recirculation flow).
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Figure 3 Maximum LPRM peak-to-peak noise, normalized to the instantaneous
value, versus time for the Gundremmingen-C reactor maneuver to regional
oscillations. The regional oscillation develops between 600 and 700
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3.3

BWR STABILITY INVESTIGATION IN RINGHALS 1
MEASUREMENT DATA FROM OCTOBER 26, 1989

B-G Bergdahl, R Oguma
EuroSim AB
PO Box 62

S-611 22 Nykôping, Sweden

ABSTRACT

A BWR stability investigation has been performed on noise
measurements collected at Ringhals 1 (a 750 MWe ABB-ATOM design
reactor in Sweden) in connection with power oscillations which
occurred on Oct 26, 1989. The investigation was sponsored by the
Swedish Nuclear Power Inspectorate.

During reactor start-up following the planned outage in the
summer of 1989, the reactor was encountered by unstable power
oscillations after a forced reduction of recirculation pump speed
due to an E4 chain violation at 80 % power and 35 % core flow.
The neutronic power started to oscillate in limit cycle at 0.5
Hz. The operating conditions were characterized by low coolant
flow (32 %) and high power (75 % ) . The amplitude of the power
oscillation reached 16 % (peak to peak) of full power. The
sequence of events was interrupted by partial scram, initiated by
the operator after three minutes. This measure stopped the oscil-
lations. A reduction in feedwater flow temperature is judged to
be the reason for the onset of limit cycle oscillation during
poor stability condition.

During measurements performed 6 hours prior to the incident, the
LPRM (Local Power Range Monitor) signals were recorded as being
out of phase. The largest noted phase difference was 130 degrees
between the left and the right half of the core. These measure-
ments show a local DR (Decay Ratio) above 0.9. Using STP (Signal
Transmission Path) analysis, one source of the oscillation was
found in a part of the core which induces the oscillations in
other parts of the core (sinks).

The paper emphasizes the necessity of on-line monitoring of the
measure of stability (DR). The report also concludes that the
reactor protection system should be supplemented by scram con-
ditions for high LPRM since the averaging function in the APRM
(Average Power Range Monitor) gives lower oscillation amplitudes
than the LPRM when the different LPRMs oscillate out of phase.



143

1 Background

The design properties of BWR reactors are such that power
instabilities can occur during unfavourable operating conditions.
These instabilities involve harmonic power oscillations between
0.1 - 1.0 Hz. The amplitude of the oscillations can be so high as
to cause reactor scram. Significant reports in this area are:
March-Leuba et al. 1986, Suzuki et al. 1986, Kanemoto et al.
13S4, Tagikawa et al. 1987, Upadhyaya and Kitamura 1979, Bergdahl
et al. 1989, and Reisch and Vayssier 1969.

It has been possible to calculate a Decay-Ratio (DR) by finding a
mathematical model to describe the power signal using process
identification. The DR expresses the stability margin and is a
measure of how fast (DR = 0) or how slowly (DR = 1) the power
oscillation is damped. It is reported in the background
literature that poor stability operation, when the DR is almost
1, results in limit cycle oscillations whereby uncontrolled
growth of the oscillation amplitude takes place up to a given
level, even if no external disturbances occur. In addition, limit
cycle oscillations are reflected in the spectrum for the signal.
The fundamental peak becomes very sharp and harmonics occur at
double and triple frequencies.

An analysis of powei stability in Ringhals 1 in connection with a
high amplitude oscillation on October 26, 1989 is presented in
this paper.

2 Stability

Stability is a term used in control theory which has different
meanings. Two different sequences may occur in a unstable dynamic
system:

1 The state variables (the physical variables which
describe the dynamics of the system) increase
monotonically without oscillations.

2 The state variables oscillate with growing amplitude.

Stability is always an inherent property in a linear system, i.e.
it is independent of operating region or operation state. On the
other hand, in non-linear systems, stability is not an inherent
property but a property which varies with each operating region
and where certain states have good stability whereas others are
unstable.

In non-linear systems, as well as linear systems, instability can
be found with growing amplitudes or oscillating and growing
amplitudes. In addition, an oscillating state can occur in
non-linear systems which is called the limit cycle. Uncontrolled
growth of the oscillation amplitude takes place up to but not
beyond a certain amplitude limit which is determined by the non-
linear properties of the system.
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A light water reactor is an example of a non-linear system. The
operational states fall into regions of stable or unstable
character (limit cycle). The boundary between these regions is
not clearly defined, but it is known from incidents at BWR power
plants that reduced coolant flow at high power can cause limit
cycles,

3 Calculation of Reactor Stability

Reactor stability was calculated using the signals which were
collected in the hours prior to and during the stability inci-
dent. The method used involves the adaptation of the nuclear
power registered by APRM and LPRM to a mathematical model where
the input signal is assumed to be white noise. The model is auto-
regressive (AR) and one-dimensional.

M
x{t) = £ A(m) x(t-m) + e(t)

m=l

where x (t) = The sampled measurement signal
e (t) = White noise
A (m) = The coefficients of the model
M = The model order

After identification, the model describes the dynamics of the
system. Information on how the reactor will respond to a
particular disturbance can be obtained by exposing the
disturbance to the model. The disturbance used is an impulse
function. In this case, the response to an impulse will be a
signal which oscillates with decreasing amplitude. The stability
can be calculated from these simulated response signals using the
Decay Ratio (DR) - which is defined as the amplitude relationship
between two consecutive oscillations.

The identified parameters A(m) in the model can also be used to
calculate the Auto Power Spectrum of the signal. This is achieved
by transforming from the time to the freguency domain.

4 Reactor Operating Conditions

The Ringhals 1 reactor was being started up after the planned
outage in summer 1989. The start up procedure involves operating
the reactor with minimal coolant flow from the main recirculation
pumps and initially increasing the power by withdrawing the
control rods. This procedure continues until a relatively high
power (75 %) is reached. This operating condition, which is the
most vulnerable, from the point of view of stability, continues
during a pre-determined period of time in order to condition the
fuel in the reactor. From that point onwards, the reactor power
is increased by increasing the coolant flow. Figure 2 shows the
operational diagram for Ringhals 1 with the operational limits
specified. Initially, the power increase occurs according to the
almost vertical line up to the bend and then up to full power
without exceeding the upper limit line.
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According to Reference [2], the following sequence of events
occurred in connection with the instability incident:

"The instability incident occurred during the PCI-limited power
increase after the planned outage in 1989. Before the power
increase from 75 % reactor power, a low coolant flow was
established at the left limit line in the operational diagram by
withdrawing the control rods. In the meantime, a global Xenon
equilibrium was obtained in the core. The power was increased by
2.5 %/4th hour. Initiation of the E chain was obtained at a
reactor power of 80 % on October 26, 1989, at 14:34. Prior to
forced reduction of core flow, the coolant flow was approximately
4100 kg/s. After forced reduction of core flow, the coolant flow
was approximately 3500 kg/s and the power approximately 70 %. The
operating point was approximately 250 kg/s less than the limit
line on the left and had exceeded the recommended operating
range. The power oscillated with an amplitude of approximately
16 % (peak to peak). Insertion of the control rods did not reduce
the power oscillations. Partial scram was manually initiated at
14:39, after which the power stabilized at 68 % without
amplitude. "

Measurements were performed in the hours leading up to the
incident at 75 % and 77.5 % power and with low coolant flow - at
the bend of the operational diagram. These measurements are
reported together with analyses in Chapter 5. The measurements
performed during the incident are reported in Chapter 7.

5 Measurements Performed prior to BWR
Instability Incident

A series of LPRM signals were registered by Ringhals plant
personnel in the hours prior to the BWR instability incident. The
two measurements which are analyzed here, were registered during
the following operating conditions:

Measurement 1. Coolant flow = 3720 kg/s, APRM = 75 % at 08:11
on October 26, 1989.

Measurement 2. Coolant flow = 3989 kg/s, APRM = 77.5 % at
10:50 on October 26, 1989

The operating conditions are presented in Figure 1 which is an
operational diagram of Ringhals 1. The signals were sampled at
200 Hz for 78 seconds and all four LPRM signals from probes 3,
10, 11, 13, 14, 16, 19, 20, 23, 31 and 35 were included - a total
of 44 signals.

The LPRM probes consist of 4 detectors which are distributed
vertically. The detectors are designated according to the
following principle: LPRM xxz - where xx = detector string number
and z = detector position (z = 1, 2, 3, 4, z=l in the highest
position). The positioning of the probes in the core is presented
in Figure 4.
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5.1 Analysis of Measurement 1

The operating condition while the measurement was being taken was
APRM = 75 % and Coolant Flow = 3720 kg/s. Figure 1 shows that the
operating condition is exactly at the bend in the operational
diagram.

5.1.1. Dynamics of the LPRM Signals Vertically
in the Core

Figure 2 shows all the LPRM signals for detector string no. 16.
LPRM-161 which is presented at the top of the figure, is also
positioned at the top of the core. Using the line drawn in the
diagram - for the same point in time - it is possible to observe
that the higher the detector is positioned in the core the more
the oscillation lags. This is mainly due to the fact that the
void is transported vertically upwards in the core, first passing
level 4 and then levels 3, 2, and 1.

In Figure 3, DR = 0.95 for LPRM-164 during this operating
condition. Thus a physical disturbance in the reactor would
result in power oscillations with poor damping. A spectrum for
APRM-164 is also presented in Figure 3. The figure shows a sharp
resonance at 0.5 Hz.

The highest DR value is recorded by detector string 16 (LPRM-164
has DR=0.95) while the lowest is recorded by detector string 03
(LPRM-031 has DR=0.62).

In Figure 4, a DR value has been given for each measured detector
string. The values given are average values for the 4 detectors
in each string. It is easy to see that the worst stability was
obtained in the region of detector string no. 16. On the whole,
it can be said that the stability of the core is generally poor,
with a measured DR > 0.9. This should be compared with the USNRC
requirement of DR < (0.75-0.8).

A resonance frequency close to 0.5 Hz can be seen in all the
signals. No harmonics or other frequency peaks can be seen in the
spectrum, see Figure 3 which is a representative example. A core
map is presented in Figure 5, where the phase shift between the
bottom and top detector has been given for each detector. The
phase shift varies from 40 to 112 degrees. In addition to the
void transport upwards through the core, the phase shift is
affected by influences from other parts of the core via the
neutron kinetics.

5.1.2 Dynamics of LPRM Signals across the
Core

The LPRM signals at a certain level (LPRM-xx2) in different parts
of the core also show different phases. The greatest phase
difference of 130 degrees has been observed between detector
probes 16 and 10. In Figure 6, the phase of the signals is
indicated by an arrow at each detector position. The direction of
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the arrow shows the phase angle with detector LPRM-162 as the
reference while the length of the arrow is in proportion to the
oscillation amplitude.

The large phase difference between the left and the right half of
the core means that oscillations occurred between the coolant
channels with subsequent power variations. It is the APRM signal
which is connected to the safety system and causes scram to be
initiated on account of a power level which is too high. The APRM
consists of a sum of LPRM signals. Due to the phase shift which
the LPRM signals have, the oscillation amplitude of the APRM can
be small in spite of the fact that the individual LPRM amplitudes
are large. The different phases cause the oscillations to be
dampened. It is therefore urgent for the reactor safety systems
to be supplemented by scram conditions for high local power
levels.

Multivariate Autoregressive analysis (MAR) has also been carried
out for the collected LPRM signals on level xx2 in the reactor.
The analysis shows how the different local power levels affect
each vcher. It also shows which signal is the source and which is
the . j.ak. The analysis clearly shows that the power level
meav .eel by detector string 16 affects most of the other signals.
The results presented in Figure 7 are, therefore, concentrated to
the relation between detector string 16 and the other probes. The
arrows indicate that there is an influence between the power
level measured by detector string 16 and the other probes and the
size of the arrow with the accompanying figure states the
strength of the influence. In most cases, the influence is
one-sided - 16 is the source and the other probes are sinks.
Feedback is only observed in detector string 10 and 35, although
it is weaker than the influence from the source in detector
string 16, see Figure 7. The conclusion is that there is a power
center in oi in the region around detector string 16 which
actuates the oscillations in the core.

It is worthwhile repeating that detector string 16 has the
highest DR values and that the oscillation amplitude expressed as
a percentage of the power is the largest in probes 23 and 16.

5.2 Analysis of Measurement 2

The operating conditions in power at the time the measurement was
taken were APRM = 77.5 % and Coolant Flow = 3980 kg/s. The
operational state is somewhat to the right of the bend in the
diagram in Figure 1.

A comparison of the DR for the two measurements 1,2 shows that a
considerable stability improvement has been obtained for the
operational state which is in effect for measurement 2. Decay
ratio decreases from 0.95 to 0.32.
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6 Fuel and Core Data

This chapter presents the fuel and core data at the time of the
incident. The power levels and power distributions presented here
were calculated by Ringhals personnel using the POLCA program- A
fuel map is presented in Figure 8. In order to explain the
positioning of the probes among the fuel bundles, the detector
string number has been given in the Figure. All the fuel in the
reactor core is supplied by ABB-Atom and is in 8 x 8 bundles of
two designs. The symbols used to designate the fuel are

E = ABB fuel 8 x 8 and S = ABB fuel (Svea) 8 x 8

The axial distribution of the power in the core, calculated using
POLCA is shown in Figure 9. As can be seen, the power is highly
peaked towards the bottom of the core. A high power at the bottom
of the core seems to have a destabilizing effect. On account of
this, voidage will also occur in the lower parts of the core.

Finally, the local power levels, simulated by POLCA and which
were in effect at the time of the incident, are shown in Figure
11. The positioning of the probes in the core has also been indi-
cated by circles.

The POLCA diagram has no information which can explain why
detector string 16 or its immediate surroundings should be the
source of the oscillations which can be observed. It may be
possible to discern a slightly higher power increase in the upper
right square but it is more distributed and a bit further in the
core.

7 Measurements in Connection with BWR
instability Incident

Analyses of the measurements performed during the incident are
presented in this section. Measurement data have been obtained
from the Ringhals unit 1 computer where about 60 signals have
been recorded.

Using the signals presented in Figure 10, the event which led to
the onset of limit cycle oscillation can be understood. APRM as a
function of time and the operational state plotted on the
operational diagram for the different time periods are presented
in Figure 10. During the first time period 0 - 100 s, the reactor
was operated with a coolant flow = 4100kg/s and APRM = 78 %. The
operational state then changes so that the upper limit line in
the operational diagram is exceeded and the E4 condition (high
power level) is reached. This leads to forced reduction of the
main recirculation pump speed and the new operating condition is
to the left of the vertical limit line in the operational
diagram, see Figure 10. An attempt is made to return the reactor
operational state to the permissible operating range by
increasing the coolant flow. However, this measure fails since
the power increases at the same time and the E4 condition is
reached once again, see Figure 10, 100 - 200 seconds. The limit
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cycle oscillation now starts with growing amplitude, see Figure
10, 200 - 300 seconds. A new attempt is made to solve the problem
by increasing the coolant flow. This fails and the E5 condition
(high power) is reached, leading to forced reduction to minimum
main recirculation pump speed, see Figure 10, 300 - 400 seconds.
The operator now initiates partial scram causing the reactor
power to decrease and the high amplitude oscillations to cease.

The decrease in the feedwater temperature, occurring after 150
seconds (see Figure 10) is considered to be a significant factor
which causes the oscillations to start not before 180 seconds.

The spectra for the oscillation period which is initiated after
180 seconds, see Figure 10, and which leads to the limit cycle
oscillation have been analyzed, see Figure 12. The APRM signal
has been divided into 3 periods of equal length, and spectra for
each period are presented in the figure. The spectrum at the
bottom is the first in the sequence.

The first two spectra have only a resonance at 0.5 Hz. As soon as
the amplitude grows, the non-linearities cause the harmonic at 1
Hz to become visible. This occurs with increasing peak height for
the 1 Hz peak. The DR has also been specified in the figure, with
values varying from 0.9 to 0.99.

The spectrum shows that APRM contains two sharp resonance peaks
at 0.5 Hz and 1 Hz during limit cycle oscillation. It might be
tempting to interpret the 1 Hz oscillation as a result of the sum
of LPRM signals with the same frequency but out of phase.
However, fundamental mathematics shows that a harmonic cannot
occur through the addition of two sinusoidal oscillations with
the same frequency.

It is worth commenting upon the fact that an alarm for high LPRM
in probes 8, 14, 25, 26, 31, 34 and 35 was triggered during the
high amplitude oscillation. According to reference [2], the alarm
limit was 118 %. During the same period of time, the APRM did not
exceed 85 %.

Figure 13 shows auto power spectra for the most important process
signals, i.e. APRM, Coolant Flow, Reactor Pressure, Reactor Water
Level and Steam Flow. The signals concern data from limit cycle
oscillation during the period 180 - 380 seconds in Figure 10. The
0.5 Hz fundamental is visible in both the APRM, Reactor Pressure
and Steam Flow. These signals also show the 1 Hz oscillation.
Coolant Flow and Reactor Water Level do not show these resonances
but a peak just under 2 Hz.

Using MAR (Multivariate Auto-Regressive) analysis, the
relationships between the different process signals can be
investigated. Figure 14 presents spectra for Noise Power
Contribution. The figure shows that the coolant flow affects the
APRM. In turn, the coolant flow is affected by the APRM (both
resonances). Reactor pressure, Steam Flow and Reactor Water Level
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are also affected by the APRM. These signals are also affected at
both resonances - 0.5 and 1 Hz.

The fact that the APRM promotes the oscillations in the different
signals confirms the occurrence of core resonance.

A reduction of the coolant flow means a change in the operating
conditions with a slope steeper than the top line in the
operational limit, see figure 10 (0-100 s). Actually, this slope
was the problem encountered during the experiments performed to
improve stability by increasing the coolant flow.

The increase in the coolant flow also increased the power, which
in turn, resulted in a new operating condition which was even
closer to the power limit lines.

The harmonic which appears during limit cycle oscillation is also
visible in the time series data of the signal when the amplitude
is at its largest, see Figure 15 which shows the APRM during high
amplitude oscillation. This extra oscillation at 1 Hz is also
visible during the impulse disturbance of the identified AR
model, see Figure 15 which contains the impulse responses. No
explanation has been found for this phenomenon, except that it is
a result of non-linearities which are visible at high amplitude.
The harmonic at 1 Hz was also visible in another measurement per-
formed at Forsmark 1, see Reference [1], although not with the
same peak height visible here and without being visible in the
time series data.

8 Recursive Calculation of Decay Ratio

The available APRM signal which describes 11 minutes of the BWR
instability incident is analyzed in this section, using recursive
methods. As previously demonstrated, the process contains
transient elements due to the pump speed reduction initiated by
the safety systems. In addition, there is the manual partial
scram initiated by the operator.

Figure 16 shows the APRM signal as a function of time during the
the incident together with corresponding DR as a function of time
calculated with the EuroSim AB on-line BWR-stability monitor
SIMON. The monitor also shows the oscillation amplitude as a
function of time. It is easy to see how fast SIMON predicts the
reduction in stability in the beginning of the measurement. After
3 minutes DR > 0.8 and increases to 1 during the high amplitude
oscillation.

After the partial scram DR is reduced reflecting increased
stability. The oscillation amplitude of APRM as a function of
time is also shown in figure 16. This curve shows of course the
highest peaks at the time when partial scram occurs and during
the pump speed reduction period. Getting rid of these peaks it is
obvious from the figure that the amplitude increases when coolant



flow increases after 2 minutes and during the limit cycle
oscillation between 4 and 6 minutes. It is also obvious from the
figure that the partial scram reduces the oscillation amplitude.

9 Conclusions

During the start up procedure after the planned outage in the
summer of 1989, the operating conditions were such that the
neutron powor started to oscillate in limit cycle at an oscill-
ation frequency of 0.5 Hz and harmonics of 1 Hz. The operating
conditions were characterized by low coolant flow and high power
(75 % ) . The amplitude of the neutron power oscillation increased
to approximately 16 % (peak to peak). The sequence of events was
interrupted by partial scram initiated by the operator after some
minutes. This measure stopped the high amplitude oscillations.

Shortly before the partial scram, the APRM signal got a strong
modulation and the double frequency component grew rapidly. From
this fact together with the space dependent power oscillations
observed 6 hours before the incident with small amplitude (3-9%),
it is quite likely that the reactor was subjected to space power
oscillations.

The power profile in the reactor, with bottom peaking and the
extra low coolant flow together with a drop in the feedwater
temperature led to the onset of limit cycle oscillation. Limit
cycle oscillation starts with growing amplitude, which does not
exceed 16 % (peak to peak).

10 Proposal for Counter Measures

A high APRM signal is a condition for the initiation of scram in
the reactor safety systems. However, the results show that the
reactor safety systems should be supplemented by reactor scram
conditions for high local neutron power since the APRM may have a
lower oscillation amplitude than the LPRM when the different LPRM
do not oscillate in phase.

The reduction in the coolant flow caused by the automatic
regulation of the main recirculation pumps to minimum speed by
the safety system contributes to bringing about operating con-
ditions with bad stability. A modified form of action, whereby
the control rods are also automatically and partially inserted
into the core, would provide operating conditions with better
stability.

The incident demonstrates the value of on-line monitoring of the
measure of stability (DR). Such an instrument should work in real
time to provide the reactor with early warning of instability in
order to prevent the onset of high amplitude oscillations.
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Figure 5

The phase difference (J) between bottom
and top detector in each detector string.

Figure 6

Phase lag between different LPRM signals
in the Ringhals reactor core. The arrow
direction shows the phase with LPRM 162
as a reference. The length of the arrow is
in proportion to the oscillation amplitude,
see ref.|10).
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Figure 7 Coupling between different LPRM signals in the Ringhals 1
reactor core. The left hand figure shows the influence
between LPRM 032 - 102 - 132 -202 and 162. The right hand
figure shows the influence between LFRM ?. 12 - 152 - 232
and 162.
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Figure 8

Fuel distribution in the core. Detector
string numbers are given in the figure.
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Figure 9

Axial distribution of the power in the
core. Result from simulation with the
computer code - POLCA.
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Figure 11

Channel mean distribution in the core.
Result with the computer code POLCA.
Detector string numbers are presented
in the figure.

Figure 12

Auto power spectrum for APRM from the limit cycle
oscillation (180-380 s interval in fig 10). The
200 s period is split into 9 equal measurement
series before the spectrum is calculated. The top
spectrum is from the end of the period.
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Figure 1-1 Multivariate analysis of APRM, coolant flow, reactor
pressure, reactor water level and steam flow.
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Time series data during the limit cycle

operation. During the last part of the

time series an extra oscillation can be

seen.

Figure 16

The APRM signal as a function of time during the
incident together with corresponding DR as a function
of time calculated with :he EuroSira AB BWR-stability
monitor SIMON. The monitor also shows the oscillation
amplitude as a function of time.

SIMON monitors up to 16 LPRM signals simultaneously
on-line and in real time. Decay Ratios are updated
and presented every 5 seconds. Response time is
< 30 seconds for large and fast transients. SIMON
is installed in OsJcarshamn (Oil) since August 1990.
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4A.1

3D ANALYSIS OF BWR STABILITY IN LOW FLOW CONDITION

T. Haga, J. Tanji and T. Saitoh
Japan Institute of Nuclear Safety / NUPEC

3-17-1, Toranomon, Minato-ku, Tokyo 105, Japan

ABSTRACT

The phenomenology of BWR instability under certain low flow condi-
tion has been studied as a generic issue by 3D reactor kinetic analyis.
A BWR dual pump trip transients was considered as a standard problem of
the LaSalle-like event, together with several sensitivity studies by ap-
plying intentional conditions to the important operational parameters
such that the instability might be easily initiated. Important knowledges
obtained from this study were on the spatial and dynamic behaviors of
void, flow and reactor power during the instability phenomena. The amplitude
of void oscillation has been found to become larger in the lower core
region close to the boiling boundary. Also, the effects of inlet subcooling
and bottom heavy power distribution have been found to be of similar nature
in enhancing the instability phenomena.

RESUME

La phénoménologie de l'instabilité BWR dans certaines conditions
d'écoulement lent a été étudiée en tant que problème générique par analyse
cinétique des réacteurs 3D. Les transitoires de déclenchement de la pompe
double BWR ont été considérés comme un problème standard d'un événement
du type LaSalle et plusieurs conditions intentionnelles aux paramètres
opérationnels importants de manière à pouvoir facilement susciter l'instabi-
lité. Cette étude a permis d'acquérir des connaissances importantes sur
le comportement spatial et dynamique du vide, de l'écoulement et de la
puissance de réacteur pendant le phénomène d'instabilité. On a découvert
que l'amplitude de l'oscillation du vide devient plus importante dans
la région du noyau inférieur proche de la limite d'ébulition. De plus,
il a été établi que les effets de la répartition du sous-refroidissement
d'entréee et de la puissance lourde inférieure étaient d'une nature similaire
et accroissaient le phénomène d'instabilité.
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I. INTRODUCTION

One of the recent concerns of BWR operational safety would be the
nuclear and thermal-hydraulic stability issue under certain low flow condi-
tions. This problem has attracted people's attention after the dual re-
circulation pump trip event in the LaSalle-2 BWR unit[l] which eventual-
ly resulted in unexpected power oscillation under natural convection flow
condition, linked with occurrence of thermal-hydraulic instability in
the reactor. The problem itself, however, was • nothing-~new antî—the pheno-
mena have already been known as of generic nature to any BWR plants under
certain low flow, high power conditions. In fact, the similar phenomena
had already been identified in the earlier experiments[2]-[4] elswhere.

Nevertheless, an importance of the LaSalle-2 event was in a respect
that the instability occurred "unexpectedly," where no such event having
been considered to take place under the given plant condition including
the case of pump trip transients. Thus, the problem is worth studying
in detail from phenomenological backgrounds, together with other cases
of similar nature as sensitivity studies, applying several intentional
and unusual conditions to the important operational parameters such that
the instability might be initiated easily. The purpose of the study is
then to investigate the basic nature of the phenomena in detail once oc-
curring, to identify the safety significance and to provide useful in-
formation for avoiding any more occurrence and/or expansion of the pheno-
mena. In what follows, an outline of the study is briefly described.

2. STANDARD PROBLEMS AND ANALYTICAL BASE

A standard problem of BWR pump trip transients was first considered
after the LaSalle-2 event, followed with several sensitivity analyis cases
adjusting important operational parameters such as feedwater temperature,
initial power and spatial distribution, void reactivity effect, etc. These
standard problems, including the sensitivity cases, have been modeled
using a typical l,100MWe BWR plant data set, and thus not exactly for
the case for LaSalle-2, but they could be considered as reasonable examples
for studying the BWR stability issues.

For analyses, a 3D reactor kinetic and plant thermal-hydraulic
code, SPDA, has been used. The code[5] is actually a consistent combi-
nation of RELAP5/M0D1/JINS/B and EUREKA-JINS/S, where the former is a
JINS' modified version of RELAP5/MOD1 for BWR application and the lat-
ter is a 3D reactor kinetic code[6] by JAERI but with JINS' improvement
in void dynamics. The SPDA code system is still on the course of develop-
ment, but has been used by now for several BWR transients analyses. The
calculational flow of the SPDA system is briefly shown in Fig. 1.

In carrying out calculations for these problems, the node-junctions
providing five thermal-hydraulic core regions have been considered with
the hottest one at core center, and with 12 axial nodes in the effective
fuel height. These thermal-hydraulic regions were arranged from the center,
each being assinged with 16, 48, 132, 256 and 312 fuel bundles, respectively.
For neutronic calculations, one node for each fuel bundle has been considered
with 12 axial nodes in the effective core height. The initial plant condi-
tion prior to the dual pump trip has been set similar to the LaSalle case,
and these are briefly shown in Table 1.



Table 1 Initial plant condition prior to the dual pump trip

Parameter

Reactor power

Core inlet flow

Core pressure

Steam flow

Feedwater flow

Recirculation flow

Recirculation pump speed

Core inlet subcooling

Feedwater temperature

Initial va 1ue

2776 MWth
(84% rated power)
Rated CR patern

37.2 x 10 t/hr
(76% rated flow)

6.94 x 103 kPa

5.13 x 10 3 t/hr

5.13 x 10 3 t/hr

13.1 x 103 t/hr

! .90 rpm

11.1 °C

205.2 °C

(SPDA)
(RELAPS/MODl/JINS/B) (EUREKA-JINS/S)

| Start
Transients

SSI; Initial Power Map
& Plant Initialization

(Data Library)
Nuclear

Croup Constants

Time Step Control

— (Trip Check) -

(Void Dist. )

(Fuel Temp. Dist.)

Mult i-region
Heat Slab Calculation

Thermal-Hydraulic
Ca1 cul a t i on

Control Rod
Movemen t

3D Neutron Flux
Calculation

3D Power Mapping

Fuel Pin Heatup
Calculation

Reactor Kinetic
Calculation

(Feedback)

±
Temp. & Void
Reactivi ty

Output

Fig. 1 Outline of SPDA Code Systc
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3. CALCULATED RESULTS AND DISCUSSIONS

3.1 Transients calculations with dual recirculation pump trip

(1) Base case calculations:

In the base case transients calculation on the dual pump trip event,
with the input condition of stepwise feedwater cooling by 31°C at the
vessel inlet after 30 sec of the pump trip, the power oscillation was
found starting in the resulted natural calculation, quite similar to the
LaSalle event. In this case, as shown in Fig. 2, the initial oscillation
was identified at about 200 sec after the pump trip in the hottest region
at core center, followed with oscillation in the peripheral region but
with additional 40 sec time delay. Note that this calculation was made
on the assumption that the power distribution has been unchanged during
the instability phenomena, and so were the sensitivity cases to follow
hereafter. In the similar case but without considering feedwater cooling,
or in the case of one pump trip with feedwater cooling, no oscillation
was initiated and the reactor has been stabilized smoothly following the
pump trip.

Region 1 void fraction

6.0x10

5.1)

~ 3.0

g 2.0

- = ,

Cor

— ,

I
e inlet enthalpy

150 200

TIME (s)

Region 2 void fraction

Fig.2(a) Changes in power and
core inlet enthalpy

(Base case; feedwater 31°C down)

100 150 200 250

TIHE (s)

Fig.2(b) Void behavior in
core regions

(Base case; feedwater 31°C down)

(2) Sensitivity case calculations:

To stduy the phenomenological background of oscillatory behaviors
more in detail, sensitivity calculations have been made applying inten-
tional conditions such that instability might be more easily generated.
These include changes in feedwater temperature, void reactivity coefficient,
power distributions, initial power and flow condition, where some of these
cases are briefly described in the following.
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The first of these sensitivity cases were on the feedwater tempera-

ture, where the temperature has been lowered by 1.5 and 2.0 times of the

base case as described. The results, shown in Fig. 3, indicates that the

oscillations would start at earlier time phase than the base case, i.e.,

at about 150 and 120 sec respectively after the pump trip, with all other

results being quite similar to the base case behavior. This waiting time

for initiating the oscillation seems to be the result of the feedwater

flow response after the pump trip together with its heat mixing delay

in the lower plenum. This was examined by the fact that the core instability

has always been initiated locally and wholly with the drop of core inlet

enthalpy by about constant values, i.e., 36 kcal/kg and 39 kcal/kg, respec-

tively. This result indicates that, with more feedwater cooling at the

vessel inlet, there would be a reasonable effect to shorten the waiting

time for achieving the enthalpy drop (necessary for instability) at the

core inlet. Note that the numeric results are consequences from the as-

sumed reactor condition, but they might be understood as a generic nature

of the phenomena.

Region 2 void fraction

__L .]
g> -o -o—0—a- o gj—©—e—o I o

TIME (s)

Fig.3(a) Void behavior
(with feedwater 46°C down)

Fig.3(b) Void behavior

(with feedwater 62°C down)

Sensitivity calculations for void coefficient have been made by

applying the void reactivity effect by 1.2 and 0.8 times the base case

value. The result showed that the instability enhanced with having larger

nagative void reactivity coefficient, but its effect was not very strong.

In fact, the overall behaviors is again very similar to the base case,

but with the initial local oscillation in the hottest core region starting

at around 160 sec and 210 sec, respectively (200 sec in the base case).
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AXIAL HIGHT (m)

4.0 4.5 5.0

Fig. h Core power distribution

To investigate the oscillatory behaviors more in detail, the bottom
heavy axial power distribution was intentionally applied as an additioal
condition, expecting to have earlier initiation of the oscillatory pheno-
mena, where this axial power distribution is shown in Fig. 4 compared
with the base case one. The calculated results, shown in Fig. 5, indicate
that the oscillation starts much earlier than in the base case, i.e.,
at about 20 sec after the pump trip compared with 200 sec in the base
case, and it also covers larger core area from the initial precursor event.
Noting that the oscillation starts ahead of feedwater cooling in this
case, the bottom heavy axial power distribution has been identified as
another factor for instability. The phenomena, then, seemed to have close
relation with the case of feedwater cooling, as discussed in the following.

3.2 Discussions relating to the calculated results

In tue previous section, the calculated cases have been briefly
outlined only commenting on the basic phenomena being observed, and here,
more detailed discussions will follow on the phenomenological aspects
looking through those calculated results. It is emphasized here that the
objective is to make a deeper understanding on the instability phenomena
once it has occurred.

(1) Effect of inlet subcooling

It is clear that the instability is more enhanced by increasing
the core inlet subcooling, or decreasing the inlet enthalpy. This was
caused by feedwater cooling in the present calculations, as in the LaSalle-2
event, but an important point is in that the instability has always been
initiated at a constant drop of the core inlet enthalpy, about 36 to 39
kcal/kg, whatever the feedwater cooling was at the vessel inlet. As a
matter of fact, the feedwater flow response in the pump trip transients
together with its heat mixing effect in the lower plenum caused the dif-
ference in waiting time for initiating the instability phenomena. Eventually,
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Region 1
(Core center, 2% core, 16 bundles)

40 60

TIME (s)

Fig.5(a) Reactivity, power, void responses
(Bottom heavy power distribution)

100
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the waiting time for instability would become longer witli smaller l'ei-d-

water cooling at the vessel inlet, and there would be a reasonable Tvsrgin

for the inlet enthalpy drop not causing the instability under trie given

reactor condition.

(2) Void and flow behaviors

The void behavior plays a dominant role in every aspect of the

stabilirv issu^c and in fact, the thermal-hydraulic and neutronic tran-

sients are always closely coupled with direct consequences of dynamic

void effect. Hence, important characteristics of the void behavior during

the intability phenomena will be briefly described, from the investigation

in the present calculations.

The first to note is in the amplitude of void oscillation, which

always appears bigger in the region closer to the boiling K^undary, gen-

erally in the lower core region, and its oscillatory wave propagates up-

ward (toward downstream) with progressive phase delay, which is août 0. r> sec

or 90 degrees in full stroke. This phase delay would generally depends

on the flow velocity, and such a behavior is shown in the enlarged pic-

tures of Fig. 6, given for the case of bottom heavy power distribution.

Note that the trend in void wave propagation is quite coupon in any void

oscillations once started, and thus the better ^ctures have been chosen

and shown here. Tins is an important character of void dynamics relating

to reactivity perturbation.

The second to note is the initial local void oscillation in the

hottest core region during early time phase of instability with the feed-

water cooling, as observed in the base case calculation. Such local void

oscillation, as shown in Fig. 2, then expands into surrounding regions

with certain time-lag, about 40 seconds in this case, to accomplish the

oscillatory condition there. The consequence is then understood from the

effect of the horizontal and axial power profile. The boiling boundary

in the hottest fuel channels is generally in the lower nodes than in the

other channels. An increase of inlet subcooling there makes the boiling

boundary shifting upward, or to the high powered region, where the void

amplitude tends to become larger resulting in the more instable condi-

tion. Then, the same consequence would expand into the surrounding regions

of lower power with certain time-lag as mentioned.

From such investigations, the effects cf increased core inlet sc.b-

cooling and bottom heavy power distribution are found to have much in

common in their phenomenological background to initiate the instability.

In fact, both of these effects are of a similar nature in that the boiling

boundary is made moving toward the higher power region to initiate larger

void perturbation. Such boiling boundary effect associated with increase

of subcooling would be understood by looking into the void wave behavior

in Figs. 2, 3 which shows a rapid shift of the boiling boundary in the

local region first starting the oscillation.

Examining those void wave dynamics has also revealed that the region-

ally out-of-phase void oscillation would have been existing in most cases

considered in the present work. The typical examples are shown in Figs, b,

6 for the case of bottom heavy power distribution, where the spatial void

oscillation is found consistent with the regional core flows, which, although

not shown here. In this example, Region 1 through Region 3 from the core

center covering 26% of the core first came into oscillation approximately
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1.0

Region 3 void fraction

0.0

1.0

0.

Region U void fraction

60.0 70.0

Fig. 6 Detailed void behaviors in core regions
(Bottom heavy power distribution)

in the same phase, while Region 4 wiih 33% of the core came into oscil-
lation in about the same timing but in an out-of-phase mode to the inner
three regions. Then, with some 30 sec of waitig time, Region 5 with 41%
of the core in the periphery finally came into oscillation approximately
in the same phase as the inner three regions. Reflecting such regional
void behaviors, the power oscillation involving Region 1 through 4 during
the initial stage would have been somewhat refrained by reactivity cancel-
lation effect, and then, the significant corewide oscillation has been
found developing only after Region 5, the peripheral core, joining in
the oscillation mode in support of the inner three regions in the same
osci1lation phase.

10
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In one dimensional calculations, however, the radially corewide
in-phase mode is always allowed by the assumption, and then, the inlet
and outlet flows would result in coming into an out-of-phase mode approxi-
mately. Judging from our calculai" ional studies, however, it does not neces-
sarily come true for reactors of commercial size, considering the possible
regional void and flow oscillation. The importance of 3D calculations
then would have to be emphasized in such problems.

The point is now on the aspect how the radially out-of-phase oscil-
lation could be existing. The regional oscillation with different phase
shifts has been observed in the present calculations, but their spatial
modes somewhat depend on the thermal-hydraulic zone division chosen by
the authors, considering the given power distribution. In other words,
the spatial modes could be identified rather easily for the core having
distinctively specified thermal-hydraulic island regions, but they would
be rather undetermined for the uniform core even though the regional oscil-
lation could be existing. The authors also presume that the mixed chan-
nel out-of-phase oscillations could be existing reasonably depending on
the reactor conditions, although not yet identified in detail in the present
calculât ions.

(3) Reactivity feedback and power oscillation

It was identified in the present sensitivity calculations that
the bottom heavy power distribution is extremely sensitive for initiating
the instability. This, at the same time, indicates that the selective
control rod insertion (SRD) proposed as a preventive measure [1] would
be quite effective for suppressing the concerned instability possibly
be occurring, noting that the CR insertion is to correct the bottom heavy
power distribution in its first movement.

The spatial void growth and decay behaviors during the instabili-
ty phenomena is an important aspect to be considered in the reactivity
feedback process, which would eventually introduce an effect of space-time
homogenization. As shown in the calculations, each void wave in oscil-
lation cycle has a reasonable time width, with continuous phase lag along
with its axial propagation. On the other hand, the regional (radial) void
oscillation could be existing with possbile inclusion of an out-of-phase
mode, and so were the several cases observed in the past experience [2].
This would also iru-->duce a spatial cancellation effect in the void reactivi-
ty feedback, and a typical case has also been observed in our calculation
shown in Figs. 5(a), 5(b).

A matter to note here is the power oscillation behavior combined
with the spatial void reactivity perturbation during the instability pheno-
mena. Since the delayed neutron effect is almost negligible within the
present frequency range of 0.4-0.5 Hz, the neutron density response would
be considered almost instant against reactivity perturbation, and thus
the space-time void behavior together with its reactivity feedback process
plays a decisive role for the accurate evaluation of the given phenomena.
The power oscillation in the present calculational work was found to be
maximum 150% rated power, close to the LaSalle-2 case. However, these
are from some selected example calculations in the assumed conditions,
and the important safety aspect is to identify the reactivity feedback
not approaching to and not exceeding a dollar level in any instability
cases. Thus, an importance of 3D calculation would have to be emphasized,

11
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espacially when one is to evaluate a big power oscillation applying a
simple reactivity feedback model.

A. CONCLUDING REMARKS

The BWR stability in natural convection condition has been studied
as a generic issue, but based on the calculation of the LaSalle-like event
considering dual recirculation pump trip for a typical l,100MWe BWR unit,
applying some intentional conditions for generating the instability pheno-
mena. The study is not yet completed, but many knowledges useful for safety
evaluation of the phenomena have been obtained.

The instability in the natural convection is more enhanced by in-
creasing the core inlet subcool:'.ng, or decreasing the inlet enthalpy.
In the meantime, the bottom heavy power distribution has been known to
be another cause of instability, as being indenified in this work. These
two phenomena were found to be of similar nature in that the boiling boundary
is made to move toward the higher power region, where the largest void
perturbation would possibly be occuring in the assumed power condition.
The phenomena would be better understood by looking into the spatial void
behaviors.

A point to note is the spatial void behavior during the instabil-
ity phenomena. The amplitude of void oscillation is found always larger
in the lower core region close to the boiling boundary, and its oscil-
latory wave propagates upward with continuous time delay. Local void oscil-
lation could be occurring ahead of other regions for some duration de-
pending on the power distribution conditions, in which a very small power
ripple has been generally observed as a precursor event to the possiole
global core oscillation.

The reactivity feedback associated with space-time void behavior
during the instability phenomena is an important point to study from the
safety aspect, and 3D analysis would have to be emphasized for best estimat-
ing the phenomena. The point to note as a future problem is whether the
reactivity perturbation during the instability could actually approach
to or exceed a dollar level under the conditions to be possibly existing.
Further studies are underway on this aspect.
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ABSTRACT

Nuclear thermal hydraulic oscillation modes in a BWR core
have been examined. A hypothesis has been produced that the
factor to stabilize the core-wide mode is the flow resistance out
of the core, and that the factor to stabilize the local or
regional out-of-phase mode is neutron leakage from the region to
diminish void reactivity feedback. Effective void reactivity
coefficient of a region has been calculated by adding a void
fraction perturbation to the region regarding it as an
independent core. It has been found that a smaller region has a
smaller effctive void reactivity coefficient.

Stability analyses of actual plants have been performed
using the effective void reactivity coefficient and taking into
account the lack of stabilization effect by flow resistance out
of the cores. The analyses have successfully predicted the
observed oscillation modes. A mode map has shown that if the flow
resistance out of the core is small the core-wide mode appears
before the out-of-phase mode, and that it is opposite in a core
with a large flow resistance out of the core. In an intermediate
case increase in void reactivity coefficient leads to the
core-wide mode first, but increase in two-phase pressure drop
causes out-of-phase mode before core-wide mode.
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INTRODUCTION

Boiling water reactors have large negative reactivity
coefficients on vapor void volume in the core.fi] These negative
void coefficients have kept this reactor type a very safe one in
terms of protection against reactivity insertion. However, it
also aroused a concern about the stability of feedback between
void volume and neutron flux (power) under a natural circulation
or very low flow operation condition.

Two types of oscillations have been observed in the
stability tests [2][3][4][5][6]: core-wide mode and regional mode
oscillations. In the core-wide instabilities, neutron flux in
every part of the core varied almost in-phase. In the regional
mode oscillations, on the other hand, neutron flux in one side of
the core changed in the opposite phase to the other side. These
tests have demonstrated that even with neutron flux oscillations,
the fuels have not been damaged. However, a detailed examination
of the phenomena are desired in order to obtain a more general
conclusions.

Computer programs with space-dependent neutron kinetics and
parallel channel thermal hydraulics[7][8][9] [10] [11] have been
proved to be good predictors of instability initiation -- both
core-wide and regional modes -- as well as core behavior after
that. Analyses by such programs can tell if either core-wide mode
or regional mode oscillations take place under a specific
condition in a specific core. It has not been made clear yet,
however, what determines the oscillation mode. It is not clear if
thera is any other oscillation mode, either. The analyses of
Caorso limit cycle [9] suggested that the regional mode
oscillations were caused by the small margin in the channel
thermal hydraulic stability. March-Leuba[12] examined the
regional oscillation mode using an assumed out-of-phase neutron
flux shape (subcritical mode), and showed that regional
oscillations were more likely to take place when thermal
hydraulic stability margin was small.
The purpose of this paper is to clarify what determines the mode,
and to provide a method to predict the mode.

MECHANISM OF OSCILLATIONS AND FACTORS TO AFFECT STABILITY

Phenomenological understanding

A diagram to explain the mechanism of oscillation is shown
in Fig. 1. There are always noises in void fraction in the core
due to void generation and movement, flow turbulence and so on.
Such noise cons is its of various frequency components. Responses
of the core to a specific frequency component is considered here.
The frequency of interest is from 0.3 to 0.5 Hz. At such a
frequency neutron kinetics responds like a proportional element.
Neutron flux changes with very small phase lag to the reactivity.
However, fuel rod heat conduction has a long time constant of 6
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to 10 seconds. Heat flux response to neutron flux change délayes
significantly. This change in heat flux causes vapor generation
rate change. Since void fraction is result of accumulation and
transportation of vapor in the coolant channel, void fraction
change lags further. The void fraction change induces reactivity
change with negligible time lag.

These phase lags increase as frequency increases, and there
is necessarily a frequency at which the void feedback reactivity
lags by 180 degrees from the noise reactivity. At such frequency
the feedback reactivity works as a new noise reactivity. If the
feedback reactivity magnitude is smaller than the initial noise
reactivity, the reactivity oscillations decay, and the core is
stable. If the feedback magnitude is larger than the initial
noise, the feedback reactivity magnitude in the next cycle grows
larger. The oscillations diverge, and the core is unstable. These
are the basic feedback mechanisms to cause the neutron flux
oscillations. This feedback loop is denoted here as a direct
feedback loop, because the void fraction change is directly
caused by the heat flux change.

There is another feedback loop shown by the broken lines
through void fraction change due to flow rate change. This flow
rate change is caused by pressure drop change due to heat flux
change. Therefore this loop is called here an indirect feedback
loop.

There is yet another loop shown by the dots and lines. In
this loop pressure drop change causes flow rate change. The flow
rate change propagates in the channel with time lag due to void
generation and collapse. This results in pressure drop change
with phase lag. This loop can be formed without change in neutron
flux or heat flux change. Thus it is called a thermal hydraulic
loop. This loop alone can cause flow rate oscillations. Such
oscillations are known as density wave oscillations, and have
been found in boilers or heat exchangers.

Figure 2 shows examples of reactivity feedback in a BWR
core.[13] The upper chart shows magnitudes and the lower chart,
phases. The magnitudes are shown in feedback gain, i.e. relative
reactivity amplitude to the initial reactivity amplitudes per
fuel bundle. Core reacitvity is obtained by summing the
reactivities of all the fuel bundles in the core. The curves are
given for two fuel bundles -- high power and low power bundles.
The phases of direct feedback reaches 180 degrees at about 0.5
Hz. This means that if the feedback magnitude is large enough,
the direct feedback loop alone can cause instability. Such case
could be caused by a very large void reactivity coefficient
magnitude.

The indirect feedback phase of the high power bundle also
reaches 180 degrees at a near frequency. Thus this also
contributes to destabilizing the core. The indirect feedback
phase of the low power bundle has almost the opposite phase to
the high power bundle. This is due to the flow resistance out of
the core to restrict the total flow rate change. Indirect loop of
low power bundles serves to stabilize the core if the flow
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resistance out of the core is large.
The direct loop gain decreases steeply as frequency

increases. This is due to the fuel heat capacity to dampen heat
flux change. In spite of this heat flux amplitude decrease, the
indirect loop magnitude reaches a peak near 0.4 Hz. This is the
resonance frequency of the thermal hydraulic feedback loop. This
peak becomes higher for a thermal hydraulically less stable
bundle. This is the cause that the higher power bundle has much
higher peak than the lower power channel. It can also be stated
that less stable channel makes the reactivity feedback magnitude
larger, and destabilizes the core.

Parameters affecting core stability

Based on the above mechanism, the following factors are
supposed to affect core stability:

(1) void reactivity coefficient
A larger magnitude of negative void reactivity coefficient

result in larger feedback reactivity magnitude. Since this does
not affect phase lags, it destabilize the core.

(2) fuel heat transfer time constant
A shorter fuel time constant increases heat flux amplitude

for the same neutron flux amplitude. It also decrease phase lag
of heat flux, and may raise the frequency for the direct loop
feedback phase to reach 180 degrees. However, phase lag of the
indirect feedback mainly depend on thermal hydraulic resonance
characteristics and does not change much. Therefore, within the
range of fuel time constant attainable by a fuel rod with oxide
pellets, a shorter fuel time constant increases feedback
magnitude at 180 degrees to destabilize the core.

(3) fuel channel pressure drop characteristics
A larger two-phase pressure drop makes the thermal hydraulic

loop less stable. A less stable thermal hyudraulic loop results
in a higher resonance peak of the indirect feedback loop. Thus,
it destabilizes the core.

(4) power distribution
As found in Fig. 2 both the direct and indirect feedback

gain increases significantly with bundle power level. If the gain
were proportional to the power level, stability would be the same
between cores with different radial power distribution and the
same average power. However, the gain of the channel with some
1.6 times higher power is more than twice larger than the low
power channel. Therefore, a more high power channel and a higher
radial peaking destabilize the core.

(5) flow resistance out of the core.
A larger flow resistance out of the core restricts total

flow rate change, and stabilizes the core.



179

EXAMINATION OF OSCILLATION MODES

Two oscillation modes have been observed so far
core-wide in-phase mode and out-of-phase mode. In LaSalla-2 [4]
and Vermont Yankee [3], the core-wide mode oscillations have been
found, and in Caorso [5] and KRB-B [6], the regional out-of-phase
mode. In the core-wide mode oscillations total core flow
oscillates as shown in Fig. 3. The flow resistance out of t,ie
core serves tc restrict the total flow change. In the
out-of-phase oscillations, on the other hand, total flow does not
change. The flow resistance out of the core does not contribute
in stabilizing the regions. Therefore, from thermal hydraulics
point of view, out-of-phase oscillations are more liable than
core-wide in-phase oscillations.

However, this means that the out-of-phase mode is always
more unstable than the core-wide mode. Furthermore, oscillations
in a single high power bundle or a very narrow region with high
power bundles clustered together affect total core flow very
little. Yet the region has more unstable thermal hydraulic
characteristics than the core average. Thus, local oscillations
should have been more likely to occur. However, these ?re not
true. Therefore, there should be a factor to stabilize the
out-of-phase or local mode.

Void reactivity feedback dependence on region size is
considered to be the factor. It is assumed here that unstable
oscillations take place in a small region and the surrounding
region is stable. In other words the region is assumed to behave
like a local independent core. In an unstable region large
amplitude oscillations take place. However, in the surrounding
stable region oscillation amplitudes are very small compared to
those in the unstable regions. Neutron generation change due to
void fraction change in the region changes neutron leakage from
the region. If the region is small, neutron leakage suppresses
neutron flux change. Therefore effective void reactivity
coefficient depends on the region size as well as on the bundle
characteristics.

Effective void reactivity coefficient

The calculation of effective void reactivity coefficient has
been done on a three-dimensional steady state program. The reason
to use a steady-state program is explained below. Considering a
part of the core as a local independent core, point neutron
kinetics equations are applied to the region. Since BWR core
instability is a slow, prompt-subcritical phenomenon, the prompt
jump approximation can be applied:

n - ^ (1)
1-P

^=l^n-c>) (2)
dt /?
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where n is normalized neutron flux level, c, equivalent delayed
neutron precurser concentration, /Si delayed neutron precurser
generation ratio, p reactivity in dollar, and Xx decay constant
of delayed neutron precurser (1/s).

Neutron kinetics transfer functions of a characteristic BWR
core are shown in Fig. 4. The solid lines show transfer function
from reactivity to neutron flux, and the broken lines those from
reactivity to delayed neutron precurser level defined as the sum
of equivalent ùèiayed neutron precurser concentrations. The gain
is normalized to the initial neutron flux level. It should be
noted that the gain from reactivity to neutron flux is very close
to 1, and the phase to 0 in the frequency range from 0.3 to 0.5
Hz. This implies that one cent reactivity change simply causes 1
percent neutron flux change without delay in this frequency
range. In other words, neutron kinetics behaves just like a
proportional element. This is supported by the fact that the
delayed neutron level gain is very small. As found from eq.(2),
delayed neutron precurser level is the same as neutron flux in
the initial steady state condition. Therefore the gains can be
directly compared. This small gain is caused by the lonegr time
constants of most of the delayed neutron precursers than the
oscillation period. It is possible to assume the sum of
equivalent delayed neutron precurser concentrations is constant
in eq.(l). Therefore, the following equation is obtained:

no

n= (3)
1-P •

where n« is the initial steady state neutron flux level. In
short, the nuclear thermal hydraulic oscillations are slow enough
to validate the prompt jump approximation, but fast enough to
ignore delayed neutron precurser level change.

Although these discussions are based on a one point neutron
kinetics model, a similar approach is possible with a
space-dependent model. Based on the prompt jump approximation for
the space-dependent neutron kinetics model[14], neutron flux
shape can be obtained by solving the steady state diffusion
equation. Core average neutron flux level can be calculated by
the equations similar to the point kinetics equations. Applying
the prompt jump approximation, the same instantaneous
relationship between average neutron flux and reactivity as
eq.(3) is obtained.

In order to obtain region effective void reactivity
coefficient, flow rate in the fuel bundles in the region of
interest was changed. The changes in flow rate caused changes in
void fraction, normalized neutron flux distribtion, and
eigenvalue. The resultant power change was not fed back to heat
flux. Figure 5 shows power distribution chnages caused by
out-of-phase flow rate changes in regions of various sizes in
LaSalle-2. The vertical axis shows bundle neutron flux levels
after perturbation divided by those before the flow
perturbations. The power distribution change is more significant
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when larger region is perturbed. This is due to the neutron
leakage from the perturbed region. Figure 6 shows power
distribution changes caused by half core out-of-phase flow
perturbations in various cores. It should be noted that power
level changes in the half cores are larger in a larger cores.

In order to calculate reactivity coefficient in the
perturbed region regarding them as an independent core, the
following equation is used:

nu n*
(4)1-P 1-p-

where n 0 and n* are neutron flux level in the perturbed region
before and after the perturbation, respectively, p effective
reactivity of the perturbed region, and p* core total reactivity
calculated from eigenvalue change. This gives the following
equation:

P=l

Effective void reactivity coefficient is calculated by dividing
the region effective reacitivity by void fraction change in the
perturbed region.

Although core eigenvalue increases in the out-of-phase
symmetrical perturbation case, the core avarage reactivity p* is
set to zero. The reason is as follows: Since the core is
symmetrical, core reactivity when flow is increased in one side
of the core and decreased in the other is the same as that for
the opposite perturbations. Therefore, for the region of
interest, core total reactivity increases when flow in the region
is increased as well as decreased. In other words, the core total
reactivity has a frequency twice as high as the flow rate change
in the region. Such high frequency component does not contribute
to the feedback mechanism to cause the instability.

Figure 7 shows dependence of effective void reactivity
coefficients on region size. The horizontal axis gives number of
fuel bundle in the perturbed region divided by total number in
the core. The vertical axis means region effective void
reactivity coefficient divided by total core void reactivity
coefficient used for core-wide mode stability analysis. The solid
symbols show the effective void reactivity coefficients when
out-of-phase perturbations were given. The open marks are for the
cases with only one side of the core perturbed. It is notable
that the effective void reactivity coefficients for the
out-of-phase perturbations are smaller than those for the
perturbations only in one side of tha core. Although the
difference between the out-of-phase and one-sided perturbations
is small when the perturbed- region size is small, it becomes
significant for the half core perturbations. It is also found
that the effective coefficients for the half-core, out-of-phase
perturbations are smaller in the smaller cores like Caorso or
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Vermont Yankee. This is because the average distances between the
regions perturbed in the opposite directions are small in the
small cores.

The core sizes are almost t'ie same between LaSalle-2 and
KRB-B. However, the effective coefficients for the half core
out-of-phase mode in KRB-B are much larger than LaSalle-2. This
can be explained by the difference in the fuel loading patterns.
Figure 8 compares fuel loading patterns in LaSalle-2 and KRB-B.
The vertical axis shows infinite multiplication factors of the
fuel bundles. In LaSalle-2 two layers of bundles with low
infinite multiplication factors are placed for the purpose of
lowering neutron leakage. This increased power levels in many
fuel bundles to destabilize core-wide mode.[13] However, this
also made effecive core size much smaller in LaSalle-2, and
decreased the effective void reactivity coefficients for the
out-of-phase mode. In KRB-B, on the other hand, bundles with high
infinite multiplication factors are placed at the edge of the
core. Rows of bundles with low infinite multiplication factors
are placed across the core to isolate the quadrant;- These
regarded to have made the effective void rea». ytivity coefficients
in this core.

Stability analysis by frequency-domain program

Using the effective void reactivity coefficients obtained
above, stability of different modes have been analyzed in the
plants in which instability took place. The program used for the
analyses is a frequency-domain program with point neutron
kinetics and parallel channel thermal hydraulics. The models are
the same as FABLE [15], All the analyses have taken into account
fuel dynamics and void reactivity fsedback. The analyzed modes
and methods are as follows:
(1) core-wide in-phase mode

Nominal void reactivity coefficients and flow resistance out
of the core are used.
(2) half-core out-of-phase mode

A half of the core is analyzed in the same way as the
core-wide mode with the effective void reactivity coefficients
for the half-core, out-of-phase mode and one tenth of the nominal
flow resistance out of the core. There are two reasons to use one
tenth of the flow resistance instead of zero. One is that the
program can not deal with zero flow resistance because its
inverse value is used in the model. The second reason is to
account for the pressure drop to accompany the flow
redistribution across the control rod guide tube. Quantitative
basis for this value has not been established yet. However, as
shown in Fig. 9, calculated decay ratio saturates both for a very
large and a very small flow resistance. A very large flow
resistance without changing other conditions makes the core close
to a constant flow rate condition, and a very small one, to
constanto pressure drop. In both cases, flow resistance effect
decreases. Therefore, small difference in this factor does not
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affect the results significantly.
(3) single channel local mode

A hottest channel is analyzed with the effective void
reactivity coefficients for the single channel perturbation and
constant pressure drop boundary condition.

Results are summarized in Table I . The relative void
reactivity coefficients are the values shown in Fig. 7.

Table I Analytical results by a frequency-domain stability
analysis program with point neutron kinetics and
parallel channel thermal hydraulics models

Analyzed
core

LaSalle
Caorso
V. Y.
KRB

Core-wide
mode D. R.

by
method (1)

1.04
0.96
1.02
0.79

Void coef.lHalf core
for half I out-of-
core out- jphase mode
of-phase ! D. R.
mode' method (2)

0.45 i 0.92
0.30 i 1.03
0.26 i 0.34
0.57 1 0.98

Void coef.
for
single

channel*

0.07
0.05

Single
channe1
local mode
D. R. by
method (3)

0.66
1.05

0.06 j 0.47
0.10 0.83

* relative to total core void reactivity coëf. D.R.:decay ratio

In LaSalle-2 analyses, method (1) gave unstable result, but the
other methods produced stable decay ratios. In Caorso, on the
other hand, in spite of the low void reactivity coefficient for
out-of-phase mode relative to that for core-wide mode, methods
(2) and (3) yielded decay ratios over 1, while result of method
(1) was less than unity. In Vermont Yankee out-of-phase mode was
very stable. Core-wide mode decay ratio in KRB-B was
substantially smaller than unity, while the decay ratio for
half-core out-of-phase mode was very cloje to the stability
boundary. Considering that the design of KRB-B was different from
those used in Japan and some of the input data had to be
estimated, the agreement was satisfactory. In those plants in
which out-of-phase oscillations took place, method (2) gave more
unstable results than method (1), and vice versa for those plants
that experienced core-wide mode. Thus, the above methods are
considered effective in predicting oscillation modes.

Oscillation mode map

The results above have shown that the out-of-phase
oscillation mode is caused by the balance between destabilization
due to absence of flow resistance effect and stabilization due to
decrease in effective void reactivity coefficients. The balance
is expected to reflect channel thermal hydraulic stability and
flow resistance out of core. In order to examine the effect, of
these parameters, parameter surveys have been performed. A base
core condition has been selected, and core total void reactivity
coefficients, spacer loss coefficients, and flow resistance out
of core have been changed in the analyses by methods (1) and (2).
Spacer loss coefficient has been selected to vary channel thermal
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hydraulic stability. In method (2) void reactivity coefficients
0.45 times as large and one tenth as large flow insistance ar
those in method (1) have been used. Results are shown in Fig. 10.
The lines in the figure showr stability boundaries. The
conditions above the lines is unstable. The solid line gives
out-of-phase mode stability boundary. It depends on flow
resistance out-of-core very little. The broken lines are
core-wide mode stability boundaries. The small circle shows base
point.

In the case with base flow resistance out of the core,
increase in void reactivity coefficient causes core-vide mode
instability first, but increase in spacer loss coefficient leads
to out-of-phase oscillations before the cere-wide mode
instability. In a core with smaller flow resistance out of the
core, the core-wide mode is always more unstable than the
out-of-phase mode.

CONCLUSIONS

The oscillation modes in a BWR core have been examined
regarding a part of the core as a local independent core. The
lack of stabilization effect by flow resistance out of the core
in the out-of-phase mode makes this mode more unstable than the
core-wide mode. However, neutron flux change is suppressed by the
neutron leakage between the regions oscillating in the opposite
phases. This lowers the effective void reactivity coefficients in
the out-of-phase mode compared to the core-wide mode, and
stabilizes the out-of-phase mode. Whether the out-of-phase mode
appears or not is determined by the balance of these two
effects.

Effective void reactivity coefficients have been calcultated
in various cores for various oscillation modes. The out-of-phase
mode decreases effective void reactivity coefficients
significantly. In addition, the effective coefficients are
smaller for smaller region sizes to oscillate. Thus, the thermal
hydraulic characteristics have to be very close to instability to
cause localized oscillations in regions much smaller than a half
cor.1. The effective void reactivity coefficients for half-core
out-of-phase oscillations are smaller in a smaller core. They
also depend on fuel loading pattern. The loading pattern to place
high burnup fuels on the core periphary decreases the effective
coefficient.

A method to examine oscillation modes by a frequency-domain
program with point neutron kinetics have been proposed. The
method has been proved to predict the oscillation modes in the
actual plants successfully. The stability of the core-wide mode
is highly dependent on the flow resistance out of the core. In a
core with a small outer flow resistance, the core-wide mode is
always more unstable than the out-of-phase mode. In a core with a
large flow resistance, it is opposite. In an intermediate case,
increase in void reactivity coefficient causes the core-wide mode

10
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appear first, but destabilizing thermal hydraulic characteristics
leads to the out-of-phase mode.
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ABSTRACT

This paper describes the evaluations of fuel integrity during the BWR neutron

flux oscillation. In the first part of the paper, the model explanation and the

qualification results of the analytical code, TOSDYN-2 are described. The second

of the paper is the MCPR evaluation at the LaSalle-2 event. The margin over the

safety limit MCPR is evaluated. The third part of this paper compares the CPR

response between core wide oscillation and regional oscillation. The last part of

thi3 paper is the detectability study of regional oscillation by LPRM system from

the MCPR response view point.
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Introduction

Recently, instability phenomena of two different modes (core oscillation and

regional oscillation) were observed in several BWR plants in the USA[1] and some

European countries[2][3][4]. Core oscillation means an oscillation mode, in which

the r.eutrcn flux oscillates in-phase over the whole core, so it can be detected

by APRM(average power range monitor) signals as well as LPRM(local power range

monitor) signals. On the other hand, regional oscillation means an oscillation

mode, in which the neutron flux oscillates out-of-phase in each half-core region,

so the LPRM signals whould be needed because by canceling out the average of

different phase oscillations, the APRM oscillation amplitude might become too

small to detect.

The important issues during the neutron flux oscillation, caused by such

instability phenomena, are oscillation detectability and fuel integrity. Because

of these concerns, analytical evaluations are performed to ascertain the behavior

of the MCPR(minimum critical power ratio), which is used as an index regarding

thermal margin to BT(boiling transition).

In this field, the experiments were performed to study the BT characteristics

under thermal hydraulic instability in the semi-scale BWR rod bundle test loop

[5]. The results show that the instability does not immediately bring about BT

and that the margin to BT depends on the sensitivity of flow oscillation

anplitude to the power level. Therefore, the amplitude evaluation of flow

oscillation is important to predict the onset of BT in the MCPR analysis.

The purpose of this paper is to evaluate fuel integrity using the three-

dimensional (3-D) transient code TOSDYN-2 in two oscillation modes and to clarify

that oscillation is detectable and fuel integrity can be kept during the BWR

instability phenomenon.

TOSDYN-2 Model Description

TOSDYN-2 consists of four major component models[6], (1) neutronics model, (2)

thermal-hydraulics model, (3) fuel heat transfer model and (4) ex-core model.

Each model is described as follows.

Til Neutronics Model



192

The neutronics fundamental equations are the modified one-group neutron

diffusion equation and the six delayed neutron equation. The numerical nodes are

divided into 3-D rectangular coordinates. There are two options for numerical

node3, one option treats one fuel bundle as one radial node in neutronica

calculation, the same as the 3-D BWR Core Simulator[7], which is used in design

analysis. The other treats four fuel bundles surrounding a control rod as one

radial node, in order to save computational time. The neutronics model restarts

from the above 3-D BWR Core Simulator, so that the neutronics model is consistent

with the design method. In the transient calculation, the new water density

distribution i3 given by the thermal-hydraulics model and the new fuel

temperature distribution is given by the fuel heat transfer model. The control

rods can move arbitrarily, in accordance with the input time tables, so scram or

partial scram, such as SRI(Selected Rod Insertion), can be simulated. The

neutronics instruments, LPRM and APRM can be calculated, using 3-D neutron

distribution and water density distribution.

T21 Thermal-Hydraulics Modal

The thermal-hydraulics model consists of the axially one-dimensional and

parallel-multi channel model. The fundamental equations are five basic

conservation equations based on the nonequilibrium separated flow model,

continuity and energy equations for the mixture and vapor phases and a momentum

equation for the mixture. The drift-flux relationship is used for the void-

quality correlation. Continuity and energy equations are solved by the predictor-

corrector iterative solution scheme and after they are converged, the pressure

drop across the channel is calculated by integrating momentum equation. The core

region is divided into several thermal-hydraulic groups, the bypass region is

treated as one group and they are coupled to each other so as to have the same

pressure drop across the channel. So, the iterative procedure is carried out

until a channel inlet flow distribution, which gives the same pressure drop, is

converged. The boundary conditions, the total core inlet flow rate, the core

pressure and the core inlet coolant enthalpy, are given by the ex-core model. The

thermal-margin is calculated using the GEXL correlation.

r31 Fuel Heat Transfer Model

The ba3ic equation is the radially one-dimensional heat conduction equation.

It is solved for each group, that is the same as in the thermal-hydraulics model,

using the power distribution given by the neutronics model. The material

properties are functions of temperature.
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F4l Ex-Core Model

The ex-core model includes the major BWR plant models, separator and dryer

model, vessel dome model, steam line model, recirculation model and the major

control systems, such as recirculation pump, pressure regulation, feed water flow

and wjter level control system. The ex-core model is almost the same as that of

the plant dynamic design code[8]. The recirculation pump model can treat both a

jet-pump and a non-jet pump, such as the internal pump.

TOSDYN-2 Qualification

TOSDYN-2 has been qualified against Peach-Bottom 2 and Vermont-Yankee[9]

stability test data for core stability and the Caorso[6], KRB-B/C and Leibstadt

data for regional oscillation.

The core stability qualification results are shown in Fig-1. The decay ratio,

which means the ratio between the two successive oscillation amplitudes, and the

resonant frequency are compared between tests and analyses. In the stable region

(low decay ratio), TOSDYN-2 predicts conservatively. However, in the less stable

region, TOSDYN-2 predicts well, especially TOSDYN-2 can predict the Vermont-

Yankee limit cycle oscillation case and the analytical limit cycle amplitude

agrees quite well with that of test data.

The regional oscillation qualification results are shown in Fig-2. The

largest LPRM amplitudes, observed at the nearest LPRM to the most unstable

channel, are compared between test and analysis for the above four European BWR

cases. Agreement is quite sufficient, so TOSDYN-2 can simulate the limit cycle

oscillation of out-of-phase instability quite well.

The above two qualifications are for the whole TOSDYN-2, namely, all models

are coupled. The qualification of the thermal-hydraulics model is also performed,

using the stability loop test data (5]. The qualification was performed as

following three procedures. (1) Comparison of the threshold power at the flow

oscillation onset. (2) Comparison of the flow amplitude at the BT onset. (3)

Comparison of the time at the BT onset and of the BT duration interval. Figure 3

shows comparison of the threshold power at the flow oscillation onset. The

calculated test points are chosen as their conditions, such as inlet orifice

coefficient, inlet flow rate and inlet subcooling are different. The agreement is

sufficient, so the thermal-hydraulics model of TOSDYN-2 can predict the thermal-

hydraulic channel flow instability well. Figure 4 shows the comparison of the
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inlet flow oscillation amplitude at the BT onset. In the test, the time at the BT

onset is judged by the surface temperature increase of the test heater rod. And

in the analysis, it is judged whether CPR crosses 1.0 or not. The flow amplitudes

of the calculated test points show a wide variety between 5% to 90% of the

initial value. The agreement is good over the wide range. Figure 5 shows the

comparison of the surface temperature response of the test heater rod and the

calculated CPR response. In the calculation, the inlet flow rate of the BT test

case, was given to the thermal-hydraulics model by the input time table. At the

BT onset, the fuel surface temperature starts to increase, because of

deterioration in the heat transfer from the fuel surface to the coolant. When BT

extinguishes due to the rewetting of the coolant on the heater rod surface, the

surface temperature starts to decrease. In Fig.5, the BT continues during the

interval when the heater rod surface temperature increase in the te3t and this

interval agrees well with the interval of the TOSDYN-2 predicted CPR being less

than 1.0. So, the use of CPR as the criterion for the BT onset and the rewetting

in the TOSDYN-2 code is adequate.

From these qualifications, it can be concluded that TOSDYN-2 can predict the

thermal-margin during the instability phenomenon very well.

MCPR Evaluation at the LaSalle-2 Event

Fuel integrity during the large neutron flux oscillation was evaluated using

actual BWR plant core-wide oscillation data, the LaSalle-2 event. This event was

initiated by a two-pump-trip and the core wide neutron flux oscillation grew at

the natural circulation condition, 45% power and 28% flow of the rated condition

with the low-frequency oscillation of feed water flow. The event was terminated

by the high APRM scram at 118% power of the rated.

The TOSDYN-2 analyses were performed with the thermal-hydraulics group

division, as shown in Fig.6. To adequately evaluate the fuel integrity of th.̂

thermal-hydraulically severest channel, the hottest bundle was treated as an

individual thermal-hydraulics channel. The other fuel bundles were divided into

seven channel groups, taking into account their radial power peaking factors.

Although the actual incident was terminated by a scram, the TOSDYN-2 calculation

was continued without scram to estimate the further CPR response. The results are

shown in Fig.7 (a) which is the response of the total power which corresponds to

the APRM and Fig.7 (b) which is the response cf CPR. In this calculation, the



feed water flow was input by the time table data. The neutron flux oscillation

reaches at the high APRM scram level at about 82 seconds . The decrease of

CPR (ACPR) at this point is about 0.4 and the margin over the safety limit

MCPR (SLJiCPR) is still about 0.4. In this case, the neutron flux does not exceed

140% of the rated power and CPR still has a margin over the SLMCPR, 3O even if

the scram haa failea, the CPR would not go under the SLMCPR. In order to evaluate

the neutron flux oscillation amplitude at the point of the BT onset, thf

calculation was performed until the neutron flux oscillation peak reached the

point at which CPR goes under the SLMCPR, with a hypothetically larger feed w^i= r

flow change than in the former calculation. Figure 8 shows the correlation

between the CPR response and the neutron flux oscillation peak( % of rated ). The

neutron flux level at which CPR goes down to the SLMCPR is about 240% of the

rated, which is sufficiently higher than the scram level. In this figure, the CPR

correlation to the neutron flux oscillation peak goes out of the linear

correlation at the high flux level. That is due to the change in the inlet

coolant subcooling by the hypothetical feed water flow change. Namely, when the

inlet coolant subcooling increases, a positive reactivity is added because of the

void collapse, on the contrary, the thermal margin increases due to shortening

the boiling length. However, from the previously mentioned results, the neutron

flux would not grow to such a high level at the real incident.

So, it can be concluded that, at the LaSalle-2 event, the MCPR had sufficient

margin over the BT onset.

MCPR Evaluation at Two Different Oscillation Modes

MCPR response during the regional oscillation, in which the neutron flux

oscillates out-of-phase in each half side of the core, was evaluated and the

results were compared with those of the core wide oscillation. For the regional

oscillation analyses, the hypothetical core conditions which might induce the

regional oscillation, were created based on typical Japanese BWR plants data.

Figure 9 shows typical responses of the neutron flux and CPR in the regional

oscillation mode. In this figure, the two hottest channels, located at

symmetrically opposite sides of the core, are oscillating in out-of-phase mode

with each other. In Fig. 10, correlations between ACPR and the neutron flux

amplitude and between ACPR and the outlet flow amplitude in the hottest channel

are shown for the core wide oscillation mode and for the regional oscillation
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mode. As the CPR cakes the minimum value generally at the cnanrel outlet regio..,

the outlet flow rate has major correlation with ACPR. From this figure, it can be

seen that, in the regional oscillation mode, the coefficient of the linear

relationship between ACPR and the outlet flow amplitude is almost the same as

ACPR for the neutron flux amplitude. However, in the core wide oscillation mode,

the former is murh greater than che latter. In other words, ACPR is greater in

the regional oscillation mode than in the core wide oscillation mode at the same

neutron flux amplitude. That is due to the difference in Che gain of flow-to-

power transfer function. Figure 11 shows a comparison of the above mentioned

gains between two oscillation modes. In the frequency region, where BWR core

instability is interested, about 0.3 to O.SHz, the gain of flow-to-power transfer

function, which corresponds to void reactivity coefficients, is greater in the

core wide oscillation mode than in the regional oscillation mode. Namely, in the

core wide oscillation mode, the neutron flux oscillation can sustain without the

thermal-hydraulically unstable channels because of such a large gain, but in the

regional oscillation mode, the neutron flux oscillation can not sustain without

the thermal-hydraulically relatively unstable channels. So, from the MCPR and the

detectabiiity viewpoints, the oscillation mi. st be detected at the smaller

amplitude in the regional oscillation than in the core wide oscillation.

Detectabiiity of the Regional Oscillation Mode

The detectabiiity study was performed from the view point of MCPR evaluation

in the regional oscillation mode. In this study, the hypothetical core conditions

were created for each type of Japanese BWR. The parametric survey analyses were

performed to investigate the conditions which might induce the regional

oscillation and where such oscillation might grow sufficienclly to result in the

MCPR being under the SLMCPR. From the above analyses, the results were arranged

as the correlations between ACPR and LPRM amplitudes, because the LPRMs are the

currently detected signals. In these results, it can be seen that the larger the

core size and the looser the channel inlet orifice, the more likely regional

oscillation mode is to occur. From the detectabiiity viewpoint, it is undesirable

that the large ACPR is resulted from the small amplitude LPRM oscillation. Figure

12 shows the result of an extreme ( lacalized oscillation ) case where the LPRM

amplitude at the SLMCPR is the smallest among the calculated cases. The
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correlation between the CPR response and the amplitude of LPRM which is closest

to the hottest channel is shown. In this case, the initial power level is more

than 10% of the rated higher than that of the LaSalle-2 event, so the initial

CPR(ICPR) is lower than LaSalle-2. From this figure, it can be seen that the LPRM

amplitude is about 40% of the initial value when the CPR goes down to SLMCPR. The

LPRM noise level is less than 5% in the jet pump plant, so there i3 still more

than 0.4 in CPR margin over SLMCPR when the LPRM oscillates over the noise level.

Figure 13 shows the LPRM amplitudes distribution when CPR decreases to the SLMCPR

in a contour map. From this figure, it can be seen that the LPRM of which

amplitude is less than the noise level is limited in the small region, namely,

the number of LPRMs which can detect the oscillation before the BT onset is more

than 90% of total LPRMs, even in the hypothetically severe case. So, the regional

oscillation mode can be detectable by the LPRM system before the MCPR loses the

design margin.

Conclusions

Fuel integrity during the BWR neutron flux oscillations, for both the core

wide oscillation mode and the regional oscillation mode was evaluated using the

3-D transient code TOSDYN-2. The TOSDYN-2 code was well qualified against the

BWR stability test data, as well as the channel loop stability test and BT test

data.

In the core wide oscillation, the MCPR had sufficient margin to the BT onset,

at the LaSalle-2 event. As shown in Fig.8, the neutron flux level at which the BT

might occur is estimated as being two times greater than the scram level.

The ACPR is greater in the regional oscillation than in the core wide

oscillation at the same neutron flux amplitude because of the sensitivity

difference o: the flow-to-power transfer function gain. So the regional

oscillation is more important than the core wide oscillation from the view point

of the MCPR evaluation and the oscillation detectability. However, from the LPRM

detectability analyses, the regional oscillation could be detectable by the LPRM

system, even in the hypothetically severe case.
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RAMONA-3B AND TRAB ASSESSMENT USING
OSCILLATION DATA FROM TVO I

Keijo Valtonen
Finnish Centre for Radiation and

Nuclear Safety

ABSTRACT

The objective of this study has been to assess RAM0NA-3B and TRAB
codes against the TVO I oscillation incident data. An attempt has
also been made to find out the safety implications of oscillations
in the ATWS incidents. The results have shown that both codes can
rather accurately simulate the oscillations.

Agreement between the calculations and the raeasurements was rea-
sonably good. The frequency of the oscillation was almost same
in both cases and the beat, which was visible in the measurement,
can also be seen in the calculations. TRAB results indicate also
that oscillations make transients, especially ATWS incidents,
more severe than without oscillations and fuel failures are possi-
ble.
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1.INTRODUCTION

Oscillation incidents have occurred lately in many boiling water
reactors all over the world. In all of these cases reactor scram
has terminated the oscillations in a very early stage and the
fuel thermal and mechanical limits have not been exceeded. Two
kinds of oscillations have been observed in BWRs: in-phase (core-
wide) and out-of-phase (regional). The latter case is more severe
because oscillations can diverge without any intervention of the
reactor protection system. In the former case fuel failures can
happen only if the reactor scram fails partly or totally (ATWS).
There are potential risk of severe fuel failures in both cases.

In BWRs the stability is a problem only at low-flow and high-po-
wer operational conditions. BWRs can operate in many different
power/flow ratios. Typical power/flow map has been presented in
figure 1. Potentially unstable area has been marked by a circle.
Under nominal conditions (100%) power and flow (about 7000 kg/s)
the reactor is very stable, but when the reactor operational point
in that power/flow map approaches the circled area, reactor stabi-
lity decreases gradually and the reactor can become unstable in
certain conditions in the circled area.

The objective of this study has been to examine TVO-1 oscillation
incident, which took place on February 22.1987 and to find out
the safety implications of oscillations in ATWS incidents. Cal-
culations have been performed with RAM0NA-3B and TRAB codes. RAMO-
NA-3B, developed by Brookhaven National Laboratory, is a BWR tr-
ansient analysis code with three-dimensional neutron kinetics and
noneguilibrium, nonhomogeneous thermal hydraulics. TRAB, develop-
ed by Technical Research Centre of Finland, is an one-dimensional
BWR transient analysis code, which uses approximately similar
methods as RAM0NA-3B. Detailed description of both codes are
presented in references 1 - 4 .

2. TVO- ̂  OSCILLATION INCIDENT

TVO 1 nuclear power plant is a 2160 MWt BWR and its nominal recir-
culation flow is 7800 kg/s. The oscillation incident took place
after short shutdown period when the plant was starting up. The
plant steady state operating conditions before the incident are
shown at Table I.
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TABLE I

STEADY-STATE OPERATING CONDITIONS

THERMAL POWER, MWt
PRESSURE, Pa
INLET MASS FLOW RATE,
FEEDWATER TEMPERATURE,
CORE INLET SUBCOOLING,
CORE BYPASS FLOW, %

kg/s
C
C

1298
7.0E6
2980
163.2
21.0
11.0

Reactor power was at 60% and at flow 30% of nominal values,
when the fission power started to oscillate at about 30% amplitude
(peak to peak) of the current value. At the same time the plant
personnel started to perform an periodical test of the bypass
valves of the high power preheatera. The test was performed using
an automatic system which bypasses the preheaters only for a
short time. However, this system does not turn the bypass valves
back to normal position and the feedwater temperature decreased
about 40 °C. When the colder water reached the reactor core the
power oscillations started to diverge. After a few seconds the
amplitude of the oscillations was so high that it tripped the
reactor and terminated the transient.

The reactor power distribution was calculated just before the
incident and the main parameters of the plant were recorded autoraa-
ticly after initiation of the reactor protection system by the
plant measurement computer. The fission power and the recircula-
tion flow are presented in figures 2 - 3 . The recirculation flow
is a average flow of eight flow measurement devices, which are
located at the inlet of eight fuel bundles.

3. RAM0NA-3B CALCULATIONS

The objective of RAM0NA-3B calculations were to study the basic
phenomena of oscillations in three dimensions and to validate the
code against available TVO I oscillation incident data.

3.1 RAM0NA-3B input

The reactor core model was generated to meet the TVO plant data
during oscillation incident on February 22.1987. The neutronic
model was based on cross sections developed for POLCA code, which
is a three dimensional core simulator used for designing the
reactor reloadings. These cross sections were originally calcu-
lated by a 2-d neutron transport program CASMO.
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There were ten different fuel types in the reactor core on the
time. The main fuel types were 8*8 and 9*9. Also the axial burn-
able poison design varied within these main fuel types. There were
68 different material compositions in the final cross sections,
which are a function of local fuel and moderator temperature,
void fraction and void history, fuel exposure and control rod
position.

Calculations were performed using a half core model because of
the half core rotational symmetry in the loading pattern of TVO I
nuclear power plant. Each fuel bundle represents one neutronic
channel. The reactor core model consisted of 250 neutronic chan-
nels. Axially a fuel bundle was divided into 24 nodes.

The assignment of the hydraulic channels was based on the fuel
bundle power and orificing. Fuel bundles with similar power and
orificing formed one hydraulic channel. The half core model was
divided into a two 90 degree sectors which had their own hydrau-
lic channels. The control rod positions form a hydraulic chanrel
of their own,too. The half core model consisted of 22 hydraulic
channels.

The control rod pattern is shown in figure 4. During oscillations
there were only so called deep rods in the reactor core, which
means that the axial power distribution is strongly bottom peak-
ed. Normally during the startup of the plant shallow rods (rods
which are only little in the core) were used to modify the axial
power distribution less bottom peaked making the core more stable.

The RAMONA-3B representation of the TVO I reactor includes a
downcomer, lower plenum, core, riser, steam separator and steam
dome with four steam lines lumped together.There are internal
main recirculation pumps in the TVO reactor. It is not possible
to model this kind of pumps in the RAM0NA-3B code. These pumps
were replaced by jet pumps with recirculation loops, which were
available in RAM0NA-3B.

3.2 RAM0NA-3B results

The RAM0NA-3B steady state was calculated at the operational
point of the power/flow map where the TVO I oscillation incident
took place. The agreement between calculated and measured axial
and radial power distributions is reasonably good.

Steady state calculations were made in the natural circulation
condition without jet pumps and recirculation loops. Because it
is not possible to start the transient without jet pumps and
recirculation loops, these components were taken into the RAMONA-
3B input and the main recirculation flow was increased into 4800
kg/s and the reactor power to 79% of nominal power. This opera-
tional point was chosen because the main parameters correspond
to those measured after the oscillation incident and the control
rod pattern was similar as during oscillation incident. The calcu-
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lations were initiated by tripping the reci culation pumps. After
reaching the quasi-steady-state condition the reactor fission
power started to oscillate . The fission power was exactly the
same and the recirculation flow about 400 kg/s larger than in
the measurement. After the reactor had reached that state, the
feedwater temperature was reduced by 40 °C within 10 seconds. W-
hen the colder water reached the reactor core at 20 seconds, oscil-
lations started to diverge. The fission power and the recircula-
tion flow are shown in figures 5 - 6 . The agreement between the
mesured and the calculated fission power oscillation is reason-
ably good. The calculated frequency of the oscillations is 0.50
Hz. The measured frequency was 0.42 Hz. The beat, which is visib-
le in the measurement can also be seen in the calculation.

The radial power distribution in the high and the low power area
of the reactor core behaves differently. The control rods divided
the core into these two areas, which are presented in figure 7.
The phase difference of the relative power oscillations between the
black (low power) and the white (high power) channels is 180
degrees. The behavior of the relative power in the high power
channel 7 and the low power channel 21 is shown in figure 8. The
radial form factor tends to increase in the low power area and to
decrease in the high power area. The driving force of oscilla-
tions in the high power area is the recirculation flow and in the
low power area it is the neutron power. The high power area of
the core initiates the oscillations and because the neutronic
coupling between these two areas is strong it seems, that the
fission power in the whole core oscillates at the same phase.
This phenomena changes also the behavior of the inlet and the
outlet flow oscillations in these two areas. The phase difference
between the inlet and the outlet flow in the white (high power)
area is 180 degrees and in the black area less than 180 degrees,
which can be seen in figure 9. The beat, which is visible in
both measured and calculated flow and fission power oscillations
becomes from this interaction between the high and the low power
channels. This phenomenon can be seen more clearly in 1-D cal-
culations in chapter 4. The total flow oscillations are a sum of
the oscillations with different phases. These two types of chan-
nels form a system of coupled oscillators.

4. TRAB CALCULATIONS

The objectives of TRAB calculations were

* to validate the 1-D code against the measurement

* to study the basic phenomena of the oscillations

* to perform a sensitivity study
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* to find out the safety implications of oscillations in
the ATWS incidents.

4.1 TRAB input

The TRAB input model was generated as close as possible in the
same way as the RAMONA-3B model. There were only few exceptions.
The pump model was different. In the TRAB code internal main
recirculation pumps can be modeled. The steam line model was
equipped with eight safety valves and turbine valves. There are
12 safety valves at the TVO 1 nuclear power plant but only eight
of them open at 60 % power level from 74 bar pressure. A pressure
controller was also modelled.

The reactor core of TVO 1 nuclear power plant consisted of two
types of fuel bundles, 8*8 and 9*9, during the oscillation inci-
dent. 9*9 fuel was used in all other cases except case 11, in which
8*8 fuel was used.

TRAB is an one dimensional code , where an average hydraulic chan-
nel and a bypass channel are modeled. In cases 1-11 both channels
were used and in cases 12 - 14 only the average channel.

The axial power distribution varies in different parts of the
reactor core. The average axial power distribution was double
humped. According to RAM0NA-3B calculations the axial power distri-
bution in the unstable channel was strongly bottom peaked. In
TRAB calculations three initial axial power distribution, which
are shown in figure 10, were used. Bottom peaked axial power dist-
ribution (Fax = 1.5) was used in all other cases except cases 9
and 10. In case 9 bottom peaked (Fax = 1.3) and in case 10 double
humped (Fax = 1.3) initial axial power distribution were used.

In the TVO 1 reactor core there are three different orifice zones
in the inlet of the core. In the middle of the core the orifice
is 60 vh (= velocity heads), which is used in all other cases
except in the case 8. In the two edge rows the inlet orifices are
100 vh and 140 vh. In case 8 the average orifice of the core ,
which is 78 vh, was used.

The fuel gas gap conductance is one of the least well known parame-
ters. It varies with the gas composition of the fuel gas gap,
fuel burnup and fuel temperature. The fuel gap conductance that
was used in calculation are shown in figure 11. In case 3 and all
other cases except cases 7a and 7b the same gap conductance was
used. The curve used in case 3 is same as in RAM0NA-3B calcula-
tions.

The TRAB cross section set produced the same void coefficient 150
pcm/% as RAM0NA-3B data.

In the TVO 1 an alternate rod injection system (slow scram) is a
backup system for the reactor hydraulic scram. The alternate rod
injection system drives the control rods into the core within 250
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seconds by the electric motors. The effectiveness of this system
to attenuate the oscillations is studied in case 6.

All analyses were started from the steady state without pump
trip. The oscillations were trigged by the feedwater temperature
disturbance, which was 40 C within 10 second

4.2 Analysis with bypass channel

The average and the bypass channel was used in all of these cases.
Three different incidents were analyzed

* bypass of the high pressure preheaters without scram

* bypass of the high pressure preheaters with slow scram

* bypass of the high pressure preheaters and the pressure
controller failure without scram.

The sensitivity analysis for the case, bypass of the high pres-
sure preheaters without scram was also performed.

4.2.1 Base analysis

According to RAM0NA-3B calculations only high power channels
(Frad > 1.30) were stable. The TRAB code is one dimensional and
it is capable to analyze only an average channel. At the firs
stage there was need to find out the conditions by which TRAB
would give the same results as RAM0NA-3B. Eight analyses were
made in different operational points in order to define the unsta-
ble area at the power/flow map. The results are summarized in
table II.

TABLE II

POWER (MW) FLOW (kg/s.) RESULT

1
2
3
4
5
6
7
8

1298
1560
17 00
1350
1400
1400
1400
1475

2980
2980
2980
2700
2600
2650
2700
2600

STABLE
STABLE

UNSTABLE
STABLE

UNSTABLE
UNSTABLE

STABLE
UNSTABLE

TVO 1 oscillations incident occurred at the point 1, but as expec-
ted, the point was stable in TRAB calculations. After that the
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power was increased to 1.2 and 1.3 times higher than at point 1
but the flow was kept same. Point 2 was stable and point 3 was
unstable. The results are consistent with the RAM0NA-3B calcula-
tions. Point 3 was outside the acceptable operational area, thus
an attempt was made to find an unstable point, which would be as
close point 1 as possible within the acceptable operational area.
Five points were analyzed. Points 4 and 7 were unstable and 5, 6
and 8 were unstable. Point 6 was chosen as a starting point for
further analysis.

4.2.2 Bypass of the high pressure preheaters without scram
(case 3)

In this case the oscillations were studied without the reactor
scram. The initial power was 1400 MW (65 %) and the main recir-
culation flow 2650 kg/s (35 % ) . All the other parameters were the
same as in table I. The transient was initiated by the feedwater
disturbance at 0.1 second. After a few seconds the recirculation
flow and the fission power started to oscillate with diverging
amplitude. The transient stopped at 72 seconds due to flow rever-
sal in the bypass channel. The fission power and the recircula-
tion flow are shown in figures 12 - 13.

The agreement between measurement (figures 2 - 3) and calcula-
tions are reasonably good. The oscillation frequency is same,
0.42 Hz. The beat is not exactly similar to the measurement because
there are only two hydraulic channels in the TRAB code. But the
physical phenomenon which leads to the beat is more clearly seen
in the calculation. The power channel and the bypass channel form
a coupled oscillator. There are exactly 180 degree phase differen-
ce between the inlet flow oscillations of these two channels (figu-
re 14). The total flow oscillations are a sum of two modes of
oscillations with 180 degree phase difference.

Figure 15 shows the total reactivity behavior, indicating that
the maximum reactivity injection during oscillations is 250 pern
(0.52 $) and the fission power increases to 3000 MW.

One hot channel analysis was performed in order to determine the
behavior of minimum critical power ratio (MCPR) during oscilla-
tions. The radial power peaking factor (Frad) at the hot channel
was 1.40 .The initial critical power ratio was 1.4.

As the thermodynamical conditions of the hydraulic channel con-
tinuously change, the MCPR is oscillates, too (figure 16). The
fuel rod undergoes the boiling crisis ( MCPR < 1 ) at 71 seconds
and the fuel cladding temperature starts to increase. The fuel
maximum temperature does not yet follow the fuel cladding tempera-
ture because the calculation stops at 72 seconds due to flow rever-
sal in the bypass channel.

The void fraction distribution as a function of time and the core
height is presented in figure 17. Figure shows the density waves
propagation through the core. This void fraction oscillation
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leads to the axial power distribution oscillation which is shown
in figure 18.

4.2.3 Bypass of the high pressure preheaters and the pressure
controller failure without scram (case 5b and 5c)

The scenario for this transient is identical to the transient
discussed in section 4.2.2. The only difference is that the pressu-
re controller fails at the time when the reactor scram is normally
expected from the high power/low flow signal (about 90 % power).
The pressure controller closes the turbine control valves within
0.15 seconds but doesn't open the turbine bypass valves.

Four different cases were analyzed (5b and 5c);

* at case 5b all eight safety valves open from the
high pressure signal,

* at case 5c all eight safety valves open and the
reactor scram is normally trigged from the high
power signal.

In case 5b the maximum reactivity was 400 pcm (0.83 $) and the
maximum fission power 6000 MW (277 % ) . At the beginning after the
turbine trip the amplitude of the fission power decrease, but
after few seconds the fission power oscillations seem divergent
again (figure 19). The transient calculation was stopped also in
this case by the flow reversal in the bypass channel.

The safety valves had no effect on the results of the hot channel
analyses. The results are exactly same as in case 4. The MCPR
is 0.9 in both cases.

hot channel analysis was performed to find out the fuel
tenavior during the transient. Radial power form factor in that
case was 1.3. Initial MCPR was 1.55. Before closing the turbine
control valves the MCPR was 1.35, but it decreased during pres-
sure transient rapidly to 0.9.

In the case 5c it was assumed that the reactor scram occurs normal-
ly after closing the turbine valves . The fission power increases
also in this case to 6000 MW and maximum reactivity injection was
400 pcm.

The hot channel results are independent on the actualization of
the normal scram. The MCPR decreases to 0.9.

4.2.4 Bypass of the high pressure preheaters with slow scram
(case 6)

TVO 1 nuclear power plant is equipped with the alternate rod
injection system ( the slow scram) which drives the control rods
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within 250 seconds into the reactor core. This system is a backup
system for the reactor hydraulic scram. In case 6 the ability of
the slow scram system to attenuate the oscillations was studied.
The slow scram was initiated by the normal high power/low flow
scram signal. When the control rods started to move into the reac-
tor core it takes about 10 seconds before they stabilized the
reactor core by decreasing the power and increasing the single
phase pressure drop at the inlet of the core. The fission r

behavior and the control rod position have been presented ir
res 20 and 21.

4.2.5 Sensitivity analysis (cases 7a, 7b, 8, 9, 10, and 11)

In the sensitivity analysis four different parameters which were
expected to have an influence to oscillations were chosen. These
parameters were

* inlet orifice of the core

* fuel gap conductance

* axial power distribution

* fuel type

The case 3 was used as a reference case. Only one parameter ,,ds
changed at the time.

The fuel gap conductance is one of the most important factor
because it affects the fuel heat transfer time constant. The fuel
gap conductance used in cases 3, 7a and 7b is shown in figure 11.
The curves were chosen so that the time constant of the fuel heat
transfer is increasing from case 3 to case 7b. The behavior of
the fission power in these cases is presented in figure 22 a - b.
The results show that increasing the time constant of the fuel
heat transfer has destabilizing effect to the reactor core. This
unexpected result needs further analysis.

In case 3 the inlet orifice of the reactor core is 60 vh which is
the orifice in the middle of the core. The average orifice of the
core is 78 vh which was used in case 8. The results of this ana-
lysis show that the reactor core was more stable.

The initial axial power distribution which were used in cases 3,
9 and 10 are shown in figure 11. In case 3 the axial power peek-
ing factor was 1.5 and the distribution was bottom peaked. In
case 9 the axial power distribution was approximately same as in
case 3 but the axial power peaking factor was 1.3. In case 10 the
axial power distribution was double humped and its power form
factor was 1.3.

In both cases 9 and 10 the reactor core was stable because the
smaller axial power peaking factor increased the single phase
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pressure drop at the inlet of the core and decreased the two
phase pressure drop in the channel.

In the last sensitivity case (case 11) the stability of 9*9 fuel
type was compared to 8*8 fuel. The fission power oscillations are
very similar in both cases. 9*9 fuel type seems to be slightly
more unstable but differences are really small. The reason for
this is in the lower average temperature of 9*9 fuel, which makes
the fuel gap conductance smaller and the time constant of the fuel
heat transfer longer which destabilizes the core. The results are
consistent with cases 7a and 7b.

4.3 Analysis without bypass channel

The objective of these analysis were to study the oscillations in
the single channel and to find out the effect of the bypass channel
to oscillations. All the other parameters were kept same as in
cases which were discussed in the chapter 4. Only one incident,
bypass of the high pressure preheaters was analyzed.

The scenario for this transient is identical to the transient
discussed in section 4.2.2. After feedwater temperature distur-
bance the fission power starts to oscillate quite differently
from cases with the bypass channel. The fission power oscilla-
tions is shown in figure 23. The beat has disappeared which is
evident because there is only one hydraulic channel in the core.
The oscillations diverge more rapidly. The core seems to be more
unstable without the bypass channel. The maximum reactivity is
450 pern (0.94 $) and the maximum fission power 9100 MW (420 % ) .
The frequency of oscillations is same as in the other cases.

5. CONCLUSIONS

The TV0 1 oscillation incident and ATWS incidents with oscillations
have been analyzed by RAM0NA-3B and TRAB codes. The following
conclusions can be drawn:

1. The results have shown that both codes can accurately simulate
the oscillations incident, which occured at TVO 1.

2. RAM0NA-3B results indicates, that the high power and the low
power areas of the core behave differently. It seems, that these
two areas form a system of coupled oscillators. The driving force
in the high power area is the recirculation flow and in the low
power area it is the neutron power.

2. The sensitivity study shows, that it is possible to avoid the
oscillations during startup of the plant by designing the startup
control rod sequence so that there are always shallow rods in the
core, which modify the axial power distribution less bottom peaked.
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Problems arise during the normal operation at the nominal power
level because at the middle of the cycle the shallow rods are
withdrawn from the core and if the recirculation pumps stop at
that point and the reactor operational point moves to unstable
area of the power/flow map the oscillations are always possible.

3. The sencitivity study indicates also, that increasing the fuel
time constant (decreasing the fuel gap conductance) destabilized
the core. This unexpected result needs however further analysis.

4. The bypass channel seems to have a very important effect to
the core stability. It makes the core more stable.

5. If the reactor scram fails during oscillations the severe
fuel failures are always possible and the reactor core can
exceed the prompt criticality.
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Figure 2 Measured tission power
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RADIAL NODALIZATION EFFECTS ON BWR STABILITY CALCULATIONS

José March-Leuba
Oak Ridge National Laboratory

Oak Ridge, Tennessee (United States)

ABSTRACT

Computer simulations have shown that stability calculations in boiling water reactors
(BWRs) are very sensitive to a number of input parameters and modeling assumptions. In
particular, the number of thermohydraulic regions (i.e., channels) used in the calculation can
affect the results of decay ratio calculations by as much as 30%. This paper presents the
background theory behind the observed effects of radial nodalization in BWR stability
calculations. The theory of how a radial power distribution can be simulated in time or
frequency domain codes by using "representative" thermohydraulic regions is developed. The
approximations involved in this method of solution are reviewed, and some examples of the
effect of radial nodalization are presented based on LAPUR code solutions.

RESUME

II a été demonstré par le moyen d'ordinateur que la stabilitié des reacteurs du type
"BWR" est très sensible a un certain nombre de paramètres et de considerations de modèle
choisie. En particulier, le nombre de regions thermohydraulique utilisée dans les calcules peut
affecter les résultats de "decay ratio" aussi loin que 30%. Cette publication présente la théorie
derière l'effect observé d'une nodalization radiale utilisée pour le calcule de la stabilitié des
reacteurs du type "BWR". La théorie basé sur la distribution radiale d'énergie simulié par les
programes utilisant l'espace temp ou l'espace frequence est ceci par le billet d'une régionale
thermohydraulique representation, a été devlopèe. Les approximations utilisées par cette méthode
sont revues et quelque examples de la nodalisation radiale sont présentées basé sur les résultats
du programe LAPUR.
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INTRODUCTION

This paper presents the background theory behind the observed effects of radial
nodalization in BWR stability calculations. The theory of how a radial power distribution can
be simulated in time or frequency domain codes by using "representative" thermohydraulic
regions is developed. The approximations involved in this method of solution are reviewed, and
some examples of the effect of radial nodalization are presented based on LAPUR [1,2] code
solutions.

SPACE-DEPENDENT REACTIVITY FEEDBACK

The reactivity feedback, Ap, due to a void perturbation, Aa, can be estimated in
cylindrical coordinates form from the following expression

- • ? /
/ ^ 2nrdr\ dz

0 0

where <I> and <I>+ are the normalized neutron flux and its adjoint, respectively, dplda is the local
density reactivity coefficient, and V is the core volume.

To solve this equation in a digital computer code, the integrals in Eq. (1) are typically
approximated by a summatory over a series of nodes. In this way, Eq. (1) becomes

NX ft

àp(f) « £ - f x ^ x APir(t) (2)
ir.\ N

where ApJ,t) is the time dependent reactivity feedback from region ir, wvich is given by Eq. (3)

NZ

£ E

In Eqs (2) and (3), NR is the number of representative thermohydraulic "regions" (also
called thermohydraulic channels), and NZ is the number of axial nodes in each channel, N^ is
the number of bundles in region ir, and N is the total number of bundles in the whole core. The
parameters with an ir subscript represent region-averaged parameters, the iz subscript represent
the axial node position: Pu is the relative power of a bundle in region ir, (dp/da.)^ is the
density reactivity coefficient of region ir as a function of axial node iz, Aa^fc is the time
dependent void perturbation in region ir, and (p^ is the normalized axial flux (also called axial
power shape) at axial node iz in region ir. In Eq. (2), the adjoint flux has been assumed equal
to the forward flux, which is an exact solution under one-energy-group diffusion theory.
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Thus, the numerical solution of Eq (2) is only an approximation to the real reactivity
feedback given by Eq. (1). Equation (2) reverts to Eq. (1) only if NR equals the total number
of bund! •: in the core, and if NZ is large enough. The smaller the ..umber of regions, the poorer
the approximation. In this approximation, the radial dependence in Eq. (1) has been substituted
by a series of representative channel calculations for each region. Typically, calculations are
performed with a number of regions varying from 1 to 20; few codes are capable of modelling
all the bundles in a core. Even for these codes, the calculations with such a large number of
thermohydraulic regions are cost prohibitive.

The approach of Eq. (2) is essentially exact if the number of thennohydraulic regions, NR,
equals the number of bundles in the core; however, cost constraints typically result in a small
number of regions being modeled. This modelling of the radial power distribution affects tfr
reactivity-feedback calculations through two main effects; (1) The nonlinear weighing of tin.
reactivity contribution from each region due to the P2 weighing of the void fraction perturbation,
and (2) the void dependence of the void reactivity coefficient.

Basically, the error involved in the above approximations can be expressed by the
inequality expressed in Eq. (4), which says that the sum of the product is not equal to the product
of the sum unless the operands are constant.

A»

ir=l '
NK

* P2

Ap(f) (4)

The channel density feedback, Apj(t),
is a strong function of the channel power. Pu

and, thus, the inequality in Eq. (4) holds.
ApJt) depends on Pu through two effects: (1)
direct'y Enough the generation of larger void
perturbauons, and (2) indirectly, through the
effect of the density reactivity coefficient.
The direct effect is due to the fact that
neutron flux tends to oscillate as a percentage
of the initial steady state power. In other
were3;;, if the reactor power oscillates by 10%,
all the channel powers oscillate by 10%. This
results in a larger absolute power oscillation
in the high power channels, which causes
increased void fraction oscillations and, thus,
larger reactivity feedback from the high power
channels than from the low power channels.
The indirect effect is due to the fact that the
density reactivity coefficient is a strong
function of the local void fraction, as seen in
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Fig. 1. The larger the void fraction (i.e, smaller density), the larger the magnitude of the
reactivity coefficient. Thus, high power channels have larger reactivity feedback coefficients than
low power channels.

Typical fuel loadings result in what is known as^ checker board arrangement, where fresh
fuel is loadeu in one third of the core and is surrounded by two thirds of old irradiated fuel. This
loading results in a third of the bundles having high power (for example, 140% of average
power) and the remaining two thirds having low power (approximately 80%). If only one
representative region or channel (i.e, NR = 1) is used to model this type of core, reactivity
feedback can be seriously underestimated. For example, in a checker board pattern like the one
described above, a simple calculation indicates that the reactivity feedback with a single average
channel is underestimated by 25%. This is equivalent to reducing the density reactivity
coefficient by the same factor, which has dramatic effects on the estimated stability of the core.

Therefore, in order to model accurately the reactivity feedback, a sufficient number of
thermohydraulic regions needs to be represented in the model to describe the radial power
distribution accurately.

SPACE-DEPENDENT INLET FLOW FEEDBACK

In the previous section we have discussed the effect the radial power distribution has on
the reactivity feedback. It is well known that BWR dynamics relevant to density-wave
instabilities have two main feedback paths: (1) the reactivity feedback and (2) the core inlet flow
feedback. The reason we have discussed the reactivity feedback first is simply because it is
easier to understand, not because of its importance. Indeed, the inlet flow feedback, which
constitutes pan of the thermodynamics of the channel, is probably more affected by the radial
power distribution than the reactivity feedback.

A typical BWR core is composed of a large number of independent bundles that are
connected hydraulically at both ends by the upper and lower plena. Because of these large plena,
the pressure drop across all bundles must be maintained equal among all channels, although not
necessarily constant in time, so that low power channels must have the same pressure drop as
high power channels. Thus, to maintain this boundary condition, the inlet flow in the high power
channels must oscillate significantly more than in the low power channels. This effect is caused
by the fact that, as described above, the void oscillations are larger in the high power channels.
This has a very significant effect on channel pressure drop: thus, the inlet flow in the high power
channels has to compensate more for the increased flow oscillations, resulting in a more unstable
configuration.

The effect of the radial power distribution can be observed in Table I, that shows the
decay ratio calculated by the LAPUR code for a core configuration formed by two
thermohydraulic regions of an equal number of bundles. We observe that as the radial power
distribution becomes more skewed (i.e., power is taken from Region 1 to region 2), the reactor
becomes more unstable. The conditions for Table I are 1500 MWth power and 27 Mlb/h flow,
with a sinusoidal axial power shape.
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Table I. Effect of checker board pattern
loading on core-wide decay ratio

Relative

Region 1

100%
80%
60%
40%

Power

Region 2

100%
120%
140%
160%

Decay Ratio

054
0.81
0.98
1.35

An interesting result that highlights
the effect of radial power distributions on
inlet flow feedback can be observed in
Table II. From this table, we can
conclude that a 1500 MWth reactor with
a skewed radial power shape is more
unstable than a reactor condition with a
higher power. For example, if the power
is raised to 2100 MWth (approximately
140% of 1500 MWth) but only one
thermohydraulic region is used, the
calculated decay ratio is only 0.68, which
is larger than the one-region decay ratio at
1500 MWth (0.54), but smaller than the
two region (60%, 140%) reactor with only
1500 MWth that results in a decay ratio of
0.98 (see Table I). This is a counter intuitive result. It says that if we take a reactor that
operates at 2100 MWth and reduce the power of half of the bundles (maintaining the rest of the
bundles at constant power) so that the average power is now 1500 MWth, the resulting lowe*-
power configuration is more unstable than the original high power configuration.

The above effect can be explained by the effect the low power channels have on the inlet
flow feedback of the high power channels. In the low power channels, the void fraction does
not oscillate as much as in the high power channels following a reactivity perturbation. The large
void fraction oscillation in the high power channels would tend to produce large pressure drop
oscillations; however, the pressure drop across the high power channels must equal that of the
low power channels. To accomplish this, the high-power channels inlet flow must have greater
oscillation amplitude, resulting in an increased flow feedback that destabilizes these channels and
the whole core.

Table II. Sensitivity of calculated core-wide decay ratio to recircularion
loop gain for different radial power distributions

Relative

Region 1

60%
140%

Power

Region 2

140%
140r;

Decay Ratio Calculated With
Recirculation Loop Gain Multiplier

0.

0.88
0.48

0.9

0.97
0.66

1.0

0.98
0.68

1.1

0.99
0.70

10. 100.

1.25 1.26
1.27 1.35
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The above theory is confirmed by the data in Table II, that shows the decay ratio as
function of the gain of the recircuîation loop pressure-drop-to-flow transfer. This gain may be
increased physically by reducing the friction in the recirculation loop. If this loop has no friction,
then it has an infinite gain and the pressure drop is maintained constant (and equal to the density
plus pump heads) regardless of the amount of core inlet flow required. A large gain, then,
essentially decouples the core channels from each other by forcing a constant pressure drop
boundary condition. A small gain forces a constant core inlet flow and the dynamic flow
distribution between channels has a dominant effect. This effect is seen in Table II. For high
gain values, the channels are uncoupled and the one-region core with the highest power is more
unstable. For low gain values, the two-region core (i.e., 60% 140% powers) is more unstable
than the one-region core, because the low power channels act as a source of flow to the high
power channels by oscillating its inlet flow out-of-phase.

In physical terms we can explain this process as follows: when a perturbation of power
causes an increase of voids in the high power channels, the low power channels increase their
flow to attempt to have the same pressure drop as the high power channels. This reduces the
flow available for the high power channels and, consequently, reinforces the original oscillation
(i.e., more voids are produced). Thus this configuration is more unstable. For the case in which
the recirculation loop has low friction (i.e., high gain), the increase in pressure drop in the high-
power channels is compensated by an increase in total flow, most of which is redirected through
the low-power channels.

The above effect can be observed in Figs 2 and 3. These figures show the gain and phase
of the LAPUR calculated transfer function from total power to individual channel inlet flow in
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normalized units. As can be observed, the low power channel has a smaller gain, which indicates
that the flow oscillations in this type of channel are smaller than in the high power channel for
the same total power perturbation. These results were expected from the above discussion, and
tend to confirm that the low power channels act as a destabilizer for the high power channels by
forcing a smaller oscillation in the core pressure drop. The phases of these transfer functions
(Fig 3), as expected, are out of phase (i.e, 180° apart), which indicates that the increased flow
through the high power channels is somehow compensated by the decreased flow through the low
power channel. An interpretation of this effect is that the low power channel act as a source of
flow oscillations for the high power channel, a fact that tends to destabilize the whole core. It
has to be noted that both of these transfer functions are calculated by LAPUR for the core-wide
in-phase mode of power oscillation, which (as seen in Figs 2 and 3) does not preclude some form
of out-of-phase radial flow oscillations.

What we have seen in this section is Jiat flow redistribution among bundles of different
power is a significant effect that must be modeled accurately to estimate the stability of a
particular reactor configuration. This flow redistribution is only possible if the radial power
distribution has been modelled accurately enougn to allow for different pressure drop responses
following a power perturbation. The recirculation loop dynamics also plays an extremely
important role in allowing this flow redistribution to occur. Proper modelling is, thus, required
for the recirculation loop that includes the upper and lower plena, the separators and driers, the
downcommer and the recirculation pumps.

HOT CHANNEL DESTABILIZATION

We have seen in the previous two sections the destabilizing effect of skewed radial power
distributions by two mechanisms: the nonlinear power-square weighing of the reactivity feedback,
and the inlet flow redistribution. A third mechanism is the hot channel destabilization. The flow
dynamics in high power channels is, in general, more unstable than in low power channels. This
is due to the fact that high power channels produce more voids and, consequently, have a larger
two-phase pressure drop component that tends to make the channel flow oscillate more. When
one combines this effect with the power-square weighing of the reactivity feedback, it is observed
that the increased instability of the high power channels iz not compensated by the decreased
instability of the low power channels. For instance, if a core is composed of half the channels
with 60% power and the other half with 140%, the high power channels weight when computing
the reactivity feedback is 196% (i.e., 1.42), while the weight of the low power channels is only
36% (i.e, 0.62). Thus, the total core stability is heavily affected by the stability of the high power
channels, while the low power channels have a relatively small effect. Thus, from this point of
view, a skewed radial power distribution is a destabilizing effect, because the core stability is
controlled in a large way by the hot channel power and not by the average power.
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THE CLOSED-LOOP SYSTEM SOLUTION

We have discussed in the above sections some of the pieces of the whole system as they
affect the solution. In reality, the radial power distribution affects the final result (i.e, the reactor
stability) through all the mechanisms described above together, and probably some others too.
The only reasonable v?.y to study the effect on the whole system is to perform a series of whole-
reactor calculations for expected operating conditions and to study the effect of different
assumptions on the results. To this end we have taken a relatively extreme (but probable) radial
power distribution and performed a series of decay ratio calculations using different radial
nodalization schemes with the LAPUR code.

Figure 4 presents the result of these analyses. LAPUR can model a maximum of seven
thermohydraulic regions; thus, the seven-region calculation is used as a reference radial power
distribution model. This model corresponds to the first case in Fig. 4, where "/e see that there
are 83 bundles with relative power P, = 1.47, 87 bundles with P2 = 1.40, and so on. The last
92 bundles correspond to the periphery region which has a high inlet flow restriction and low
power, P7 = 0.36. As stated before, this radial power distribution is one of the worst expected
during normal reactor operation.

The results of our analysis show that, if all the bundles are grouped into a single region
(Case 7 in Fig. 4), the calculated decay ratio is 0.86, which compares with a 1.11 value for the
reference case. Thus, using a reduced number of regions may result in calculated decay ratios
that are 307c lower than more accurate calculations with detailed radial power distributions. The
last two cases in Fig. 4 shows that, if code limitations permit only a small number of regions,
it is better to model the high power channels with more detail thafi the low power channels!
Thus, it is recommended that the maximum number of regions allowed by the particular code be
used for stability calculations, with a minimum of 5 or 6 regions.
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Figure 4. LAPUR calculated decay ratios for different radial power distribution models
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ABSTRACT

Stability behaviour of BWR is determined by various feedback mechanisms.
The hydraulic feedback loop is defined by the externally given pressure
loss and the relation between single phase and two-phase pressure losses.
The nuclear-thermohydraulic feedback loop between void fraction in the
coolant and nuclear fission power production depends on reactivity feed-
back and the time-constant of the fuel . These contributions to stabil i ty
behaviour within overall BWR dynamics are analyzed by calculations in
the time-domain. The dependencies and influences of parameter changes
are evaluated in detail. The possible amplitudes of oscillations at
the stabil i ty boundary are analyzed. On the basis of these results and
calculations with parallel coolant channels, consequences for the in -
phase and out-of-phase oscillations in the whole core are discussed.
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1. Introduction

Boiling water reactor systems show oscillatory behaviour in specific
operational regions. These effects are enforced in the operational map of
power versus flowrate in the range ofo low flowrates between minimum
speed of all recirculation pumps and natural circulation. During normal
operation the range of possible oscillations is avoided. The essential
countermeasure is to limit the maximum allowed power for a given
mass-flowrate. The effects have been studied analytically and also by
measurements in operating BWR. Extended investigations have been
performed in some German BWR. This work and the detailed results will
be presented in other contributions of this meeting. The measurements
showed in-phase oscillations of neutron flux of the whole core, but also
out-of-phase oscillations in different core regions. This paper treats
analytical aspects with special emphasis on the basic phenomena and the
interaction of feedback loops involved.

2. Background for investigations

Investigations related to stability behaviour have been performed by GRS
before the start-up of the BWR Gundremmingen. For this plant specific
stability measurements were planned and some precalculations were per-
formed with the BWR plant model ALMOS to determine the stability
boundary in the map of power vs. flowrate. The results showed that the
operating conditions, at which oscillations may be initiated, were
predicted qualitatively correct. But the sensitivity of results for specific
aspects of core loading, i.e. the dependency on the type of fuel assembly
8x8 or 9x9, or the influence of the axial power profile, could not be
determined in form of definite relations. These results confirmed the need
for reference measurements at the operating plant and also the possible
advantages of online monitoring systems of stability behaviour.

Several review articles of stability behaviour in two-phase flow systems
[1,2,3] are available. An important result of these investigations is the
need to differentiate carefully between different feedback loops which may
cause instabilities. These different feedback loops in a BWR are described
briefly. The own calculations are directed to the goal of demonstrating
the stability behaviour in the coolant channels and of understanding the
different contributions to the oscillations.

3. Physical models used for the sensitivity analysis

The calculations were performed with a set of models describing the
coolant flow in a single channel or parallel channels, the power production
by nuclear fission and the heat-conduction in the fuel rod. Single phase
and two-phase flow is described by a homogeneous flow model, including
different flow velocities by means of a drift-flux correlation. The
conservation equations of mass, energy and momentum are solved with the
approximation of using a space-independent pressure value to calculate
saturation properties. The momentum equation is integrated over the
channel, so that the channel inlet mass-flow is calculated from the
condition given by the pressure losses within the channel compared to the
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externally defined total pressure loss. The neutronics is described by
point-kinetics or a ID-solution of two group neutron diffusion equations.
The feedback reactivities are derived from basic two-group cross-sections
of BWR fuel assemblies.

The fuel rod model is based on a radial division in zones of the fuel
'et, the gap and the cladding to solve the equations of radial

-:at-conduction. The temperature dependence of the heat conductivity in
the fuel is taken into account. The model of the coolant channel can be
disturbed by specifying time functions for inlet enthalpy, inlet mass-flow
rate or flow resistance at the inlet valve. Time functions can be given
also for the pressure and the total pressure loss. Reactivity disturbances
can be described by reactivity functions for point-kinetics. All models are
consistent with the models used in the 3D reactor core model
QUABOX/CUBBOX-HYCA for LWR cores.

4. Description of feedback loops of BWR dynamics

The time-dependent behaviour of the coolant flow in the channels within
the reactor core and in the closed primary loop as well as the fission
power production in the fuel are determined by several feedback
mechanisms:

Coolant flow along channels with externally determined pressure loss
(channel hydraulic feedback loop)

Without taking into account effects on fission power due to the
negative void reactivity coefficient, the coolant flow in single and
two-phase conditions through a heated pipe gives cause to possible
flow oscillations. These flow oscillations are determined by the relative
contribution of single and two-phase pressure losses and the externally
given total pressure loss, normally held constant by the recirculation
.lumps. This feedback loop is characterized by the transit time of the
coolant through the channel.

Changes of fission power due to void reactivity effects
(nuclear thermohydraulic feedback loop)

Because in LWR the coolant is also moderator of the neutrons, a
change in the coolant void fraction influences the nuclear power
generation through the negative void reactivity feedback. A reduction
of void fraction causes an increase of nuclear fission power in the
fuel. The heat conduction processes in the fuel rod, i.e. the
heat-conduction in the fuel pellet, the gap'.and the cladding, determine
the increase of heat-flux to the coolant, which finally produces
additional void. This feedback loop may cause oscillations between void
fraction in the coolant and the nuclear . fission power, which are
dependent on the void reactivity coefficient and the time-constant of
the fuel rod.
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Coolant flow in the closed primary loop

A disturbance at any location in the primary loop, e.g. in nuclear
power generation or in feedwater flow rate or temperature, is
transported through the loop with some time-delay according to
flow velocities in the various sections. This closed loop behaviour
gives rise to flow oscillations determined by the transit time of the
loop.

Coupling of two-phase flow in channels with a large steam volume

The steam produced in the parallel coolant channels is collected in the
steam-dome in the upper plenum, from where it flows through the
steamline to the turbine. An increase of steam flow rate to the steam
dome may cause a pressure increase, which leads to condensation in
the core region and therefore reduces the steam-flow rate at the core
outlet. This feedback mechanism may cause oscillations between
pressure and steam-flow from the reactor core. It is determined by the
transit time needed by the steam flow from core outlet to the steam
dome.

Additional feedback loops from plant control systems

During plant operation more feedback loops exist due to the dynamic
behaviour of automatic control systems. Feedback loops are closed
between control variables, like nuclear power, system pressure, water
level, and actuators like control rods, pump speed, valves in steam and
feedwater lines.

5. Discussion of the hydraulic and nuclear feedback loops in the coc
channels

The analysis of the stability behaviour of BWR shows that the real cause
of the oscillations is the coupling of the hydraulic and
nuclear-thermohydraulic feedback loops. The possible instability is the
consequence of the specific interaction between the hydraulic feedback
loop for the coolant flow through channels with externally defined
pressure conditions and the nuclear-thermohydraulic feedback loop
between void fraction changes and the fission power generation. The
following discussion is based on numerous calculations, from which only a
few are presented to illustrate the main results. All results shown are
obtained at the operating point of minimum pump speed with power
increased above the 100 %-power line. The reference case is still stable.
The unstable condition with a decay ratio equal to 1.0 was reached by
reducing further the inlet valve flow resistance, but could also be
reached by further increasing the power The disturbance was a periodic
change of How resistance in the inlet valve. This is terminated after 3
seconds, so that the system oscillates after this time without external
forces.
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The hydraulic feedback loop in a coolant channel

A displacement of boiling boundary upward leads to a smaller boiling
length and consequently the two-phase pressure loss is decreasing. To
compensate this the inlet mass-flow rate will be increased to increase
the single phase pressure loss, so the momentum equation will be
fulfilled. When this increased mass-flow affects the boiling region, the
void fraction is reduced and the mass-flow rate in the boiling region
v.iil be increasing. As a consequence the two-phase pressure will
increase again. This turns around the upward movement of the boiling
boundary, and the sequence starts again with a displacement of boiling
boundary downward. This behaviour can be seen from f ig. 1 to f ig. 4,
where deviations from the steady state are shown for the boiling
boundary, the void fraction and mass-flow rate at different axial
positions and additionally the single phase and two-phase pressure
losses. The wave propagation along the channel can be seen clearly
from the void and mass-flow time functions, but a presentation of axial
mass-flow distributions in f ig. 5 for a time-period is even more
illustrative.
In the momentum equation the contributions from single phase friction
losses, two-phase friction losses, acceleration and gravity terms add
up to the externally defined total pressure loss. The compensation at
the maximum change of two-phase pressure loss determines the
maximum change in the inlet mass flow rate. The oscillation in mass
flow is damped if the induced change of inlet mass flow rate is lower
than the increase of mass flow rate in the region of two-phase flow.
This condition depends mainly on the relative contribution of single
phase pressure losses and two-phase pressure losses on the total
channel pressure loss. For example: if the single phase pressure loss
is much greater than the two-phase pressure loss, a relatively small
change in mass-flow rate can compensate changes of pressure loss in
the two-phase flow region. In contrary, if the two-phase pressure loss
is much greater than the single phase pressure loss a great change in
mass-flow rate may be necessary to fulfill the pressure loss condition.
As this mass flow disturbance will be transported to the two-phase
flow region, it will initiate an even greater change in the two-phase
pressure loss. Consequently, the coolant flow will show an unstable
behaviour with growing amplitudes in the mass flow. The discussion of
these examples explains that the hydraulic stability depends strongly
on the relative contribution of single-phase and two-phase pressure
losses. This fundamental effect was taken into account by introducing
inlet valves for each fuel assembly to guarantee high single-phase
pressure losses under all conditions.

The nuclear-thermohydraulic feedback loop between void fraction in the
coolant, fission power generation and the fuel rod behaviour

A reduction of void fraction in the coolant will cause an increase of
nuclear fission power in the fuel. As the negative void reactivity
coefficient has a relatively high value - it is even more negative for
greater void fractions - a small decrease in void fraction will generate
a relatively great amount of positive reactivity. The increased nuclear
fission power is deposited mainly in the fuel, but a small portion of it
will be deposited directly in the coolant by gamma heating. This part
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will generate additional void in the coolant without time-delay, thus
directly reducing the void disturbance. The main portion of nuclear
fission power will be transported within the fuel rod by heat
conduction, which causes a time-delay of the heat-flux increase at the
fuel rod surface. As the coolant is flowing along the fuel rod, the
increased void production due to the increased heat-flux may come into
phase with an increased void in the coolant from the void fraction
wave propagating along the channel. This wave is originally initiated
by the hydraulic pressure loss feedback loop.

As described the nuclear-thermohydraulic feedback loop can easily
amplify the hydraulic oscillations in the channel. To illustrate this
influence, the same case was calculated as a purely hydraulic problem
without nuclear feedback. The decay ratio of this case is reduced to
0.5, which means that the hydraulic oscillations are still present.
From the given description of effects the main parameters contributing
to the instability can be identified: most important is the void
reactivity feedback coefficient, secondly all parameters determining the
time-constant of the fuel rod are important.

The void reactivity coefficient increases for an increased void fraction.
The value depends on the fuel assembly design, e.g. assemblies with
internal water rods or water crosses have reduced void reactivity
coefficients, it also depends on burnup and the position of control
rods.

The time-constant of the fuel rod lies in the order of 5 to 7 seconds.
Thus, it is greater than the time-period of the flow oscillations in the
coolant, which occur with a time-period of 2 to 3 seconds. Therefore
all parameter changes, which reduce the time-constant of the fuel, will
enforce the hydraulic oscillations. The phase condition will be better
fulfilled and the additional void generation from the greater increase of
the heat-flux will amplify the void fraction wave in the coolant.

The analysis of the hydraulic and nuclear-thermohydraulic feedback loop
for the coolant channel instability has to be extended by discussing the
influence of the loop dynamics. The closed loop determines the
time-dependent function of total pressure loss along the core and the loop
including recirculation pump driving head. If this change is in-phase with
the two-phase pressure loss, then the induced change of mass-flow rate
at core inlet will be damped additionally compared to the assumptions of
constant pressure loss. However, the exact conditions have to be taken
into account by describing the loop behaviour in detail. This specific
influence of the loop pressure drop is verified in reactor plant expe-
riments estimating the stability boundary as a function of the number
of recirculation pumps in operation.

6. Discussion of how changes of typical parameters influence the
channel stability

For discussion of the consequences of various parameter changes the
change has to be carefully dedicated to the different feedback loops. The
influence on stability is easy to predict if the change influences only one
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feedback loop. However, many changes are influencing more feedback
loops.

- Changes in the pressure losses

Increasing single-phase pressure losses will increase stabi l i ty. In
contrary, increasing two-phase pressure losses will decrease stabi l i ty.
This follows directly from the hydraulic feedback loop as discussed
before.

Increasing power at a fixed mass-flow rate

A higher power input to the coolant channel will increase the boiling
length, the average void fraction and consequently the two-phase
pressure loss. The higher average void fraction also increases the void
reactivity feedback coefficient. Both effects decrease the stabi l i ty.
Thus in the reactor each channel can be brought to instabil i ty by
increasing the power. Or on the other hand, each instabil i ty can be
terminated by reducing the power.

Changing the fuel assembly type

The effect of different fuel assembly types, e .g . 8x8 vs. 9x9
assemblies or introducing internal water rods, must be separated into
the changes with respect to the fuel-rod time-constant and the changes
in void reactivity coefficient. A reduction in the time-constant will
decrease stabi l i ty. This will be amplified if the void reactivity
coefficient is increased, but it will be damped if the void reactivity
coefficient is reduced.

- Change of the axial power profile

An axial power profile with the peak in the lower core region will
increase the boiling length and the average void content in the
channel. Both effects cause a greater two-phase pressure loss which
decreases the stabil i ty. In addition, the void reactivity coefficient will
be increased amplifying this effect. An opposite effect may come from
the reactivity weighting when the power is located in the range of low
void fractions which may reduce the effective void reactivity-
coefficient.

Change of subcooling

For hydraulic flow problems the literature differentiates the effect of a
change for medium and high values of subcooling compared to small
values. For initially high subcooling, a fur ther increase stabilizes the
flow due to the increased single phase region and reduced average
void fraction assuming constant heating. For small values the effect
may destabilize due to changes in the transition time. But in nuclear
reactors after an increase of subcooling the fission power will increase
what finally leads to increased boiling length and average void content
in the channel. Both effects decrease stabil i ty. In addition the peak of
the axial power profile will move downward super-imposing effects
discussed together v\ith the change of axial profiles.
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7. Behaviour at the stability boundary

The results discussed so far show that a coolant channel in a BWR can be
brought to self-sustained oscillations. To analyze the possible amplitude of
these oscillations, three cases with different amplitudes of the initiating
flow-disturbance have been calculated'.^ The resulting oscillations in
mass-flow and linear heat-rate are presented in f ig. 6-7. All three
oscillations are undamped and the relation of the amplitude of the
mass-flow to corresponding amplitude of the linear heat-rate behaves in a
nearly linear way. For completeness it is repeated that no external
disturbance exists after the initial period of 3 sec. These results allow
the following interpretation of the observed oscillations during
stability measurements. If the reactor core is brought close to the
stability boundary, the common disturbances in the mass-flow rate are
amplified to oscillations in the neutron flux. However, oscillations with
higher amplitudes will be possible, if some additional disturbances occur
during this time-period of operation near the stability boundary. The
calculations performed with conditions beyond the stability boundary, e.g.
after variation of parameters reducing the stability, also show oscillations
with continuously growing amplitudes. This certainly will be damped if the
loop behaviour is taken into account.

8. Discussion of oscillations in parallel coolant channels

In addition to the analysis of the behaviour of a single coolant channel,
calculations have been performed for parallel coolant channels. The
coupling of three parallel channels with pointkinetics was analyzed. The
model contains the possibility of varying the reactivity coupling of the
coolant channels to the neutronics by specifying the relative contribution
of the different channels to the feedback reactivities. Calculations have
been performed under the assumption of averaging all channels or of
determining the neutronics by a single channel. The flow-disturbances in
two channels were in counter-phase and one channel was undisturbed. In
the case of averaging reactivities no power oscillation occurred and the
hydraulic oscillations were damped. In the other case the oscillation was
initiated and all channels were synchronized in their mass-flow oscillation
by the oscillating neutron flux. These numerical results allow the
following interpretation: if in the reactor core a single channel or a group
of channels reaches the stability boundary, e.g. in a region with high
radial power peaking factors, the oscillations may extend to neighbouring
channels by spatial coupling of the neutron flux oscillations.

Because such local oscillations may be initiated independently, initially
there exists no phase relation of these instabilities. Whether an in-phase
or out-of-phase oscillation is establishing can not be determined by these
investigations. Whole core calculations will be necessary, but these
calculations also need special considerations about possible hydraulic
asymmetries at the core inlet.
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9. Conclusions

The calculations performed for this sensitivity analysis of BWR stability
were mainly directed to a detailed analysis of the coolant channel
stability. Three main parameters were identified determining the stability
behaviour

- the ratio of power to flow-rate
the rauu of pressure loss in single phase and two-phase flow regions

- the reactivity coefficient of void fraction

The effect of other parameters was discussed by identifying their role in
the different feedback loops. Solving problems for parallel coolant
channels a mechanism is shown synchronizing in-phase oscillations which
start from a local instability. These results will be useful to interpret
correctly whole core calculations.

The sensitivity analysis confirms that fully 3D reactor core models
including a simulation of the loop behaviour are necessary to describe
the BWR stability in detail. But it has also proven, that the stepwise
analysis of the feedback loops is an effective method to analyze the
contribution and relative importance of effects influencing the
stability behaviour.
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ABSTRACT

Calculations were performed to investigate the effect of ranging
several key variables on the power response of a BWR core subjected to
periodic flow oscillations, such as those that might be exhibited during an
instability event. It was observed that flow oscillation amplitude, its
frequency, and core inlet flow subcooling have the greatest impact on the
magnitude of resultant power oscillations. In particular, when flow is
oscillated at a frequency of about 0.235 Hz for a typical 8 X 8 BWR rod
bundle, it may produce power peaks more than 100 times the initial power.
Further, based on some experimental data and supporting calculations, it is
s!iown that increasing feedwater subcooling leads to both increased flow
.--::"1 itude and decreasing frequency in a boiling natural circulation loop.
• -s concluded that the degree of subcooling of feedwater is the single most
important parameter affecting the magnitude of reactor power oscillations.

It

RESUME
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INTRODUCTION

An important safety aspect of boiling water reactors (BWRs) is the
stability of coolant flow and power level during natural circulation,
particularly during an anticipated transient without scram (ATWS). An
incident of large amplitude power oscillations, prior to scram, in the
LaSalle Unit 2 reactor in 1988 [1] focused attention on this subject. Under
the sponsorship of the United States Nuclear Regulatory Commission (USNRC),
studies have been performed to analyze the stability aspects of BWRs, to
determine the operational conditions that may lead to BWR instability, and to
compute the extent of limit cycle power oscillations that may arise in such
situations. Simulations of the LaSalle event, assuming the reactor had not
scrammed, have produced limit cycle oscillations with peak power spikes as
high as 21 times initial power [2]. Such conditions give rise to an increase
in average reactor power, thereby posing the risk of premature suppression
pool heating under certain conditions. Against this background, it was of
interest to study the effect of key variables on the magnitude of limit cycle
power pulses. It is known that the power level in a BWR is strongly related
to core flow conditions. Low flow rates in conjunction with low subcooling
at the core inlet lead to a high average void fraction in the core, reducing
the neutronic power due to the negative reactivity effects of void fraction
and fuel temperature. Conversely, a high liquid fraction in the core
increases the power level. The core flow and rate of void generation depend
on the hydraulic characteristics of the system and the thermal properties of
the fuel. These interactions, combined with the effects of reactor boundary
conditions, such as the feedwater flow rate and temperature, are too complex
to be analyzed collectively in a comprehensive and cost-effective manner with
a complete BWR simulation, for all plausible combinations of the influencing
parameters. The purpose of this study is to show the relative importance of
the different variables that can impact BWR power osculations, subject to
different sets of assumed values of the other variables, and to identify the
dominant factors that should be controlled in order to avoid undesirable
power oscillations.

BWR CORE PARAMETERS

A one channel BWR core was modeled with TRAC-BF1[3], based on the
features of an average fuel bundle in the LaSalle reactor core. The initial
boundary conditions were comparable to a natural circulation state, but the
inlet flow was specified as a function of time while the exit boundary
condition was specified by a constant pressure(7.1 MPa). The nominal inlet
flow and bundle power were 30% of full power steady state values(5.265 kg/s,
1.293 MW). However, the core inlet coolant subcooling was 10 K, which is
close to the full power case. The base model had 9 radial nodes in the fuel
rod, 12 axial hydraulic cells, a flat axial power profile, point kinetics
(default TRAC reactivity constants), no direct moderator heating, a gap
conductance of 1.E4 W/m-K, a maximum time step size of 0.1 second. Each
calculation was run for 10 seconds in steady state; then a sinosoidal inlet
flow oscillation was imposed at a specified amplitude and frequency.

It is important to emphasize here that, because of the imposed boundary
conditions, these are "open-loop" calculations. The oscillatory core flow
was imposed, rather than occurring naturally due to an inherently unstable
core condition. Moreover, there is no feedback from the remainder of the
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reactor, as there would be in a complete system model. But the objective of
the study was to determine the effect on core power given that core flow
oscillations were occurring. All of the interacting phenomena within the
core (i.e, void propagation, doppler and void feedback, fuel rod heat
transfer, etc.) are computed exactly as if the oscillations occurred
naturally.

Effect of Flow Oscillations Amplitude

The effect of the amplitude of core inlet flow oscillations on reactor
power was first examined. Five calculations were performed, ranging in
oscillation amplitude from 20% to 100%, all at a frequency of 0.5 Hz
(approximately the same frequency of oscillation exhibited by LaSalle).

The inlet flow oscillation produced corresponding variations in the
local liquid temperatures in the lower portions of the channel and in the
local voids throughout the channel. These led to power oscillations through
the reactivity feedback of void, moderator temperature and the Doppler effect
due to fuel temperature changes. Figure 1 shows the calculated power
oscillations for the five cases. As would be expected, increased flow
amplitude lead to increasing power peaks. However, at this frequency, the
maximum power peak for a 100% limit-cycle type flow oscillation is slightly
more than three times the initial steady-state power.

Effect of Inlet Subcoolinq

The case of 40% inlet flow oscillation (again, at a frequency of 0.5
Hz) was repeated once with a time-phased decrease in the core inlet coolant
subcooling from 10.0 K to 0.0 K, and once with a time-phased increase from
10.0 K to 20.0 K. As would be expected, reduction of the inlet subcooling
produced decreased power oscillations, but the 10.0 K increase in subcooling
boosted the power oscillations peaks considerably, as shown in Figure 2.
Obviously, further increases of the inlet subcooling would boost the power
even higher due to the positive reactivity effect of the colder water. A
particularly interesting effect of the increased subcooling is the appearance
of alternating high and low maxima in the power peaks (bifurcation), that
indicates interaction between two different oscillating phenomena (void and
Doppler feedback). The same reduction in peak power with decreasing
subcooling was obtained by reducing the pressure, This is an action reactor
operators may consider.

Effect of Flow Oscillation Period

The case of 100% inlet flow oscillation with 10.0 K subcooling was
repeated with the oscillation frequency decreased to 0.32 Hz, 0.24 Hz and
0.19 Hz, respectively. The calculated peak power increased dramatically at
the 0.24 Hz frequency (period of 4.25 seconds), and the calculated trends
exhibited a resonance effect. At this "resonance" frequency, both the power
peaks and the total integrated power output were increased considerably.
Figure 3 shows the normalized integral power difference [(Pt - P J / P J versus
time at the four different oscillation frequencies, and Figure 4 compares the
power peaks for these frequencies. It is seen that even for 10.0 K inlet
subcooling, flow oscillations around the "resonance" frequency create an
initial power peak as high as 130 times initial power and successive peaks of
about 60 times initial power (Figure 4). Figure 3 shows that the increase in
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average reactor power owing to the large peak power spikes increases
substantially between frequencies of 0.32 Hz and 0.24 Hz.

The percentage increase in average power jumped from 14% at 0.32 Hz to 72% at
0.24 Hz.

An interesting aspect of these high power oscillations is the regular
alternation of a very low and a very high power peak, that effectively
decreases the frequency of high power peaks to one-half the frequency of the
flow oscillations that excite this resonance (0.12 Hz in this case). This
behavior can be explained in terms of the heatup and cooldown cycle of the
fuel rods and its effect on the Doppler, void and moderator reactivities.
If the changes in the average fuel temperature had no effect on the
reactivity (through Doppler) then the reactivity and power would increase
regularly with every surge of the inlet flow, and would decrease at every
flow reduction, only in response to the void feedback effects. However, the
Doppler effect plays a dominant role in reducing the reactivity following a
power surge that heats up the fuel, but removal of the stored heat in the
fuel takes some seconds due to the finite thermal conductivity in the fuel
and gap . The convective heat transfer is also dependent on the fuel
temperature and will be more efficient viien the fuel temperature is higher.

When a surge of cold liquid enters the channel while the fuel and clad
are at low temperature, its evaporation is delayed and the increased
moderation boosts the power. This leads to a rapid fuel heatup until the
Doppler effect stops its further increase (through negative reactivity). The
cooldown process begins and, depending on the fuel rod diameter, gap
conductance and other factors, it may require 8 to 10 seconds for the average
fuel temperature to reach its low level. These trends are shown in Figure 5
for different flow oscillation frequencies. If a second surge of the coolant
enters the channel within a shorter time than is needed for this cool down,
there is still some negative reactivity due to the Doppler effect and a
higher heat transfer rate to the coolant that produces more voids. Both of
these prevent a second strong rise in the power. But, the surge in flow
contributes to a faster removal of the remaining heat in the fuel. When the
next surge in the coolant arrives, it will not be evaporated rapidly and the
Doppler effect has subsided. Both of these contribute to regenerate the old
cycle, leading to another high peak in the power. For higher frequencies of
the inlet flow oscillation (for example 0.5 Hz), the average fuel temperature
remains relatively constant, as if the heat capacity of the fuel combined
with its conduction resistance, act as a kind of "filter" for higher
frequencies and prevent strong changes in reactivity arising from the Doppler
effect. At these high frequencies, the power variations are mostly in
response to the void oscillations and, therefore it is influenced equally by
every cycle in flow oscillation.

Effects of Nodalization and Time Step Size

In addition to examining the effects of parameters directly related to
the physical phenomena involved in limit-cycle oscillations, the effects of
temporal and spatial discretization of the problem were also evaluated.
Using the 40% flow oscillation case at a frequency of 0.24 Hz as a base, the
effects of increasing the number of channels, increasing the number of axial
nodes, and decreasing the maximum time step, were individually evaluated.
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Increases in the number of axial cells from 12 to 24 to 48 produced
negligible effects or the calculated power peaks, as shown in Figure 6. It

should be noted that the insignificant effect of nodalization in this case is
due to the specified flow rates at the channel inlet. If the circulation
flow rate were to be determined from a loop calculation, one would expect a
larger influence of noaaliration on the results.

The influence of time step size was evaluated by comparing -esults of
two calculations, identical except for the specified maximum time step size
(C.I s and 0.001 s). Figure 7 compares a predicted power pulse for the two
cases or, a very expanded time scale. The effect of a 100-fold change in time
step size does not appear to be significant, particularly if one considers
the integrated power over the duration of each power pulse.

Effect of Other Variables

A number of other variables in the base case were altered for different
runs. These variables, their variation ranges and the observed effects of
their changes, are summar-izec in "aDle 1. The only alteration that affected
the power peaks noticeably was replacement of point-kinetics with an "off-
the-shelf" 3-D neutron kinetics moae'i. The power peaks calculated with the
i-D neutron kinetics were aïmos: twice as high as those calculated with
point-kinetics. Since these twc calculations were not matched to a
particular plant reactivity state.. on? should only conclude that reactivity
modelr play ar. imDO-tant role.

EFFECTS OF.. FEEDWATEF. ON CODE FLOW OSCILLATIONS

The imoortanT. conclusion froir the just discussed studies was that if
the core flow in a BMP Degms osr-Hlating, all three variables associated
with the inlet "low. namely amplitude of oscillation, subcooling and
particularly tne period -of-oscillation, have the greatest impacts on the
magnitude o* vov/er oscillation. For this reason attention was focused on the
factors tnat car. cr.anae these three parameters in a natural circulation
boiling loop.

A review cf tne experiment;.. a2ta from a series of experiments in the
fac'l-'iy 14] FFJGG show: trut the measured peaks of the amplitude gains in
flo* oscillation: durinc nature" circulation appear systematically at lower
frequencies as the inlet suDcoo''inç is increased. The data are presented as
gain versus frequency in the powev-to-inlet flow transfer function, as shown
in Figures 8 and 9. An almost inverse type of relationship can be seen in a
plot of oscillation frequency against inlet subcooling, as shown in Figure
10. These observations imply tnat as the inlet subcooling increases, so does
the period of -fiow oscillation in i natural circulation boiling loop. The
inlet SUDCOO"1 inç ii direct 'y aeoenaent on the feedwater temperature and mass
7 i ow rste.

ir fL!-tnev invc'.:-cj£i.-. the ejects of feedwater temperature on loop
CJC-:V.at--o: Dsrië'-io-. ; SP-IC: C* computations was performed with a TRAC-BF1
[7] mode" o* the CP.IGC loo: ir. netu-al circulation. Figure 11 shows the
mode"' o* FF.IGC. I", i: composée r-' i closed loop that includes a full scale
3'1-rotf electrically neatec Dundie with a total height of 5.01 m and a return
pipe simulating the aowncomer Trie heated length of the rods is 4.365 m.
The oundle is extenoeo a: tne tor with a riser, leading to a steam separator
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inside the steam dome. Steam is extracted from the top of the dome and,
after condensation and cooling, it is returned as feed water through a fill
at the top of the circulation loop. This low temperature feedwater is mixed
with the saturated liquid flow from the stream dome and determines the

subcooling at the entrance to the heated bundle. In the electrically heated
bundle, as well as in its simulation by TRAC-BF1, the bundle power remained
constant. Therefore, there was no power feedback to the loop, as there would
be in an actual BWR.

TRAC-BF1 calculations were performed at a pressure and power level
similar to one of the FRIGG experiments (p = 4.9 MPa, Q » 4.516 MW). After
an initialization steady-state run, four transient calculations were
initiated with feedwater temperatures at 500 K, 480 K, 460 K, and 440 K
respectively. These feedwater temperatures, in turn, produced inlet
subcoolings of 10,5 K, 15.4 K, 20.5 K and 25.5 K, respectively. Each
transient run started with flow oscillations that tended to dampen out as the
system approached a new steady-state at a different level. The magnitude and
frequency of the initial flow oscillations from the four calculations are
plotted in Figure 12, and show a clear pattern of the effects of feedwater
temperature reduction: increased amplitude and decreased frequency of flow
oscillations in a natural circulation boiling loop. As stated earlier, there
was no effect on power due to the flow oscillations in these runs. But, in a
BWR core, the increased subcooling would have increased the power and the
oscillations would have continued or even diverged to very high amplitudes.

The foregoing clearly demonstrates that feedwater temperature plays a
critical role in determining the outcome of the instability events in BWRs
during natural circulation conditions. The influence of feedwater
temperature on the peak and average core power during limit cycle
oscillations arises from the combination of three separate effects:

High subcooling leads to large amplitude flow oscillations, which
in turn causes large power peaks.

Increased subcooling decreases flow oscillation frequency, which
can lead to a critical resonance in the power oscillation.

Increased subcooling improves neutron moderation, thereby
boosting the magnitude of neutronic power oscillations.

These observations underscore the importance of preserving feedwater
temperature control during a wide variety of transients in which the reactor
is in natural circulation. It is particularly important in an ATWS scenario,
where both high power and low flow increase the susceptibility of the reactor
to instability. Unintended flow of very cold feedwater in a BWR may arise
from a disruption of steam flow into the pre-heaters. A stabilizing
counteraction would be to reduce the reactor pressure. This would lower the
subcooling and create more voids in the core and thereby reduce the power.

Summary and Conclusions

A single channel TRAC-BF1 model of a BWR core to study the effect of
individual parameter variations, on reactor peak and average power during
flow oscillations. These included flow amplitude, flow oscillation
frequency, inlet subcooling, gap conductance, number of parallel channels and
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several others. In addition, the effects of temporal and spatial
discretization of the problem were assessed. Among these, the inlet flow
conditions have the strongest effect on the magnitude of power oscillations.

In particular, the power peaks are very sensitive to the frequency of the
flow oscillation and there is a critical frequency of the flow oscillation
that produces very high peaks in the power. In the second part of this study
it was shown that reduction of the feedwater temperature in a natural
circulation boiling system reduces the flow oscillation frequency and
increases its amplitude. It is concluded that in a BWR, during natural
circulation, it is critical to maintain feedwater temperature control to
prevent high subcooling of the core synergism of three separate effects,
namely: higher moderation, increased amplitude and decreased frequency of the
flow oscillations.

TABLE 1. List of studied variables, ranges and results

Variable

Flow:
Amplitude
Subcooling
Period (sec)

Number of Axial Cells

Number of Channels

Number of Radial Nodes in
Fuel

Maximum Time Step Size
(sec)

Direct Moderator Heating

Gap Conductance (W/m2 - K)

Kinetics

Reactivity:
Doppler
Void

Range of Variation
Min Max

20.C %
0.0 K
2.0

12

1

5

0.001

0.0

l.e+3

point

Off
Off

100.0 %
20.0 K
5.375

48

6

9

0.1

6 %

l.e+5

1-D

On
On

Effect on Peak Power

High
High
Very High

Low

Low

Low

Low

Low

Med to high (Dep.
on Period)

Medium

High
High
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ABSTRACT

U.S. utilities are pursuing solutions to the Boiling Water Reactor (BWR)
coupled nuclear/thermal-hydraulic stability issue which involve the detection
of oscillations using incore neutron flux instrumentation. To provide
reliable indication of oscillations and avoid unnecessary reactor trips, the
solutions require knowledge concerning the spatial distribution of
oscillations within the core. The modal method is used to evaluate this
spatial distribution and aid in predicting the expected oscillation modes for
varying reactor conditions.
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BACKGROUND

The potential for oscillations in channeled, two-phase flow systems has
been studied for many years. Interactions between the single-phase and
two-phase pressure drop components along the boiling channel can result in
conditions where an oscillating inlet flow satisfies the hydraulic boundary
conditions associated with steady state (i.e., the oscillating pressure drop
components sum to a constant value associated with steady flow).
Perturbations in parameters that affect flow/pressure drop can then result in
sustained flow oscillations (independent of neutronic feedback, which is
referred to as channel hydrodynamic stability). This occurs under unique
conditions where the relative magnitude and phase-lag of the single-phase and
two-phase pressure drop components results in a constant pressure drop across
the channel. Under most expected operating conditions in a BWR, fuel
assemblies are relatively stable to purely hydrodynamic oscillations (no
neutronic feedback). One of the more stabilizing parameters for channel
stability is the existence of a large single phase pressure drop component,
provided by fuel inlet orifice designs.

In a BWR, the presence of neutronic feedback through the void reactivity
component also plays a major role in stability. When a perturbation occurs in
the inlet flow, changes in the moderator density result in changes in local
neutron flux. Based on the fuel thermal time constant (measure of the heat
transfer process in the fuel rod), a certain delay is associated with this
change in neutron flux and the eventual change in fuel cladding surface heat
flux. Since the heat flux affects the hydraulics of the channel (increases or
decreases the local moderator density), the process can have a stabilizing or
destabilizing effect, depending on the phase lag. In general, the presence of
neutronic feedback is destabilizing in a BWR. The more stable the channels
are hydrodynamically, the more neutronic feedback is required to sustain
oscillations. This feedback between the density wave oscillation and the
neutron flux provides the means for the detection of an instability.
Therefore, understanding the behavior of the neutron flux distribution during
an instability is important in the design and evaluation of systems which may
be used to detect and initiate actions which will suppress oscillations.

OSCILLATION MODES

The steady state neutron flux in a BWR is analogous to the solution of
the standard wave equation which involves eigenfunctions with unique
properties which make them useful in transient and stability analysis. The
eigenfunctions form a complete set and therefore, any function within the
proper domain may be expanded in a linear combination of the eigenfunctions.
In the modal synthesis method [1], the time dependent neutron flux is expanded
in terms of steady-state eigenfunctions with time dependent coefficients.
Previously, modal methods have been used to analyze Xenon instabilities [2]
[3] and more recently, by March-Leuba [4], to explore regional instabilities
in BWRs.

The fundamental mode is the eigenfunction with the largest eigenvalue and
represents the steady-state solution to the neutron diffusion equation. The
higher order modes, referred to as the harmonic modes, possess eigenvalues
which are smaller than the eigenvalue of the fundamental. This difference in
eigenvalues is commonly referred to as the eigenvalue separation of a harmonic
and is a measure of the separation between the fundamental and harmonic mode.
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At steady state critical conditions, the eigenvalue of the fundamental is
equal to 1.0 (critical) and therefore all harmonic modes must be subcritical
(i.e., eigenvalues < 1.0). In a BWR, subcritical modes will decay in time and
are therefore not present at steady state conditions. For a subcritical mode
to be sustained in a BWR, sufficient spatial reactivity feedback must be
provided to overcome the eigenvalue separation. The most well known type of
spatial reactivity feedback associated with the harmonics is the result of
changing xenon concentrations [2] [3]. For BWR stability, the existence of
density wave oscillations in the channels provides another type of spatial
•reactivity feedback that is capable of exciting the axial harmonics in the
neutron flux. In addition, thermal hydraulic oscillations in which channel
inlet flows oscillate out-of-phase (e.g., inlet flow is increasing in one-half
of the core while decreasing in the other half) are also capable of providing
the spatial reactivity necessary to excite the radial and azimuthal harmonics
(referred to as regional oscillations).

The existence of a sustained density wave oscillation in a BWR requires
excitation of at least the first order axial harmonic. The neutron flux at
four axial locations in the core during a regional instability, as measured by
the Local Power Range Monitors (LPRM), is shown in Figure 1 along with the
average neutron flux oscillation. The axial phase lag observed in the neutron
flux oscillation is the result of the density wave oscillation and is related
to the void transit time through the channel. When the normalized axial
neutron flux distribution is examined as a function of time, relative to the
steady state distribution, the oscillating component of the axial harmonic can
be observed, as shown in Figure 2 for the data from Figure 1. The change in
normalized axial neutron flux distribution at two times during an oscillation
period is shown in Figure 2, where the two points differ by half a period.
The same excitation of the axial harmonic is also predicted by the TRACG code
for a core wide oscillation as shown in Figure 3. TRACG is a detailed
best-estimate thermal hydraulics model for BWRs which was developed to
quantify true reactor safety margins [5]. Tnree-dimensional neutron kinetics
models consistent with those in the BWR simulator were used for the prediction
of the harmonic modes.

In the radial and azimuthal directions, the fundamental mode and higher
harmonics can also be excited. The most common harmonic oscillation that has
been observed in worldwide BWRs is the fi-st order side-by-side oscillation
[6] [7] [8]. This is the first harmonic in the azimuthal direction. The mode
is called a first order mode since there is only one line of symmetry across
which the neutron flux associated with the harmonic mode changes sign (+ to
- ) . Higher order modes have even larger eigenvalue separations (more
subcritical) than most first order harmonics.

CALCULATION OF HARMONIC MODES

Since the harmonics are known to be dependent upon the detailed fuel
enrichment pattern, the steam void distribution, the fuel exposure and the
control blade pattern, it is necessary to use a BWR simulator to calculate
them accurately. Normally, a BWR simulator is used to calculate the
fundamental mode. This is usually done with an iterative strategy which is
designed to exclude the nigher harmonics froir the solution as rapidly as
possible. However, modifications have been made to a BWR simulator to
calculate the higher harmonics explicitly. The method used is based on the
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The method has been validated by solving a benchmark problem consisting
of a homogeneous rectangular parallelpiped reactor. The analytical solution
to this problem is known and is accurately predicted by the modified simulator
as shown in Table I.

The method has also been applied to stability data taken at an operating
BWR. Mode synthesis methods [1] approximate the time dependent neutron flux
as a sum of physically reasonable modes. For oscillations experienced .n
BWRs, use of the fundamental and first azimuthal harmonic mode provide a
reasonable approximation to the observed behavior. The steady state neutron
flux distributions (fundamental and first harmonic) are treated as normalized
shape functions which are constant in time and are multiplied by time
dependent amplitude functions. To determine the shape functiors from test
data, LPRM readings during a regional oscillation were normaliz-d such that
the fundamental mode oscillation was subtracted, resulting in a contour plot
of the first harmonic of the neutron flux, where the contour plot represents
the relative oscillation magnitude at various radial locations throughout the
reactor core. This contour was then compared to the calculations of the
harmonic neutron flux distribution using the BWR simulator with inputs
representing the actual test conditions. A comparison of the test data and
prediction is shown in Figure 4 which shows good agreement, thus giving
credence to the modal method. The prediction of the axial harmonic was also
compared to test data (Figures 1 and 2) and again shows very good agreement
(Figure 5).

APPLICATION OF HARMONICS TO DETECTION OF INSTABILITIES

U.S. utilities are pursuing solutions to the BWR stability issue which
involve the detection of oscillations using incore neutron flux
instrumentation [11]. Existing neutron flux monitoring systems include local
in-core detectors (LPRM), which are also combined in Average Power Range
Monitors (APRM) to provide an indication of the average core power. The
response of the LPRMs and APRMs has been recorded during stability tests and
during inadvertent transients that have resulted in instabilities. This data
has demonstrated that the LPRMs and APRMs are capable of responding to the
neutron flux oscillations that occur during an instability. However, the
design of a protection system must be based on knowledge of the relationship
between the instrument response and the fuel response. This requires
knowledge of the expected harmonic modes and the spatial distribution of
oscillation magnitudes.

The modified BWR simulator has been used to predict the expected
oscillation modes (harmonics) for a wide variety of core and fuel designs.
The expected behavior of the eigenvalue separation as a function of core size
has also been confirmed. As the core diameter is reduced, the buckling
associated with the radial and azimuthal harmonics increases and therefore the
eigenvalue separation also increases (i.e., more subcritical and therefore
less likely to be sustained). For the range of core designs in operation
today in GE BWRs, the calculations have also shown that the eigenvalue
separation of the first radial harmonic (similar to a "donut" shape) is much
larger than that of the first order azimuthal harmonic. The calculated
variation of the eigenvalue separation for the axial, azimuthal and radial
harmonics as a function of the number of fuel assemblies (axial height
constant) is shown in Figure 6. These results are consistent with previous
calculations of the harmonic modes performed during evaluations of Xenon
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well-known ^ram-Schmidt process [9]. Let, A, represent the diffusion operator
and let 0. be the ith eigenfunction of the diffusion operator corresponding to
the eigenvalue X.. Then,

A 0. - A. 0.

The eigenfunctions of this operator form a complete orthonormal set.
Therefore,

<0., 0. > = *..

For this solution, the inner product is defined as the summation over all
nodes in the core. This is not strictly correct, since it does not account
for the spatial variation of the flux within each node, but it is a very good
approximation. Any function, \/>, may be expanded in terms of 0. as,

N
i}> = 2 a. <f>. ,

1=0

N
= 2 < 0., i> > 0.

i=o

Suppose that the eigenfunctions are ordered such that

XQ > Aj > X2 > ... > A. > ...

0 then represents the fundamental mode, which may be determined by the
"power" iteration method [10]. The power iteration method may also be used to
find the first harmonic, provided the initial iterate contains a component of
the first harmonic and provided that at the end of each iteration, all traces
of the fundamental mode are removed. The first requirement is met by choosing
a random distribution as the initial guess:

i>° = 0 Q (R - 1/2)

where 0 is the average of the fundamental mode flux over the entire core and
R is a random distribution of numbers between zero and one. The second
requirement is met by subtracting the fundamental mode flux from the nth
iteration as follows:

n̂ _ ̂n . _All_
< V *0 >

The division by < <f> , <j> > assures proper normalization. Calculation of the
higher harmonics proceeos in a similar way, except that all previous harmonics
must be subtracted after each iteration. For the mth harmonic:

= If)
i=0 < 0 r 0.
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instabilities in BWRs. From the results, the large eigenvalue separation of
the radial harmonic relative to the azimuthal harmonic demonstrates that this
is not an expected mode. Similar to ;he radial mode, higher order harmonics
such as the quarter core mode (two orthogonal lines of symmetry) have very
large eigenvalue separations and are iot expected to occur in a BWR.

The harmonic neutron flux distributions (oscillation contours) have also
been calculated for z wide range of conditions (core size, power distribution,
etc.)- An example of a contour for a regional oscillation is shown in Figure
7. The oscillation contour represents the relative magnitude of an
oscillation at a given position in the reactor core. For convenience, the
contour has been normalized to the harmonic flux for the fuel assembly with
the peak oscillation magnitude. This contour can be used to simulate an
oscillation by applying a time dependent function to the normalized contour.
A simulated oscillation based on the contour of Figure 7, where a Fourier
series has been used to generate the time dependent function is shown in
Figure 8. The response of the peak fuel assembly, LPRMs from two sides of the
core, along with an APRM channel which is comprised of LPRM distributed
throughout the core are shown. The simulation applies a phas = lag of 180° for
LPRMs located on opposite sides of the line of s, mmetry and also applies
approximately a 90° phase lag from an A-level LPRM (near bottom of the core)
to a D-level LPRM (near top of core). Actual plant data recorded during
stability testing for the same conditions simulated in Figures 7 and 8 is
shown in Figure 9. The excellent agreement between the results in Figures 8
and 9 demonstrates that the modal synthesis method using BWR simulator
calculations of harmonic contours provides an accurate representation of the
neutron flux response during a BWR instability.

SUMMARY

The expected modes of oscillation for BWR coupled nuclear/thermal-
hydraulic instabilities are an important aspect of the design of systems to
detect and suppress the oscillations prior to exceeding fuel design limits.
Prediction of the eigenvalue separation and neutron flux distributions for
harmonics of the neutron diffusion equations have been successfully performed
using a modified BWR simulator. The harmonic neutron flux distributions have
been shown to provide an accurate representation of the spatial distribution
of oscillation magnitudes during a BWR instability and can be used to
developed detailed simulations of the oscillations for use in evaluating
detection systems.
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Table I. Comparison to Known Analytical Solution

Analytical BWR Simulator
Eigenvalue Eigenvalue

Fundamental Mode,

First Harmonic, X

Fourth Harmonic, ;

1.05471

1.04302

0.01169

1.03159

0.02312

1.05467

1.04284

0.01183

1.03115

0.02352



780

«

i
5
<

D !£VEL LPRM

— C-LEVELLPRM

B-L.TVEL LPRM

A-LEVE LPR'M

0.0

AVERAGE LPRM

1.0 2.0

TIME (SECONDS)

3.0

Figure 1. LPRM Readings During an Instability



281

0

§
a
w
5
<

z

0
u
L.

0
>
hi
Q

0.10 -r

0.09 -
0.08 -
0.07 -

0.06 -

0.05 -

0.04 -

0.03 -

0.02 -

0.01 -

0.00 -

-0.01 -

-0.02 -

-0.03 -

-0.04 -

-0.05 -

-0.06 -

-0.07 -

-0.08 -

-0.09 -

-0.10 -

A-LEVEL D-LEVEL

T-lOaec

T-0.0 sec

12

AXIAL NODE

16
I

20 24

Figure 2. Deviation from Steady State LPRM Readings



282

0.10

0
h-
D
Ë
a.
V)
a
<

0

z
0
i -

>
LJa

16 20 24

Figure 3. TRACG Prediction of the Axial Harmonie
During a Core Wide Instability



283

Test date

Figure 4. BWR Simulator Prediction of Oscillation Contour



284

ua<

X

Lu
0

0

Q
UJ
N

<
ao

1.0 -r

OS -

0.8 -

0.7 -

0.6 -

05 -

0.4 -

0.3 -

0.2 -

0.! -

0.0 -

-0.1 -

-0.2 -

-0.3 -

•0.4 -

-0.5 -

-0.6 -

-0.7 -

-0.8 -

-03 -

-1.0 -

0

- BWR SIMULATOR

E PLANT DATA

i

12

AXIAL NODE

16 20 24

Figure 5, BWR Simulator Prediction of Axial Harmonic
Neutron Flux Distribution



285

t

0
<

<
a
LU
</)
LU

>
u
0
Lu

300 500

NUMBER OF FUEL ASSEMBLIES

700

Figure 6. Eigenvalue Separation as a Function of Core Size



286

CORE COORDINATE 1
8.a 5.0 1B.0 15.0 20.6 25.0 38.6

30.6

Figure 7. Prediction of Oscillation Contour



287

LPRMS

4

APRM-D

14% p-p

14% p-p

19% p-p

4% p-p

0 2 4 6 8 10 12

TIME (sec)

LPRM LOCATIONS

Figure 8. Simulated Oscillation Using Predicted Contour



288

LPRMS

4

APRM-D

13% p-p

13% p-p

16% p-p

6% p-p

0 2 4 6 8 10 12

TIME (sec)

LPRM LOCATIONS

Figure 9. LPRM and APRM Measurements During Stability Testing



289

4B.2

APPUCATION OF GALERKIN'S METHOD FOR CALCULATING BOILING WATER
REACTOR LIMIT-CYCLE AMPLITUDE USING THE LAPUR

FEEDBACK-TRANSFER FUNCTION AND THE
POINT-KINETICS EQUATIONS

B. Damiano and J. A. March-Leuba
Instrumentation and Controls Division

Oak Ridge National Laboratory*
Oak Ridge, Tennessee 37831, USA

J. A Euler
Mechanical Engineering Department

The University of Tennessee 37996, USA

ABSTRACT

This paper describes a technique for calculating boiling water reactor (BWR) behavior
during steady-state limit-cycle oscillations. An approximate solution is obtained from the
application of Galerkin's method to a BWR dynamic model consisting of the point-kinetics
equations and the LAPUR-calculated power-to-reactivity feedback-transfer function. The
approximate-solution technique is described, and comparisons of approximate solutions with
numerical results and measured data are given.

* Research sponsored by the U.S. Nuclear Regulatory Commission under
Interagency Agreement 1886-8947-8A and performed at Oak Ridge National Laboratory,
operated by Martin Marietta Energy Systems, Inc., for the U.S. Department of Energy under
contract DE-AC05-84OR21400.
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INTRODUCTION

Boiling water reactor (BWR) limit-cycle oscillations have been extensively studied to
develop a better understanding of the phenomenon, predict whether a given set of reactor
conditions will be stable, and estimate the reactor response during the oscillations. The analysis
tools for modeling BWR dynamics have been primarily either linear frequency-domain or
nonlinear time-domain computer codes. Frequency-domain codes such as the LAPUR code are
limited to predicting BWR dynamics in the linear range [1]. Thus, tbese codes cannot estimate
reactor response during limit-cycle oscillations, a nonlinear phenomenon. These codes can predict
the onset of instability and quantify the degree of stability for stable systems. Frequency-domain
codes can be used to examine the effect of reactor parameters such as Cow, power, and power
shape on stability and predict the stability boundary [2,3]. Because these codes are linear, they are
generally less computation intensive than nonlinear time-domain codes and therefore require less
computer resources.

Nonlinear time-domain codes are typically large codes that model BWR behavior by using a
multinodal representation in both space and time. These codes predict BWR dynamic behavior in
the linear and nonlinear regions and can calculate reactor transients. The main disadvantage of
the nonlinear, multinodal, time-domain codes is the large amount of computer resources they
require. Other disadvantages include difficulty and expense in debugging and checking models
and the possible effect of nodalization on code results [4].

This paper describes a method for estimating steady-state BWR dynamic behavior in :he
nonlinear region using the thermal hydraulic model from the LAPUR code combined with the
point-kinetics equations. It will be shown that this model and these equations can be used to
form an equation describing the normalized neutron population during limit-cycle oscillations. An
approximate solution to this equation is obtained by using Galerkin's method, a weighted residual
technique. The approximation can be made accurate to any desired degree—the price for
additional accuracy is increased complexity in the calculation of the approximate solution. In any
event, the calculation of steady-state limit-cycle behavior using the approximate-solution technique
is fast compared to nonlinear time-domain codes. Note that this technique is limited by the
assumptions inherent in the point-kinetics equations and is valid for only relatively low amplitude
limit-cycle oscillations because of the linear thermal hydraulics model.

The development of the nonlinear equation for the normalized neutron population from
the point-kinetics equations and the LAPUR feedback (power-to-reactivity) transfer function will
be presented, followed by a brief discussion of weighted residual methods and the application of
Galerkin's method to the solution of the normalized neutron population equation. This
discussion will be followed by results showing convergence of the approximate solution to a
numerical (exact) solution. The paper concludes by comparing the approximate solution
calculated for the LaSalle event to measured data.

DEVELOPMENT OF THE NORMALIZED NEUTRON POPULATION EQUATION

A block diagram of the BWR dynamics is shown in Fig. 1. The neutron dynamics form the
forward-transfer function relating power to reactivity. The feedback loop describes the effect of
power on reactivity and consists of fuel heat generation and its transfer to the coolant, the
channel hydraulics and its effect on reactivity through the void coefficient of reactivity, and the
effect of fuel temperature on reactivity through the Doppler coefficient The forward-transfer
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function is modeled by using the point-kinetics equations, and the feedback loop is modeled by
using the power-to-reactivity transfer function calculated by the LAPUR code. These two models
can be used to form an equation for the normalized neutron population during limit-cycle
oscillations.

The point-kinetics equations, with no independent neutron source term, are

I

at

M
E c (1)

^1^N{t) - XmCm(t), (m = 1, 2,
at A

(2)

where N(t) = weighted neutron population,
Qt(r) = weighted mth precursor group population,
p'(0 = reactivity,

Pm = effective delayed-neutron fraction of precursors from the mth precursor group,
M = number of precursor groups used in the equations,
Xm = effective decay rate of the mth precursor group,
A = neutron reproduction time,
p = Epm= total delayed-neutron fraction.

Neutron
Dynamics

(Point Kinetics)

LAPUR Calculated
Feedback Transfer Function

Figure 1. Block diagram of BWR
dynamics

Equations (1) and (2) use effective values of the
coefficients to take into account the spatial and energy
distribution of the neutrons and precursors within the
reactor. Thus, Eqs. (1) and (2) assume a certain neutron
distribution in space and energy. The nonlinearity in Eq.
(1) formed by the product of n(t) and p'(t) is the main
cause of the BWR limit cycle.
These equations can be normalized, yielding

at A

M

(OK

dt
M)

(4)
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where the normalization is given by

N(t) -Na C (t)-C .N(t) Na C (t)C .

and Âo and Cm0 are the steady-state values of N(t) and Cm(i). Thus, «(/) and Cm(r) are the
deviation of the weighted neutron and precursor populations from their steady-state values
normalized to the steady-state neutron population.

Next, since n{t) is periodic during limit-cycle oscillations, it can be written as

n(t)

where co is the fundamental limit-cycle oscillation frequency, and R, Pn, and Qn are undetermined
constants.

After substituting Eq. (5) for n(t), Eq. (4) is solved for CJt), yielding

(6)y + x P ) p {x Q .._. ,
-n m n CTXT/ ^ » m H _ _ J L COS(/IWf)

The feedback-transfer function calculated by LAPUR is used with Eq. (5) to form an
expression for p(/) in terms of n(f). If the neutron population undergoes a simple harmonic
oscillation in time, n(r) = P SIN(ci)f), the reactivity can be written as the product of «(/) and the
frequency-response function //(u) obtained from the feedback-transfer function:

p(/)= |//(u) |/»SIN[<af+ $(o)J , (7)

where \H(<Ù)\ is the magnitude of the frequency-response function and <J>(CD) is the phase of the
frequency-response function at a frequency of a> rad/s.

A more useful form of Eq. (7) is obtained by letting the harmonically oscillating normalized
neutron population be expressed as the sum of sine and cosine terms:

n(t) =PSIN(wr) + £COS(<air) , (8)

and letting the frequent-response function be expressed as a complex number:

where i = i/-l
It can be shown that the product of the frequency-response function and «(r) is given by
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p(t) =[A((*)Q + B(u>)P}COS(u>t)+[A(u>)P - B{

Extending this concept to the normalized neutron population given by Eq. (5) yields the
following expression for the reactivity during limit-cycle oscillations:

wherey40 is the real part of H(u>) for w = 0.
Substituting Eqs. (5), (6), and (11) into Eq. (3) results in a single equation where the

unknowns are the constants in the assumed solution for n(t). Thus, the solution of the original
system of nonlinear differential equations is reduced to determining values for these constants.

If the assumed solution contains a finite number of harmonics, it cannot satisfy Eq. (3)
exactly; the resulting error is termed the residual, R. Thus, for an approximate solution of; terms,
the result of substituting Eqs. (5), (6), and (11) into Eq. (3) is an equation for the residual:

- {no>[A+

where C; = cos(/ot), 5, = sin(/o>t), Cn = cos(nwt), Sn = sin(«ot), Pn = P(nu>), Qn = Q(nut),
An = A(n<a), Bn =

APPUCATION OF GALERKIN*S METHOD

Weighted-residual techniques can be used to solve either linear or nonlinear differential
equations [5]. The solution over the interval / specified by the boundaries of the differential
equation is written by using a set of trial functions, each multiplied by an undetermined constant
The set of trial functions should be members of a complete set, and each trial function must
satisfy the boundary conditions of the differential equation. A weighted-residual technique is then
used to determine the values of the constants so the approximate solution satisfies the differential
equation in an average sense.
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Equations for the solution constants are formed by requiring the product of the residual
and a weighting function, integrated over the interval /, to be zero. The number of weighting
functions equals the number of trial functions in the approximate solution. Evaluating these
integrals results in a set of simultaneous algebraic equations that can be solved for the values of
the constants. As the number of trial functions in the approximate solution increases, the residual
approaches zero everywhere in /, and the approximate solution converges to the exact solution.
The choice of the weighting functions determines the particular weighted-residual method
employed. Although different weighted-residual methods involve various degrees of
computational complexity and have different rates of convergence to the exact solution, all
converge as additional terms are included in the approximate solution.

In Galerkin's method, the weighting functions are the same as the trial functions. For
steady-state (i.e., limit-cycle) oscillations, the obvious choices for the trial functions in the
approximate solution are sines and cosines which satisfy the periodic boundary conditions,
resulting in the form of U;e approximate solution for «(/) given by Eq. (5). Selection of
Galerkin's method causes the integrals of the product of the residual and the weighting functions,
which are used to form equations for the constants, to consist of only products of trigonometric
functions whose arguments are integer multiples of G>(. Many of the terms in these integrals are
identically zero when integrated over one cycle, while the remaining nonzero terms become
constants after the integration. Thus, selection of Galerkin's method for this application results in
relatively simple algebraic equations for the constants in the approximate solution. With
Galerkin's method, the equations for the constants are given by:

2«

0, (*« 1,2,3 ; ) ,JJ
r.O

(14)
s.^\_/Lj^/iuji fin = u, ^ n = i, *., j , . . . j ) , auu

1.0

JRCOS(k(ùt)dt = 0, (Jfc-1, 2, 3, . . . ; ) , and

2*

Equations (13), (14), and (15) result in 2/ -1- 1 equations for R, Pn and £>„ values.
The final equation needed to solve for a is obtained from the stipulation that the

approximate solution satisfy the differential equation in an average sense—equivalent to requiring
the residual, integrated over the path taken by n(t) during one cycle, to be zero:

2*

(19)
\fiUl = V .

one cvde / » 0

j Rdn = J Krldt = 0

The final equation needed to solve for the constants in the approximate solution is obtained by
integrating Eq. (17) after substituting Eq. (12) for R and the time derivative of Eq. (5) for n(t).
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Equations (13) through (16) determine the unknowns in the approximate solution in the
following way. The approximate solution and Eq. (12) form a relationship among R, t, and n.
This relationship can be represented by a line in three-dimensional space with orthogonal
coordinates t, n, and R. Since the residual is a measure of the error in the approximate solution,
requiring the average error over one cycle to be zero is equivalent to requiring the average value
of the three-dimensional line to lie in the R = 0 plane. Equation (15) forces the integral of the
projection of the line in the R-f plane to be zero. Similarly, Eq. (16) forces the integral of the
projection of the line in the n-R plane to be zero. Together, these conditions force the average
value of the line to lie in the R = 0 plane, thereby fulfilling the requirement that the approximate
solution have an average error of zero over one complete cycle.

Equations (15) and (16) force the average value of the residual over one cycle to be zero.
At any point during the cycle, however, the residual may be relatively large, especially so for
approximate solutions containing few harmonics. Equations generated from Eqs. (13) and (14)
calculate the Pn and Qn values, which minimize the magnitude of the residual. Thus, by
satisfyingEqs. (13) through (16), an approximate solution is obtained for which the average value
of the residual over one cycle is zero and for which the residual during the cycle is minimized.

A FORTRAN computer code was written to calculate the approximate solution. The code
forms the simultaneous nonlinear algebraic equations given by Eqs. (13), through (16) and solves
for the undetermined constants in the approximate solution. The code input consists of the
point-kinetics parameters, the feedback-transfer function, and an initial estimate of the values of
the undetermined constants. The initial estimate is used by the numerical routine to solve the set
of nonlinear algebraic equations generated by the program. Program output consists of the
calculated values of the constants in the approximate solution.

VALIDATION OF THE APPROXIMATE-SOLUTION TECHNIQUE

A comparison of the approximate solution to a numerical solution was used to check the
validity of the approximate-solution technique. The test case is based on a simple
phenomenological model (consisting of five equations) that qualitatively predicts BWR dynamics
[2]. The equations can be solved numerically to obtain n{t), or a feedback-transfer function
equivalent to Eq. (9) can be used to form an approximate solution. This test case was selected to
eliminate the possibility of errors in the approximate solution because of modeling deficiencies in
either the LAPUR thermal hydraulics model or the point-kinetics equations. The
phenomenological model is given by the following equations:

dn(t) m p(Q - P y | ( f ) + kc(t) + p
y | ( f ) kc(t) +

at A A

- |»(0 -Aat A
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(19)

kT(t) , and (20)

p(f) - p.(0

where T(t) = deviation of the fuel temperature from its steady-state value,
pm — excess void reactivity feedback,
D = Doppler reactivity coefficient,

a l-«4 and k — empirically determined parameters.

(21)

Table I

Phenomenological model
parameter values

Parameter

« i

a2

a3

c4

K

D

P
A

X

Value

25.04 k • s"1

0.23 s-1

2.25 s'1

6.82 s'2

-4.40 x 10"3 k'x • s'2

-2.52 x 10-5 k-1

0.0056

4.00 x 10-5 5"1

0.08 r 1

In this model, Eq. (17) and (18) are the
point-kinetics equations for one
precursor group, Eq. (19) relates power
and fuel temperature, Eq. (20) models
the channel hydraulics, and Eq. (21)
relates the total reactivity to the void
reactivity and the fuel temperature. The
parameter k is proportional to the void
reactivity coefficient and the fuel heat
transfer coefficient and effectively
controls the model's feedback gain and,
thus, its stability. It can be shown that
the feedback power-to-reactivity transfer
function of the model is given by:

H(s).
Da4 + k\22)

(j + a2)(s
2 + a4)

where s is the Laplace variable.
Table I shows parameter values that

cause a limit cycle in the

phenomenological model. Figure 2 shows N(t)/Nc for approximate solutions consisting of two,
four, six, and eight harmonics over five cycles. The convergence of the solution is apparent

Equations (17) through (21) were also solved numerically by using the Advanced
Continuous Simulation Language (ACSL) program [6]. The steady-state results of this calculation
and the eight-harmonic approximate solution are shown in Fig. 3. Comparing the results shows
that the approximate solution converges toward the exact solution as additional harmonics are
included in the approximation. This convergence implies that the approximate-solution technique
will accurately predict steady-state limit-cycle oscillations if the point-kinetics equations and the
feedback-transfer function accurately model the processes occurring in the reactor.
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Figure 2. Two-, four-, six-, and eight-harmonic approximate solutions.

COMPARISON OF THE APPROXIMATE-SOLUTION TO MEASURED LIMIT-CYCLE
DATA

Once an approximate solution for n{i) has been obtained, the behavior of additional reactor
parameters can be calculated by using the appropriate LAPUR-calculated transfer (i.e.,
frequency-response) functions. If an approximate solution containing; harmonics has been
obtained for n(t), a multiplication similar to Eq. (7) by using a frequency-response function
relating the neutron population to another parameter will result in an approximate solution of
similar form for the new parameter. This solution is valid only if the magnitude of the limit-cycle
oscillations is such that the linear thermal hydraulics model that generates these
frequency-response functions is valid. This procedure will be applied by using LAPUR input data
corresponding to the LaSalle event [7].

The LaSalle Unit 2 reactor experienced core-wide limit-cycle oscillations on March 9, 1988.
The reactor had been operating at approximately 83% power and 75% core flow when a
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Figure 3. Comparison of numerical and eight-harmonic
approximate solution.

technician error caused both
recirculaton pumps to trip. Core
[low then coasted down to natural
circulation conditions,
approximately 28% of rated core
flow, and the reactor power
decreased to approximately 43%.
Five minutes after the recirculation
pump trip, oscillations were
observed on the average and local
power range monitors (APRM's
and LPRM's). The oscillations
continued for 2 min until the
reactor exceeded the
high-neutron-flux trip point and
automatically scrammed. The
oscillation frequency was -0.45 Hz,
and the APRM peak-to-peak
oscillation amplitude varied
between 20 and 100%. During the
event, the total core flow and
reactor vessel water level were

slowly oscillating, accounting for the changing peak amplitude of the limit-cycle oscillations. An
APRM signal recorded during the event shows the normalized power amplitude variations due to
the flow and water level fluctuations (Fig. 4).

Approximate solutions for the
normalized reactivity and iniet flow
were obtained by multiplying n(i)
by the appropriate
frequency-response function.
Figure 5 shows n(f), p(r), and the
normalized inlet flow over four
cycles. The effects of the higher
harmonics, which are prevalent in
the solution for n(t), are reduced
in magnitude in the solutions for
p(/) and flow, making them appear
more sinusoidal. This reduction is
expected since the magnitudes of
the power-to-reactivity and power-
to-flow frequency-response
functions rapidly decrease with
increasing frequency. The
computer time required for this
example, including the time
needed to run the LAPUR code,
was less than three minutes on a
VAX 11/780.

Figure 4. Average power range data taken during the
LaSalle event.
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Comparison of the measured data and the approximate solution is somewhat difficult
because the actual limit cycle never reached a true steady state. Nevertheless, one can conclude
from the overall agreement between the measured data and the approximate solution that the
LAPUR thermal hydraulics model and the point-kinetics equations accurately model the LaSalle
event. This accurate modeling indicates that the approximate solution technique can accurately
estimate actual BWR behavior during limit-cycle oscillations.

Figure 5. Seven-harmonic approximate solution for the
LaSalle event.

CONCLUSIONS

It has been shown that the combination of the LAPUR-calculated feedback-transfer
function and the point-kinetics equations can be used in conjunction with Galerkin's method to
calculate BWR limit-cycle behavior. It was shown how the feedback-transfer function can be used
to express reactivity as a function of the normalized neutron population and how this expression
was substituted into the point-kinetics equations, resulting in a single equation for n(t). The
application of Galerkin's method to obtain approximate solutions to this equation was then
described.

Comparison of the approximate solution with a numerical solution showed that the
approximate solution converges toward the numerical (exact) solution as more harmonics are
included in the approximation. Thus, it can be concluded that the application of Galerkin's
method results in an accurate representation of BWR limit-cycle oscillations if the point-kinetics
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equations and the LAPUR-calculated feedback-transfer function accurately model the processes
occurring within the BWR during the limit cycle.

Finally, the approximate solution for the LaSalle event was calculated and used to
determine neutron, reactivity, and flow oscillations during the event. Comparison of the
approximate solution to measured data show good overall agreement. Thus, it has been
demonstrated that the approximate solution obtained from the application of Galerkin's method
to the combination of the LAPUR-calculated feedback-transfer function and the point-kinetics
equations can be used to predict BWR limit-cycle behavior.
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ABSTRACT

It is well known that BWR tend to inestability if
they are to be operated at high power and low coolant flow.
This fact can also be seen with the eyes of parameters
appearing in the dynamics equations of some reduced order
models.

Bubble residence time is one of these parameters.
When it grows BWR gets closer to the inestability border.
Because kinetics parameters are to be changed during the
life of the reactor, the frontier of DR = 1 in the map of
operation (flow-power) is not a rigid one, so monitoring
stability should include not only DR estimation but para-
meters surveillance too. In this work both DR and kinetics
parameters are obtained by means of neutron noise analysis
techniques in the time domain.
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1. INTRODUCTION

It is considered as extremely difficult to predict
with a high level of confidence that any of the commercial
boiling water reactor -BWR- operating through out the world
will remain stable under all possible circumstances of ope-
ration along their lifetime. Consideration is being given
to the incorporation of automatic controls to prevent entry
into restricted regions of operation and to the use of
better monitoring techniques to recognize the approach to
unstable operating conditions [1].

The unstable zone is charactericed by low coolant
flow and high power, consequentely there are many bubbles
in the two-phase flow. The negative feedback reactivity
coefficient is expected to be large in magnitude, so it
acts as a restoring force making the power to oscillate.
But what about the frontier of the unstable zone?, does it
remanin on the same place during the fuel cycle? Certainly
not, because the frontier depends on the kinetic parameters
and those change with the fuel burn up.

Monitoring stability of a commercial BWR means not
only to measure the decay ratio -DR- of the power, with no
perturbation of the operation, but also assuring that the
border of unstable zone has not been moved closer. To
achieve it an estimation of kinetic parameters is to be
performed; but it is necessary to know in advance: 1) What
parameters are to be selected, 2) What is the relationship
between themselves and 3) How each one affects the stabi-
lity.

Among the parameters, the bubble residence time —t -
summarices the bubble influence on stability. If it grows,
means that more bubbles are present there and the reactor
tends towards more unstable state. In this work we shall
estimate it by heuristic arguments, that are useful to take
fast decisions that help understanding how large void frac-
tion contributes to instability.

Bubble residence time is not the only one parameter.
In fact it is a passive parameter. There is an active para-
meter that "makes" bubbles in the channel through heat
transfer process from fuel to coolant. This driving coeffi-
cient relates the changes on void reactivity with fuel tem-
perature, so it has a great influence on stability.

In this work automatic monitoring of stability is
done by neutron noise analysis techniques. We write down
the transfer function power/reactivity, following the
March-Leuba's reduced order dynamical model, and by analy-
sing neutron fluctuations as a time series, decay ratio and
the poles are obtained. Parameters are calculated from the
poles by solving a non linear system of equations. Noise
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data come from average power range monitor of a convmercial
BWR.

2. BUBBLE RESIDENCE TIME. HEURISTIC APPROACH.

Heuristic approaches pretend not to be accute but
providing some physical insight into the phenomena. The
question is: what is the role of x, bubble residence time,
in stability?, the simple answer is: when x grows reactor
is less stable.

At first glance, when x grows bubbles rise up
slower, consequentely heat flux makes more bubbles when
removing from the fuel, so the void fraction a grows. The
void reactivity coefficient will be more negative and the
power will oscillate with higher amplitude. As a consequen-
ce the decay ratio of the power is increased and reactor is
to be found in a less stable state.

Bubble residence time can be regarded as a parameter
standing for a bubble "sink" along the channel of a BWR. As
the channel height H - 4 m and coolant flow speed -2 m/s, t
will be around 2 s. That is the time a bubble needs to be
removed from the channel; the associated frequency is 0.5
Hz that lies in the frequency region at wich power oscilla-
tes .

Imaoine a critical reactor and that a single bubble
is added, moving from the bottom to the top of the channel.
As a response to this reactivity impulse the power is going

to decrease by a factor exp [ /_ Xp/(P-p)dt'], where p(t)

is the amount of negative reactivity due to the bubble, and
P, X the usual constant for delayed neutrons. For shorter
T, the feedback is quick and weak, but for longer x the
feedback will be slower and stronger causing violent osci-
llations that could lead the reactor in close proximity to
instability. It is concluded that when x is augmented, the
power oscillates with less frequency, higher amplitude and
therefore the decay ratio must grow.

What would happen if x is very much lengthened? Con-
sidering that the heat fuel constant is about 5 s (greater
than T-2 s) coolant flow is a good bubble sink, but if t
were a bigger order of magnitude, it could happen that
because of temporal heat fluctuations, some upper part of
channel would have smaller void fraction than middle part,
as a consequence the upper two-phase liquid would be more
dense and falls into the core center (thermohydraulic ins-
tability) . If bubbles come to the middle of the core from
both sides up and down, the void fraction grows quickly and
because the neutron adjoint flux is the highest there, a
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violent reactivity impulse could lead the reactor to non
stable states. That is not likely to happen if x is shorte-
ned and therefore acts as an efficient bubble sink.

Some more physical insight could be given with a
simple model that help to visualize the structure of T.

Imagine the channel as if the two phases were not
mixed. The bubble residence time is:

° 0
© *

L

c o

0 «

L

T

I

* = VVB
H where Z the height of the gas phase

and V B the speed of the bubble. If
there are more bubbles (case b ) , Z_
grows and also T .

In terms of two-phase flow:

H a
t = - <p> -

G x

where H is height of the channel and a = Z_/H, G the mass
flux, x the steam quality and <p> the energy and mass con-
servation of the fluid should be used. A rough approxima-
tion is:

where h are the specific enthalpies (G=gas, L=liquid), so

H

It is cleary seen that bubble residence time is pro-
portional to void fraction and special care must be taken
with the inlet cooling water temperature. Both high power
and low flow lead to high t, i.e. less stable reactor.

3. BUBBLE RESIDENCE TIME IN MARCH-LEUBA'S REDUCED ORDER
MODEL

Working with a complex dynamics, detailed codes
result not always advantageous. Reduced order models are
accurate if their parameters are fitted to experimental
measurements or to the output of a validated big code.
Reduced order model are best whem we are faced to problems
not completely understood as in the case of BWR instabili-
ty, because the relevant aspects of the phenomena are
enhancer). That is the case with March-Leuba's reduced order
model. Most of the equations of the model were known time



ago [2,3,4], but the equation relative to the bubbles is
just derived and contains two parameters which matter very
much in stability. Bubble residence time is one of these
parameters.

The equations of the model are:

dN p-p
- Prompt neutrons: — = N + KC

dt A

dC p
- Delayed neutrons: — = — N - XC

dt A

dT
- Fuel: = a.T- - a9(T -T )

dt 1 r z i c

d2p 6 dp 12p-. . , . . a a a- Void reactivity: —=-- + — + — = — =

dt x dt T T [ dt

- Feedback : p = p + DATf

where :

N ; neutron population
C ; precursor concentration
T,, T ; fuel and coolant temperature respectively
p ; void reactivity
D ; Doppler coefficient.

The parameters are fitted to experimental results,
they are reactor dependent. A representative sample is [6]

a l
a 24L

X
C
D
P
A
\
H

- 19.08 K s
= 0.19 s
= 1.63 s
= -3 .65 E-4
= - 2 . 6 1 E-5
= 0.0056
= 4E-5 s I"
= 0.08 s
= 4 m

- 1

"1 O

K Jm
K " 1

As BWR are operated in steady state we are more in-
terested in the lineal model for the fluctuations, this is
achieved as usual by refering the quantities to the statio-
nary lebel, so:
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N-N,
n =

N^
f0

C-C,

N,
Qf = Q f 0

and the fluctuation in reactivity is Ap = p-p«. The lineal
model is made with the assumption that power fluctuation is
not too big. Explicitly NQ Ap/A » Ap AN/A => NQ » AN.
That is not necessarily true when the reactor is not sta-
ble; in spite of this trouble, the lineal model shows how
the parameters have to change in order that reactor becomes
unstable. The lineal model is

dn p _-p Ap
— = n + Ac + —
dt A A

de p
— = — n - >wC

dt A

dT

dt
- a,n -

i 6 dp
a . a

dt' T dt

p + DT' a

12

~2

As March-Leuba shows [5], there are four constant
i2, T and C related to physical parameters.

For the fuel temperature equation:

al = Qf0/pfCp

where

= 2h/PfCprf

i _ = fuel density
C~ = fuel heat capacity
rji = fuel rod radius
h = fuel-coolant transfer heat coefficient.

With reference to the bubble reactivity equation, it
can be shown that C is not independent of T, because if we
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multiply both member by x and take the limit when Ï-+0, we
got :

a
CH2T/2

that is a contradiction, because it means that any fluctua-
tion in the fuel temperature will yield a bubble, but there
are not bubbles if T = 0 , SO lim C=0. Following the deriva-
tion of March-Leuba [5], the proper constant is:

C <)> n (8p/5ct)h2nrfr

t mB(hG-hL)

where <(>„ is the form of the one-energy group neutron flux
along the rod, (op/Sot) the void fraction reactivity coeffi-
cient and m the mass of the two-phase fluid an the
channel. The bracket means average value along the lenght
of the fuel rod.

It must be considered that 5p/5a and m_ are both
depending on the void fraction a, and so, on Che power; but
we take it as constant in a lineal model.

The power to reactivity transfer function is written
down after some tedious algebra: :

AP
NEUTRONS

DOPPLKR

BUBBLES

<

<
T

T
FUEL

H(s) =
(s+a2) (S 2 + 6 S / T + 1 2 A 2 )

A(s+X+p/A) (s+a2) (s
2+6s/t+12/t2)-a1 tD(s

2 + 6s/t+12/t2)+CH .

The assumption made was s»X., true in the frecuency
region of 0.5 Hz and upper.

As H(s) can be measured experimentaly from neutron
fluctuations, a.non-linear fit to a rational function with
three zeros and four poles can be perfomed and so the parame-
ters a?, t, a-CH /T ar« calculated. In this work, the trans-
fer function J s obtained by neutron noise analysis techniques
in the tim"
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4. PARAMETERS ASSESSMENT BY NOISE ANALYSIS.

The transfer function has three zeros and four poles;
let us suppose that the poles are known, then the parameters
are calculated by solving a non linear set of equations.
Writing the denominator of the transfer function in polyno-
mical form, we get to:

Term Exact Approximation

p

A

6
-
t

12

~2

a D

12 (6D+CH )

XA Alt At

12

T A

12a2 p

1rl
6CH

AT

TABLE I - Terms of transfer function denominator

As the order of magnitude of every quantity is known
in advance, approached terms are used to simplify the
system of equations. It is clearly seen in the approxima-
tions that the Doppler reactivity branch is almost negligi-
ble against void reactivity in the transfer function, so
the Doppler coefficient does not appear in any term.

It is also known that thereare two real poles P-, P9

and a conjugated complex pair P^; the denominator of tne
transfer function is writen down as:

[s2 - (P1+P2)s + P1P2][s
2 - 2 Re (P3) s + |P3|

2]

The resulting system of equation is:
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( 12

A I

1 2 a

x 2

P
+ -

A

12
- — 4

x 2

2 P

A

a 2 +

6a2]
< J
6 a -

Ax

6

X

-
a..CH2

•*•

Ax

CH2

1 21 3

[2P3

2

2

LP2

v 2

Re

2(P1+P2)Re(P3)

1+P2) |P3|
2]

The cubic term is not useful; it reflects the sum of
the poles ar>d is strongly dominated by p/A. Fortunately p/A
depends on the fuel type and it is assumed to be known in
advance. The remaining unknowns are : x1, a» and a1CH /x . No
special algorithm is to be developped to solve such a non
lineal system; standard methods as Newton's are enough.
Starting values are found in the literature [6].

The third unknown is the product a.,C, it cannot be
separated unless extra information is added; i.e, the defi-
nition of a1 :

ai =

Pf C
P

p -.C fi8
dv

where E is the energy released per fission. If C is calcu-
lated, an averaged reactivity void coefficient can then be
estimated.

It only remains finding the poles by using neutrons
noise analysis techniques. In this work, dynamic data sys-
tem (DDS) technique is chosen . Briefly, the procedure is
as follow [7].

Neutron fluctuations from an APR monitor from a
commercial boiling water reactor is recorded, as a temporal
series. Because we are not interested in the high frecuency
pole p/A, a time step of 0.1 sec. is selected.

The time series x. is been fitted to an autoregres-
sive moving average ARMA (n,m) model; after testing that
the time series is stationary and reduced to null average
[8] .

n
= I i . >:, . + E .

3 t-3 t
m

- I
k=l

9k£t-k
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where: <f» . = autoregressive parameter
8? = moving average parameter
e . = driving white noise with variance o

Relating ty . with the physical poles of transfer
function is the very inside of DDS method. This is done by
factoring the characteristical autoregressive polynomial:

n
n

) =

where \. are the polynominal roots. The relationship
berween this roots ans the is found using the Z transform

K± = e = i=l,2,...,n

If it is about a real pole case, the corresponding fre-
quency is :

In X .

1 2n At

but in the case of a complex pole pair, both a proper fre-
quency and a damping coefficient are obtained (f., Ç.)

P. = - w. ± jw. D2=~; wi=2nfi

The "decay ratio", DR, associated to the damping coeffi-
cient is

DR = exp (

Decay ratio is accepted as the stability index [9]. It
could be measured as the response to a reactivity impulse,
waiting for the deca'y of the two other real poles. That is
obviously not a good practice for a commercial power reac-
tor, so, because of its non intruding character, noise ana-
lysis is a good alternative for monitoring stability.

Finally the order (n,m) of the optimal ARMA fitted
model is selected according to Akaike's critérium [10] or
statistical F-distribution [11].

The time series (Fig. 1) analyzed were samples of
905 points, taken at At=0.1 s from the APR monitor of a
power BWR in steady state at normal operating conditions.

Noise analysis reveals that the ARMA order (3,2) is
better than the (2,1), as expected because the high fre-
quency pole p/A=20 Hz is not seen with this sample time, so
what is studied in fact is a case with only three poles, a
real one and a complex pair. Nevertheless the order (3,2)
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is considered to be overparametriced because the last auto-
regressive parameter is almost null, 30 the order (3,1) is
chosen; statistically equivalent and better accomplishment
with the parsimony principle. See table II.

ARMA

•l

•2

*3

91

62

eE
2

AIC

Function
F

0.

0.

-17.

0)

9

138

90

39.01

(2,1)

1.71

-0.85

-0.42

0.074

-2350

4.

(3,2)

1.594

-0.849

0.08

-0.249

0.33

0.0732

-2358

09

(3,1)

0.825

0.469

-0.57

0.546

0.0735

-2357

1.84

TABLE II - Fitting time series to several ARMA models

In the Figure 1 it is shown the impulse response
from the ARMA model (3,1) and in the Figure 2 the corres-
ponding power spectrum density. Results are:

Complex pole: f = 0.68±0.04 H- ; Ç = 0.33±0.06
Real pole .: f = 0.42±0.08 H'Z
Decay pole : DR = 0.13±0.04

When DR is calculated from an ARMA (2,1) model, Fi-
gure 3, the result has been: DR=0.il, so this model order,
easy and quick to solve, can be used to monitoring DR, but
the real pole is missed, so this order does not bring any
help in finding the physical parameters we are interested
in :

The resulting poles to be used in the right hand
member of the non linear set of equation are

Real high pole Pl = ~ 1 3 6 s~-i
Real low pole P, = -2.64 s ,
Complex pair poles P3 = -1.41±j 4.03 s

The physical parameters are found to be:
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t = 2.3±0.4 s
a2 = 2.9±0.2 s"

1

(Aĵ CH /TT = -0.087±0.025 s

these values fall in the expected order of magnitude.

5. PARAMETRIC CALCULATIONS

Performing parametric calculation let regard how
physical parameter affects stability. Cautions are to be
taken because parameters are correlated between themselves.
It is been shown before that the driving bubble coefficient
C is proportional to the bubble residence time t, so the
quotient C/x is constant.

A simple way to make those calculation is to see how
the low frequency peak drifts in the transfer function when
parameters are changing, Figure 4. If the peak becomes
sharper, as it happens when x grows, it means that the
damping coefficient, 6/x, is decreased, so the reactor is
less stable, and DR grows. This effect is shown in figure
5.

As a result, reactor does not become unstable when x
is very slow. It can be shown from the transfer function
that:

s(s+a2)
lim H(s) =
x-+- ( $\ a1CH

2

A5 \s+X — (s+ao) - a,Ds -

Now there are only two zeros and three poles; the
low frequency real pole vanished. The term a^CH /x still
remains because C/x .is constant.

On the other hand, if x decreases, reactor is more
stable and the transfer function peak goes right to the
higher frequencies region, Figure 6.

Avery illustrative way of realizing the influence of
x is to draw the operation map, Figure 7, in terms of para-
meters .

The coolant flow along the channel is represented by
1/t and the power by the coefficient a... Constant DR curves
are drawn, and it is easily seen, Figure 8, that when x in-
creases, the coolant flow lowers and the decay ratio rises.

As inestability is not reached by changing x, then
the active driving bubble parameter C/x deserves carefull
monitoring. Unstable state is possible if C/x grows (in
absolute value). It ha? been shown that:
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C (s>0
3 ( 6 p / 6 a ) h 2 n r f

nig <hG - h L )

so, if accepted that C/T is the maker of inestability,
special care must be taker» with the temperature of inlet
coolant (affecting to h.,-hL) and also monitoring void reac-
tivity coefficient 5p/6a. It is relevant now to bear in
mind that Ôp/Ôa depends on a, and on the power through a.

The sign of C/T is negative, because the void
coefficient is always negative. If in the derivation of
March-Leuba's reduced order model the gradient of a along z
axis could be negative because of a temporal a fluctuation,
then C/T changes its sign and the reactor becomes unstable
(complex pole with positive real part).

6. SUMMARY AND CONCLUSIONS

Stability of a BWR depends on its dynamics. When
such a complex dynamics is written down in terms of a few
parameters set, we must express the decay ratio as a
function of the most relevant parameters.

The price which must be paid for using a reduced
order model is that parameters are correlated between
themselves, so performing parametric calculation is done
after having in mind the relationhip between parameters.

Bubble residence time is an important parameter,
because it can change with in the reactor operation. When
it is much enlarged, reactor becomes less stable, but still
DR<1, and both a zero and a real pole is lost in the
transfer function.

An heuristic approach is given to express bubble
residence time in terms of two-phase quantities; but the
result is that T is proportional to C, the driving bubble
coefficient, and changing C/T could lead to inestability.

Parameters can be estimated by means of neutrons
noise analysis in the time domain. As this technique does
not intrude the operation and also yields the DR, it could
be used for a better surveillance of the reactor and a
proper monitoring of BWR stability.
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ABSTRACT

In this paper we demonstrate a simple graphical method for ana-
lysis of density wave instability in two-phase channels. The
objectives are to give the reader a basic knowledge of the physi-
cal mechanism behind the oscillations, an understanding of the
effect of some of the channel parameters on instability, and a
means of qualitatively analyzing for the effect of more compli-
cated operating conditions.

The methodology proposed should be useful in providing physical
insight into the effect of design modifications, before extensive
simulations are carried out, or understanding the physics of the
problem enough to appreciate the results of mathematical stabili-
ty analyses.
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1. INTRODUCTION

The literature is extensive on oscillations, or instabilities
occurring in two-phase flow. The extent of the problem has been
reviewed several times [1-4] , showing experimental evidence,
the basic physical mechanism and indicating the existence of a
number of computer codes giving detailed mathematical analysis
of the problem. Density wave instabilities have received the
most attention in the literature.

Like most relatively complex pnysical phenomena, density wave
instability can be understood in principle but still can defy
the engineer first confronted with a new application or a com-
plication to a well understood configuration. In thise new appli-
cations it is first imortant to be able to anticipate quickly the
effect of parameters on order to determine whether instability
will be a problem, and perhaps how it can be avoided. Like a pre-
liminar design, the first estimate need only to be approximative,
carrying the maximum of physical reality into the problem with
the minimum effort. Only after the design concept is proved, or
in the case the instability is determined to be an important
consideration, should more and detailed analysis be done.

That philosophy is embodied in the analysis presented here for
density wave instability. A methodology is developed to permit
the engineer to obtain a physical insight into what may cause an
instability and how to determine its importance quickly and in-
tuitively. Detailed mathematical analysis is not required or
even desirable at this stage. Instead a premium is placed on the
physics of the problem and how it is manifested graphically.

2. DYNAMIC CHARACTERISTICS OF A EOILING COOLANT CHANNEL.

To develop the methodology to be used here we will start with
a relatively simple configuration, but one which has considerable
practical application, and then show how to include graphically
other factors and parameters that may be important in different
applications. The natural circulation coolant channel shown in
Figure 2.1 has been choosen to initiate the analysis. It is the
configuration used in some reactor configurations [5] but it is
also typical of the reboilers used in some cryogenic applications
such as air separation plants [6]. The analysis to be presented
will not be limited to such natural circulation loops, and can
be applied to forced convection boilers as well. Similarly, al-
though steam-water mixtures will be referred to, any vapor-liquid
mixture is acceptable.

In Figure 2.1 the heater element used for steam production is
placed vertically inside a shroud tube, to form a coolant channel.
At the lower end of the shroud tube are openings for inlet flow
of the coolant, and the steam will find its way together with the
coolant flow through the open upper end of the shroud. The
coolant channel is placed inside a pressure tank. The tank is
filled with coolant, so the channel is submerged and only the
outlet of the shroud tube is above the coolant's surface.

If the coolant in the tank is assumed to be at saturation
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Outlet (or the »te»m-water
" mixture

-Pressure container

Shroud tube

Heater element

Inlet for the coolant

Figure 2.1 Natural circulation boiling coolant channel
in pressure container.

temperature, the smallest power production in the heater element
will lead to steam production in the channel, and thus also a
reduction in the pressure inside the inlet openings in the lower
end of the channel. Coolant will flow into the channel, and a
mixture of coolant and vapor will leave the channel at its upper
end .

For a typical natural circulation loop the inlet velocity as
a function of the heating power will be as shown in Figure 2.2 .
In the region A the development of vapor reduces the density
of the mixture in the channel, and the flow increases with in-
creased power. At B the pressure drop from acceleration of the
fluid and two-phase friction have increased to just compensate

Power

Figure 2.2 Inlet velocity as function of the channel power.
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for a further reduction in the density. The inlet velocity has
obtained its maximum. In the region C the acceleration and
two-phase losses increase so much that the inlet velocity is re-
duced with increased power. The inlet velocity starts oscillating
from the point D , with amplitude rapidly increasing with power.

There have been a large number of experiments in which a
number of observations have been reported. Typical results are
shown in Figure 2.3 (for small amplitudes): 1. Inlet and outlet
velocities oscillate coherently, i.e. with the same phase and
amplitude. 2. When the inlet velocity is at its minimum, the
density has its maximum in the upper end of the channel. At the
same time the density in the lower part of the channel is at its
minimum. 3. When the inlet velocity has its minimum, the
pressure inside the inlet openings is at its maximum.

From these observations it is possible to derive a link of
cause and consequence behind the oscillations. The pressure in-
crease behind the inlet openings which is reducing the inlet
velocity is caused by the increased density in the; upper end of
the channel. This is in turn caused by the previous maximum in
in the inlet velocity and consequent density maximum when that
fluid reaches the outlet. The pressure increase from the in-
creased density in the upper end of the channel must be so
large that it overrides the opposite effect of the reduced
density in the lower part of the channel, and at che same time
reduce? the inlet velocity with a rger negative amplitude than
its positive forerunner.

In the following sections the density distribution in the
channel, and its consequences for the pressure behind the inlet

- Velocity

Density

Outlet

u

- - Density

— Velocity

Pressure

Inlet

Figure 2.3 Oscillations in velocities, densities
and pressure.
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opening of the channel and the inlet velocity, will be estimated
using elementary graphical techniques.

3. A VERY SIMPLE MODEL SYSTEM.

It is convenient to use an elementary diagram commonly re-
ferred to in hydraulics to convey the physics of what is occur-
ring in a boiling channel. In Figure 3.1 A a simple channel is
shown in which water flows in the tube, but in addition there is
a gas supply to the tube immediately downstream of the inlet
restriction. The gas will represent the vapor generated by

Head funct ion

v

H

'J/
' r

>- i—»
•

_J

dH o u t

_* ,

Hout

i

• Gas f low

IV.
dV,,

dV i n

Inlet Outlet

figure 3.1 The elementary two-phase channel
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boiling. Also shown in Figure 3.1 A is the head function
representing the pressure along the channel from the supply to
the exit. In this model system it will be assumed that the total
head is consumed by only two restrictions at the inlet and outlet
that the gas is incompressible, that the gas flow is so
large relative to the water flow that it alone represents the
volume and velocity, that the water alone represents the mass,
and the gas flow is a constant independent of pressure changes
in the tube.

The steady state inlet velocity V^n or weight density 72
in the system is represented by the center line in Figure 3.1 B.
The horizontal scale represents not only position but also time
because uniform velocity has been assumed. The pressure drop
over the inlet restriction is commonly described by an equation
of the form:

v.2

A P = K.n Yl _ i | 2 _ (3.1)

where K j n is a loss coefficient, yi is the weight density of
the water, and g is the acceleration of gravity. Expressed as
head Eq. 3.1 is :

v.2

H. = K. i n (3.2)
i n 2 g

If the pressure drop over the outlet restriction is described by
a similar equation, the head can be written:

y V 2

'2 2
H t K . — (3.3)
out out -,

y1
 2 g

We will now assume that there occurs a disturbance of short
duration in the inlet head, of sufficient small magnitude to
approach a differential change, dHin , such as :

dH. = • 2% H. (3.4)
in in

This will lead to an increase in inlet water velocity from
Eq. 3.2 of :

dV i n = 1% V.n (3.5)

This in turn will lead to a corresponding increase in the
density over a short length of the two-phase channel:

d,2 = 11 Y 2 (3.6)
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This change in the density is illustrated by the area shaded in
Figure 3.1 B . Under the assumptions made, this change is the
only one to affect the head over the outlet restriction and will
increase the outlet head only after the density increase is
transported to the outlet restriction:

dH . = 1% H . (3.7)
out out

When this head increase occurs, the entire tube will have the
pressure increased by dHout . Hin will therefore be reduced
and water flow into the tube will also be reduced. The new
situation is illustrated in Figure 3.1 C.

The very important question is now how far the inlet velocity
is reduced. If the new disturbance is larger than the first one,
there will develop a series of consecutive deviations, each with
opposite sign compared to its forerunner, but with increasing
amplitude. This is the situation which is named instability. On
the other hand, if the new disturbance is smaller than the
original one, the consecutive deviations will diminish and die
out. This is characterized as stability.

At the stability limit the new disturbance is of the same
amplitude as the first one. Therefore the consequence of the
first dHOut must equal the original disturbance dHin at the
stability limit

dH t = 1% H = dH. = 21 H. (3.8)

out out in in

or:

H ,_ = 2 H . (3.9)
out in

This means that this channel is at its stability limit when one
third of the total flow potential is throttled in the inlet
restriction. This is a well known result for high quality exit
condition [4] .

In classical control system analysis a sine wave is imposed
on the system to draw the same conclusions. This is shown in
Figure 3.1 D . The inlet velocity has oscillated in a sine wave
at such a frequency that it produces a half-wave in the density
over the channel 1-ength. It is drawn in such a position that we
have at the same time the maximum density at the outlet restric-
tion, giving the maximum pressure in the channel, and also the
minimum inlet velocity. The stability criterion described in Eq.
3.9 applies here equally well.

To see whether this oscillation mode is possible, the wave
and its consequences must also be examined in other phases. The
dotted line in Figure 3.1 D shows the wave shifted 90 degrees.
Now we have an undisturbed density in the outlet restriction
coinciding with an undisturbed inlet velocity, demonstrating
that the chosen frequency is fitting both for maximum and mini-
mum amplitudes.
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4. THE CHANNEL WITH DISTRIBUTED LOSSES.

In this section the analysis will be expanded to cover the
case where the two-phase losses are not consentrated at an out-
let restriction, but where they are distributed along the whole
channel length. Further, the channel will be positioned verti-
cally to be representative of a natural circulation channel.
The input of the gas phase will be assumed to result from boiling
at a heater element with uniform heat production along its whole
length. Hence the fluid velocity is assumed to increase linearly
over the channel length. All other assumptions of Section 2 and
3 will be made here in addition, with the only exception that
the steady state inlet flow now also represents volume.

Under these assumptions the velocity in the channel will be
as shown in Figure 4.1 B . Figure 4.1 C shows the transport
time function of the channel, representing the time consumed for
a water particle to travel from the lower end of the heater ele-
ment to any (vertical) position in the channel. The slope of the
transport time function is equal to the local velocity. It is
therefore evident that the ratio VOut/Vin

 = N reflects how
strongly curved the function will be.

The head function for the vertical channel can be illustrated
as in Figure 4.2 in a manner similar to that in Figure 3.1 .
Figure 4.2 A shows the arrangement of water column manometers.
The first manometer is connected to the channel at the same level
as the lower end of the heater element and it shows directly how
the flow potential is divided between the inlet restriction and
the two-phase section. In Figure 4.2 B the head function is
drawn horizontally along the vertical position scale.

Figure 4.1 The transport time function of the two-phase
channel.
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Head
function

H,n

Figure 4.2 The head function of the two-phase channel.

Now the transfer time function and the head function will be
combined to make it possible to calculate the consequence of a
time function disturbance in the inlet velocity on the head
behind the inlet restriction. In Figure 4.3 A an inlet velocity
consisting of a steady state value Vin and a pulse of duration
dt and amplitude of dv"in = 1% V"in is shown at three diffe-
rent time points. By projecting the time period dt vertically
up to the transport time function in Figure 4.3 B , and from
there horizontally to Figure 4.3 C , one can read out over which
length and at which location the local density is increased by
1% at each of the three time points. To find the change in the
two-phase head this change in the local density introduces, the
projection is continued horizontally to the right to the head
function. In Figure 4.3 D this is done for only the last time
point which will affect the head over the length dz3 at
position Z3 . The" dotted curve has been drawn with the resulting
1% increase in slope over the interval dz3 but unchanged in
slope everywhere else. The new head function describes the in-
crease in pressure experienced at any position below 23 due
to the pulse at t3 . The same information can be obtained more
conveniently by projecting vertically from the head function to
Figure 4.3 E . The shaded area there is proportional to the in-
crease in the two-phase head.

All the above construction can be combined into a single
diagram shown in Figure 4.4 . The inlet pulse at the three
successive times can be projected upwards to obtain the resultant
change in the two-phase head. One can now see how the dH2
grows as the time passes, or as the mass pulse is transported
up through the channel. This growth in dH2 over time is caused
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Diagram for
changes in
the density

Transport
time
function

• »

Diagram for
changes in the
two-phase head

• IV.
Diagram for
changes in (he
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Figure 4.4 Combined diagram for calculations of changes
in the two-phase head.

not only because the transport time function is curved, but also
because the head function is drawn curved in the opposite direc-
tion .

As in the previous section we will progress from the response
to square waves to that of sinusoids to see if oscillations can
be self-sustained. In Figure 4.5 A a full half sine wave is
drawn for the inlet velocity, starting with the minimum velocity,
corresponding to the time when the two-phase head is at its
maximum. Also here, a full half wave over the channel is assumed,
as in Figure 3.1 D . The velocity changes are projected up to
the transport time function, over to the head function, and then
up to the change in two-phase head diagram at the top. The re-
sulting distorted wave has an area which is clearly positive
even though the inlet velocity wave has a zero net area. Inspec-
tion permits us to estimate that the difference between the
positive area and the negative area is perhaps ca. 0.5 of the
total positive area. This value \p = 0.5 can be called the
coefficient for 180 degree phase-shift, or simply the phase-
shift coefficient \< . It reflects the net effect of the 1%
inlet sine wave on the two-phase head :

dH. H. 0.5% H. (4.1)
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Figure 4.5 Calculations of the variations in the two-phase head
with sine wave oscillations in the inlet velocity.
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As before, the channel is at the stability limit if the re-
sulting two-phase head change has the same magnitude as the
original inlet disturbance:

dH. = 2% H . = dHo (4.2)
in in 2

Therefore in this case the stability limit will occur approxi-
mately '..-hen:

H. = 0.25 H, (4.3)
m 2

However, this only applies when the inlet wave has the period
shown.

It is logical that the channel would be the most susceptible
to oscillations when i> is largest, and the period of the
oscillations would be that which yields the maximum value of i> .
The construction in Figure 4.5 B shows that a reduction of the
half period to 80 % of the total transport time through the
channel increases the positive area and reduces the negative,
.•increasing the phase-shift coefficient i|> . To obtain the best
estimate of the maximum ty it is more convenient to shift the
inlet wave by 90 degrees and search for the period giving a
net zero area in the two-phase response. This is demonstrated
in Figure 4.5 C where the half period of somewhere between
0.7 T and 0.8 T is indicated. This will be the period giving
the maximum from Figure 4.5 B . Equation 4.2 can then be used to
estimate the stability limit.

The relatively simple construction procedures associated with
the diagrams introduced above permits a quick estimate of the
stability of the channel. It should be clear that the approach
used can be applied whatever the actual shapes of the transport
time function and the head function used in the diagrams. There-
fore these can be selected to be appropriate for any particular
application being studied. Channels having a s'gnificantly higher
gravity head or acceleration head than friction head will have a
head function of a different shape than shown. A channel in which
slip flow is important may have both the transport time function
and the head function with different shapes. The construction
permits an easy assessment of the relative effect of parameters
on the stability limits of which the most important are the ratio
of the two-phase head to the inlet head, the ratio of outlet
velocity to inlet velocity, the transport time profile resulting
from the power distribution along the heater, and the distribu-
tion of the two-phase head. Using the same approach as outlined
in the previous section the damping effect of fluid inertia in
an inlet pipe can also be included.

5. THE CHANNEL WITH SUBCOOLED FLOW AT THE INLET.

The foregoing analysis has been limited to the case in which
boiling starts at the beginning of the heater element. When the
flow into a channel is subcooled at the inlet, a certain length



330

will be consumed for preheating the water up to saturation be-
fore the boiling starts. This length will also oscillate when
the inlet velocity is oscillating. This means that in the region
where the boiling boundary is moving, a periodic retention and
relec.se will take place, and this phenomenon must be superimposed
onto the density wave created by the oscillations in the inlet
velocity.

In Figure 5.1 the oscillating magnitudes are illustrated. The
imposed inlet oscillation is shown at the top and the resulting
oscillation of the subcooled length d L s c is shown at the bottom
It can be constructed from the velocity oscillation by using the
subcooled temperature profile plotted up to the boiling boundary
bb . It is shifted in time from the velocity because the boiling

^1

o

l\

Time scale

Figure 5.1 The oscillation pattern for a channel with
subcooled flow at the inlet.
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boundary moves to maintain the saturation temperature, which re-
flects the average time the fluid spends being heated'in the sub-
cooled region. The velocity of the boiling boundary, the rate of
change in the subcooled length, Lsc , is shown as the sinusoid
in the center.

The periodic retention and release of water at the boiling
boundary, dV^b , causes an additional component of the water
velocity at the boiling boundary. In addition to the imposed
inlet velocity oscillation dVin the oscillating boiling boun-
dary yields -dVbb for the water velocity since an increasing
Bubcooled length corresponds to a retention of water.

In Figure 5.2 A and B are shown the simple channel with
inlet flow at saturation under the same assumptions as considered
in Section 3. In Figure 5.2 C and D are shown the comparable
channel with subcooling at the inlet. The relative position of

bb

Inlet
(at saturation) — • Ouilet

6°ut

Outlet

Inlet
(subcooled)

bb

Position

Figure 5.2 The density wave in a channel with subcooled
flow at the in le t .
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the dv^n and dV̂ t, waves is obtained by recognizing that the
points corresponding in time on Figure 5.1 are separated in
space on Figure 5.2 D . The minimum in dVin was chosen to
occur at the inlet and the value of dV^b at the same time is
positioned at Lsc • In this channel the density wave is now the
resultant of the wave from dVin and -dV^b • As in Section 3
it is argued that the maximum in the density wave must occur at
the exit in order to sustain any oscillations. For the assumed
frequency this occurs at position 3 rather than at the exit.
Therefore the frequency will be reduced from this in the real
case. Also the amplitude in the resultant density wave is larger
than for the case with no subcooling. This amplitude determines
dHOut in Eq. 3.8 , corresponding to a reduction in stability
with subcooling.

Both the reduction in stability and in oscillation frequency
with subcooling have been observed experimentally. A good exam-
pie can be studied in [7].

The magnitude and phase relation between -dV^b and dV^n
can be constructed graphically along with relatively simple
calculations. The results will clearly be a function of frequen-
cy and a degree of trial and error will be necessary to obtain
the stability limit. The same approach can also be incorporated
into the arguments of Section 4 where trial and error was used
to take into account distributed losses along the channel.

6. DISCUSSION AND EXTENTIONS.

In the previous sections a graphical analysis of the princi-
pal features of density wave instability has been suggested. The
approach is approximate, but incorporates what is believed to be
the most important aspects of the physics of the phenomenon.
Furthermore, the elementary graphical analysis technique permits
incorporation of other effect superimposed on those considered.
This permits the designer to make a quick estimate cf the effect
of certain discrepancies between a real application and the ideal
cases considered here. Such an estimate may well be used to
decide whether it is worthwhile to consider more detailed simu-
lation of the effect.

The above analysis can be used very rapidly to investigate
qualitatively the effect of a number of parametric effects that
may be important in a particular application. For example, a
different pressure drop distribution within the channel would
be reflected in the shape of the head function in Figures 4.2
through 4.5 . Based on the analysis for Figure 4.5 the more
curved the head function the more unstable the channel will tend
to be. Similarly, the presence of slip flow or a nonuniforn heat
flux will alter the transport time function (perhaps as well as
the head function) in Figures 4.3 through 4.5 . More curvature
in this function also suggests a greater tendensy toward insta-
bility. A larger heat flux at the channel end will tend to
linearize both functions, and thereby stabilize the channel.

Because the analysis is approximative however the reader is
cautioned to consider the results estimates only. A practical
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application may well include effects which tends to dominate
those considered most important in the above discussion. The
treatment considers the effect on the two-phase density by the
inlet velocity (and the velocity of the boiling boundary) and its
propagation the most important to determining stability. As pre-
sented here it does not include the effect of the varying veloci-
ties in the two-phase channel *rïor the effect of varying steam
production due to changes in the subcooled length. These effects
can be added to the above analysis but at the expence of further
complexity•

NOMENCLATURE

d small (or differential) change
f frequency
g acceleration of gravity
H head
K loss coefficient
L length
N ratio of exit to inlet velocities
p pressure
P period (= 1/f)
T residence time of fluid
t time
V velocity
z position

Greek letters

weight density
phase-shift coefficient
temperature

Subscripts

bb
in
out
sc
1
2

boiling boundary
inlet
outlet
subcooled
one-phase
two-phase
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ABSTRACT

Verifications of thres; dimensional BWR core dynamics program STANDY have been performed
by out-of-core loop data and stability test data at actual plant. Space dependent analyses of core
wide mode instability and out-of phase regional mode instability have carried out, and the
characteristics of the various parameters in the oscillations were evaluated. Based on these
analyses, it has been shown that the flow amplitude in an unstable channel was larger in a
regional oscillation than in a core wide oscillations, and that thermal margin decrease were
smaller than the initial margin expected under operation conditions to cause instability.

Comparison betwcjn analysis results by frequency domain program and those by three
dimensional core dynamics program have also been done, and examined the analysis procedure of
regional stability by the frequency domain program.

Then, the long-term stability countermeasures by SRI system is described.
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1. Introduction

Nuclear thermal hydraulic stability in boiling water reactor core is a very complicated
phenomenon. It takes a sophisticated computer program and careful dealing to predict the
instability for design and operation. Adequate understanding of instability phenomena and
sufficient qualification of the program by oscillation data of operating plant and test loop are
necessary to evaluate oscillation behavior accurately.

Two types of oscillations were observed in foreign power plants. In Vermont Yankee[1], TVO-
2[2], and Lâ3al!e-2[3], in phase, core-wide oscillations were observed. The neutron flux at
every point in the core oscillated almost in-phase. In Caorso[4j and KRB[5], regional
oscillations took place, in which neutron flux in one side of the core fluctuated in the opposite
phase to that in the other.

Two major mechanisms exist in a BWR core to cause instability. One is the feedback loop from
the neutron flux, through fuel temperature, heat flux, void fraction, and void reactivity, back to
the neutron flux under a constant inlet flow condition.[6] In addition to this nuclear loop,
another loop exists from the pressure drop, through flow rate, and back to the pressure drop.
Instability of this loop is known as a density wave oscillation.[7][8]

The in-phase, core-wide oscillations are considered to be mainly concerned with nuclear loops.
The thermal hydraulic loop, on the other hand, appears dominant in the out-of-phase
oscillations. [9]

Three dimensional BWR core dynamics program STANDY has been developed for BWR core
stability evaluation in a collaboration study between Tokyo Electric Power Co., Hitachi Ltd., and
Toshiba Corp. since 1981. STANDY uses space-dependent neutron kinetics and parallel channel
thermal hydraulics model and can evaluate fuel thermal margin by GEXL correlation. Thermal
hydraulics model has been verified against channel stability test data from test loop. STANDY has
predicted the threshold thermal power level of thermal hydraulic instability as well as the
channel inlet flow rate amplitude at onset of boiling transition. Core wide instability phenomena
in Vermont Yankee and LaSalle-2 have been analyzed by STANDY. Regional oscillation in Caorso
has also been analyzed. Both core wide mode and out-of-phase mode have been successfully
simulated. [9][10]

The purpose of this paper is to examine thermal margin during core wide and regional
oscillations based on sensitivity study using STANDY, and to provide a convenient method to
predict the threshold of the regional mode stability.

And the long-term stability countermeasures by SRI system is described.

2. Description of program used for space dependent analysis

The time-domain computer program, STANDY is used for the examination. The scope of the
models in STANDY is illustrated in Fig. 1. STANDY simulates:

(1) space-dependent neutron kinetics in the core,
(2) parallel channel thermal hydraulics in the fuel channels,
(3) heat conduction in the fuel rods and heat transfer on the fuel surface, and
(4) single- and two-phase flow dynamics in the recirculation path in the pressure vessel.
Dome pressure, recirculation pump speed, and feedwater temperature and flow rate are

variables to be specified as disturbances. These variables are influenced by core conditions
through balance of plant (BOP) dynamics. However, since the time constant of BOP response is
significantly different from those of the feedback phenomena concerned with core stability, it is
not included in the program.

Detailed descriptions of the program are found in references [11] and [12]. In STANDY, the
core is divided into regions that consist of fuel channels with similar nuclear thermal hydraulic
characteristics. The maximum number of regions is 20. The channels in a region are assumed
identical in terms of neutron kinetics, fuel heat transfer, and thermal hydraulics. All regions
are divided into axial nodes in the same way. Twenty-four nodes are assigned for the heated
length, and two nodes for the unheated length corresponding to the fission product gas plenum
region. The reason for the more detailed axial noding than the radial zoning is that delay by the
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vapor void transport is considered as the most important factor in both the direct and indirect
nuclear feedback mechanisms. The following are brief descriptions of the partial models:

(1) Neutron kinetics
Neutron diffusion among spatial nodes are dealt with by effective neutron transport kernels

defined as the possibility that a neutron generated in one node is absorbed in another node. The
nuclear constants are given as functions of void fraction and fuel temperature by averaging those
from a three-dimensional steady-state core Simulator based on a variational principle [13].
Burn up and xenon effects are accounted for in the steady state simulator, but not in STANDY. Six
delayed neutron precursor groups are used together with the prompt jump approximation.

(2) Thermal hydraulics
A one-dimensional separated flow model is used to calculate axial distributions of void fraction

and flow rate in a channel. Since differences in material properties caused by pressure
distribution are small at the high pressure in a BWR, pressure is assumed uniform.
Compressibility of liquid and vapor is ignored. Levy's profile fit model [14] is used for the
subcooled boiling region. Validity of using a profile fit model for the stability analysis has been
discussed in reference [12). Zuber-Findlay-Dix's void correlation, Martinelli-Nelson's two-
phase friction multiplier, and homogeneous local loss multiplier are used as constitutive
equations.

In calculation of flow redistribution between fuel channels, mass and energy equations are first
solved assuming an inlet flow rate in each channel. The momentum equation is then solved, based
on solutions of mass and energy equations and pressure difference between core inlet and exit
given by recirculation hydrodynamics model. This gives inlet and exit flow rates in each channel.
The inlet and exit flow rates, and exit quality are then fed to the external core two-phase flow and
recirculation hydrodynamics models. This procedure is repeated until assumed inlet flow rates
agree with calculated values and the sum of all channel inlet flow rates agrees with total flow rate
used in the recirculation hydrodynamics.

(3) Fuel heat conduction and transfer
Radially one-dimensional heat conduction is solved in the fuel pellet and cladding. The pellet is

divided into ten radial nodes, and one node is assigned to the cladding. Axial heat conduction is
ignored. All fuel rods in a bundle are assumed identical. Dittus-Boelter's heat transfer
correlation is used for the single-phase region, and Chen's for the boiling region.

(4) Single- and two-phase flow out of core
The single-phase model deals with downcomer, jet pump, and drive flow as incompressible,

one-dimensional flow. A lumped parameter equation is solved for momentum balance in the
recirculation path and drive flow line. Complete mixing of feedwater and the saturated
recirculation flow is assumed in the downcomer region above the jet pumps to calculate core
inlet water temperature.

The two-phase model deals with the core exit plenum and the steam separators. The exit
plenum is modeled as a single volume, and mass and energy equations are solved assuming
equilibrium between phases. Pressure is assumed uniform in the plenum. The separators are
represented as flow resistances. Inertia of water spiraling in the separator is modeled by an
effective length in the momentum equation.

(5) Thermal margin
Thermal margin during the oscillations is evaluated by the GEXL correlation [15] built into

STANDY program. The GEXL correlation is given as a relationship between boiling length and
critical quality to account for the effect of upstream conditions on the dryout phenomena. This
correlation is known to give good predictions for transient boiling transition (BT). Critical
power ratio (CPR) is used as an index of thermal margin. This is usually defined as the ratio of
the critical power to the actual bundle power. In a transient, however, the dominator
corresponds to the integrated heat flux over the heat transfer surface at the time of CPR
evaluation. This is also found to be a good indicator of transient BT.[15]
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3. Qualification of the program

3.1 Thermal hydraulics model
In order to qualify the thermal hydraulics model of the program, channel stability test data of

test loop [16] have been used. Calculated threshold powers of thermal hydraulic instability and
resonance frequencies are compared with test data in Fig.2. Calculated amplitude of channel inlet
flow rate at onset of boiling transition are also compared with test data in Fig.3. STANOY has
predicted the threshold thermal power level of thermal hydraulic instability as well as the
amplitude of channel inlet flow rate at onset of boiling transition.

3.2 Total program
Total program has been qualified using stability test data at Peach Bottom 2 and Vermont Yankee

(1].[17].[18]. The detail results are described in reference [11]. The analyses showed that
STAND Y could predict limit cycle amplitude during an unstable oscillation as well as instability
initiation.

And STANDY has been applied to analyses of LaSafle 2 in-phase core-wide mode oscillations and
Caorso out-of-phase regional core oscillations.[10],[9]. In analyses of the LaSalle 2
instability, the initiation of the nuclear thermal hydraulic oscillations was successfully
reproduced. The divergent oscillations in the core that led to the scram were also simulated. The
maximum thermal margin decrease caused by the oscillations by the time of the scram was far
smaller than the initial margin. In the analyses of Caorso instability, the out-of-phase neutron
flux oscillations could be simulated, but a beat was found in the case with the right amplitude,
and the amplitude was smaller than the measured value in the case with the correct oscillation
phases.

4. Examination of phenomena in unstable oscillations

4.1 Analyses of in-phase core-wide mode instability
In this section, unstable core-wide oscillations are examined in a hypothetical core

destabilized in four different ways. The specifications of a typical Japanese BWR-5 core were
used as a nominal base for the analyses. The core was divided into 8 regions. The region division,
the relative powers, and the number of fuel bundles in the regions are listed in Fig.4. The radial
power peaking was small, and there were not many high power bundles. The core was very stable
in the nominal natural circulation conditions of 49% power and 3 1 % flow. In order to
destabilize the core, first the average power level was increased to 56%. The core was still
stable as shown in Fig.5. Then the core was further destabilized by:

(1) increasing the void reactivity coefficient magnitudes,
(2) shortening the fuel time constant,
(3) raising power in a large number of fuel bundles, or
(4) increasing the spacer pressure loss coefficient.

(1) The core with large negative void reactivity coefficients
In STANDY, the void reactivity is calculated by a quadratic formulation of coolant density with

coefficients specified for each node. The coefficients for the first and second order terms were
multiplied by 1.2 to destabilize the core.

The responses to the initial disturbance are shown in Fig.6. The core average neutron flux
amplitude at 120 seconds was about 36%, and was increasing further. The difference between
the initial and the minimum CPRs up to this time was 0.12. Assuming the scram setpoint was
120%, the neutron flux amplitude that would reach the setpoint was estimated to be about 91%.
The ratio of CPR decrease to neutron flux amplitude has been found to be almost constant during
divergent oscillations.[11] Therefore, the difference of the initial and minimum CPRs was
estimated at about 0.31 by the time of scram. Although the initial CPR margin to 1 depends on
fuel burnup as well as on fuel types, this CPR decrease was much smaller than the initial margin
expected under natural circulation conditions.
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(2) The core with short fuel time constant
The fuel rod diameter was decreased by about 9% and the number of fuel rods was increased to

compensate for the smaller diameter. This made the fuel time constant some 18% shorter.
However, the parameters to determine pressure drop such as the hydraulic diameter and flow
area were left unchanged to restrict the effect only to the fuel time constant.

The resultant oscillations are shown in Fig.7. The peak neutron flux reached 108% at 119
seconds. The maximum amplitude was 81%. The difference between the initial and minimum
CPRs was about 0.31. The expected difference between the initial and the minimum CPRs before
a scram was 0.35.

(3) The core with high radial peaking in many fuel bundles
The radial peaking pattern in Fig.8 which had a number of fuel bundles with higher power

levels than that in Fig.4 was used to simulate Lasalle-2 radial peaking pattern instead of the
latter. The results are shown in Fig.9. The core was significantly destabilized and the
oscillations rapidly diverged. The neutron flux exceeded the scram level at about 41 seconds
from the instability initiation. The largest decrease in CPR before the scram was 0.31, a much
smaller value than initial margins expected at the power condition.

(4) The core with large two-phase pressure drop
The spacer loss coefficient was multiplied by 1.3 to increase two-phase pressure drop and

thereby destabilize the core by increasing the thermal hydraulic feedback loop magnitude. The
cnrc responses are shown in Fig.10. The largest neutron flux amplitude was 36.1%. The
difference between the initial and the minimum CPR was 0.11. The expected largest CPR by a
scram was 0.35.

Table-I summarizes the results from the above four cases. The amplitudes were given as
peak-to-peak values relative to the initial ones. Values in parentheses were those expected when
the peak-to-peak neutron flux amplitude reaches 91%, the value estimated as the amplitude to
cause a scram with a setpoint of 120%.

In all four cases with different causes for instability, the maximum expected CPR decrement
by the time of the scram was small compared to the initial margin. These results implied that
120% APRM scram can preclude boiling transition in the core wide oscillations caused by the
expected parameter conditions.

4.2 Analyses of out-of-phase regional mode Instability
In regional oscillation analyses, the program can simulate the out-of-phase oscillation

behavior of neutron flux and channel flow. The flow amplitude in an unstable channel is
relatively larger in a regional oscillation than in a core wide oscillation because cf its small
margin in thermal hydraulic stability. This oscillation mode depends on the regional effective
void reactivity coefficient, channel thermal hydraulic stability, and the flow resistance out of
core[i9]. Since a possible, mode of instability can be evaluated by a oscillation mode map for a
characteristic core, regional oscillations can be prevented by core and fuel design if channel
thermal hydraulic stability and regional effective void reactivity coefficient could be controlled.

Then, the important point is that the regional mode stability can be predicted by neglecting the
flow resistance out of core and introducing regional effective void reactivity coefficient to
channel stability analysis. In order to examine if a frequency-domain analysis program based on
one point neutron kinetics model can be used to evaluate the threshold condition of out-of-phase
regional oscillations, comparison between the analytical results by a space dependent time-
domain analysis program and those by a frequency-domain analysis program has been
performed. Analyses of the various core states potential for out-of-phase regional oscillations
mainly caused by little thermal hydraulic stability margin were performed. Results showed that
no regional oscillations could occur at the investigated cores as far as channel decay ratio and
core decay ratio calculated by the frequency-domain analysis program have adequate margin.
(Fig.11) A regional oscillation's threshold depends on channel decay ratio strongly.
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Single channel thermal hydraulic stability can be controlled by the core design. But the radial
peaking distribution and the regional effective void reactivity coefficient depend on the fuel
loading pattern in the core. To examine a practically possible maximum effective void reactivity
coefficient factor for the hottest channel, core performance analyses for the rated power
operating condition have been made by using hypothetical BWR core conditions with different
numbers of high power bundles concentrated locally.

Analysis conditions of each case are shown in Fig.12. These conditions were made by
shuffling the high reactivity bundle location in the core. But if the reactivity of the adjacent
bundle to the hottest bundle increase, the radial power peaking of the hottest bundle itself is made
higher. This effect results in linear heat generation rate (LHGR) increase and critical power
ratio (CPR) decrease of the hottest bundle. Fig.13 shows LHGR and CPR values for each case in
the rated power operating condition. Fig.7 of Ref.19 shows the change of effective void coefficient
factors according to the number of concentrated high power bundle. It is clearly understandable
that LHGR and CPR values do not satisfy the operating allowable limit in case of more than four
bundles concentrated at one location in the core. This means that the expected maximum effective
void coefficient factor in the actual reactor can be judged as below 17 % of total core void
coefficient conservatively. A hottest channel was analyzed with the effective void reactivity
coefficients (17 %) for the single channel perturbation and constant pressure drop boundary
condition. The stability decay ratio was about 0.3 higher than the stability decay ratio for
constant power generation case because of destabilizing effect by the neutron feedback.
Considering that the hottest bundle effective void reactivity coefficient is lower than 17 % of
total core value, about 0.3 margin in channel decay ratio would be conservative enough for
destabilizing effect on the pure thermal hydraulic stability by local neutron feedback.

To examine the effect on detectability of a local channel instability with the concentrated high
power bundles, space dependent analyses were performed. Fig.14 shows the regional oscillation
analysis results of channel neutron flux, inlet flow, and Local Power Range Monitor (LPRM)
response for four bundles case. Because of a change in neutron leakage that caused the local
effective void coefficient change, high power bundles concentrated case is more easy to cause local
oscillations. But wider region of local oscillations result in larger LPRM oscillation amplitude
with the same channel flow amplitude. This amplitude is large enough for operator to detect
oscillations by LPRM before the onset of BT. This result on detectability has been also verified
by analyses studies using different three dimensional transient program, TOSDYN[20].

4.3 Test results of boiling transition under thermal hydraulic instability
There have been no fuel failures reported so far in all instability occurrences in the world.

Further, since the results of the out-of-core tests [16J endorsed these observation, it can be
concluded that instability conditions close to stability threshold are not very severe from fuel
integrity viewpoint.

Fig.15 shows the test loop and test specimen. This out-of-core experiment used an electrically
heated rod bundle to investigate the characteristics of the boiling transition under flow
oscillations (OSBT) during thermal hydraulic instability. After determined the threshold power
for initiation of flow oscillation (QOS), the electrical power to the test section was increased
further up to the threshold power (QOSBT) at which it was detected by the thermocouples that the
boiling transition (BT) occurred and the heater rod temperature reached 613 k.

Experimental results show that QOSBT is larger than QOS by a certain margin, which depends
on the test conditions. Fig.16 shows lest results with a rod bundle having axially uniform power
shape. And at this threshold power (QOSBT), it was not the excursions but the intermittent rises
that were observed in rod temperature behavior, by alternating boiling transition and rewetting
as shown in Fig.17. The intervals of the temperature rises have close relation with the
frequency of the flow oscillations. Analytical investigations have also been performed against
these test results.

These results suggest that the instability does not immediately invite the boiling transition and
even if the boiling transition may occur under the flow oscillations, the temperature of a fuel
rod is limited due to the rewetting and the fuel inlegrity is preserved.
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5. Discussion of countermeasures

As mentioned in Sec.4.2, it is possible to predict a regional stability as well as a core-wide
stability. Hence, our countermeasures are based on prevention of any kind of oscillations.

Fig.18 is an example of an exclusion region of a Japanese BWR defined by a frequency domain
code analyses. The stability control line prevent an operating point from intruding into an
exclusion region by rod block system and flow block system which work by detecting power and
flow. These systems alarm an operator if this region is violated. Since change of plant conditions
is not rapid, these systems are enough to keep a desirable condition. Although a transient like
loss of feedwater heater is low probability during reactor start-up and shutdown star?, its
change is slow enough to detect power increase and to suppress power by an operator action even
if it occurs. But, in the recirculation pump trip transient, a core condition changes rather
rapidly and it is severe burden for an operator to take a suitable action immediately. Hence
automatic selected rod insertion (SRI) system is introduced for recirculation pump irip
transient.

6. Conclusions

In the analyses of in-phase core-wide mode instability, a core was destabilized by adjusting
four different parameters. In all the cases, divergent nuclear thermal hydraulic oscillations
took place. No significant difference was found in the expected thermal margin changes between
the cases when the neutron flux exceeded a scram setpoint of 120%. The maximum change was
still smaller than the margin usually expected in a natural circulation operation.

In the analyses of out-of-phase regional mode instability, hypothetical core conditions with
different numbers of high power bundles concentrated locally were examined. From the thermal
operating limit view point for the normal rated operation, the expected maximum effective void
reactivity coefficient factor for the hottest bundle can be judged as below 17% of total core void
coefficient conservatively. This correspond to the destabilizing effect with the magnitude of 0.3
in decay ratio over the pure thermal hydraulic stability of the hottest bundle. And the neutron
flux amplitude in the local oscillations are large enough for operator to detect oscillations by
LPRM.

Based on the understanding of total system performance, it was concluded that the initiation of
such regional oscillations that result in the onset of boiling transition could be prevented by the
combination of the core and fuel design, operating management, and SRI system.
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Table- I . Summary of analyses for the cores destabilized
by various parameters

Cacetf

1

2

3

4

description

Void reactivity
coefficient

increased

Fuel Time
constant

shortened

Radial power
peaking

increased

Spacer loss
coefficient

increased

Maximum core
ave. neutron

flux ampl.*
during calc.

35.8 %

81.0 %

90.2 %

36.1 %

Maximum
heat flux
amplitude
in hot ch.

0.10 (0.25)

0.26 (0.29)

0.24 (0.24)

0.11 (0.28)

Maximum
flow rate
amplitude
in hot ch.

0.38 (0.97)

0.99 (1.11)

1.15 (1.16)

0.47 (1.19)

Maximum
CPR

decrease
from init.

0.12 (0.3!)

0.31 (0.35)

0.31 (0.3!)

0.14 (0.35)

* ." relative to initial value ( ) : expected value right before scram
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TRACG ANALYSIS OF BWR PLANT STABILITY DATA

J. C. Shaug
J. G. M. Andersen

J. K. Garrett
GE Nuclear Energy

175 Curtner Avenue, San Jose, California 95125

ABSTRACT

The TRACG computer code has been used to analyze the core-wide oscillations
that occurred during the LaSalle 2 stability event and the regional, out-
of-phase, oscillations observed during stability testing at the Leibstadt
plant. Comparison to available plant data will be presented as well as
sensitivity studies to determine the effect of key modeling strategies on the
calculations. The TRACG model provides a detailed simulation of the plant
reactor vessel and internal components. The neutronics model allows a
discrete calculation of the power in each fuel channel. The grouping of
channels required for the thermal hydraulic calculation accounts for the
expected oscillation mode. Boundary conditions for the analyses are provided
by plant measurements or simulation of applicable control systems.
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INTRODUCTION

The simulation of BWR core thermal hydraulic oscillations requires the
accurate simulation of the complex interaction between two-phase flow
hydraulics, fuel conduction, and reactor power calculations. To investigate
the consequences of instability limit cycle oscillations, best estimate
models must be utilized in all areas of the analysis. The potential for
out-of-phase oscillations makes the use of 3-D neutron kinetics models a
necessity. The use of any method to analyze stability must be preceded by
thorough qualification of all aspects of the models. It is also necessary
to understand the sensitivity of the methods to changes ir. boundary
conditions or assumptions. A further requirement is that the calculation
must begin with an accurate system model and representation of the core
physics. This paper discussed the efforts to qualify the TRACG code using
stability oscillation data from LaSalle 2 and Leibstadt. The sensitivity of
the calculations to various parameters has also been investigated.

TRACG MODEL

TRACG[1], the General Electric version of the TRAC-BWR code, employs a
full 6-equation model for mass, momentum, and energy conservation and a
three-dimensional neutron kinetics model. The TRACG code was originally
developed and qualified to provide best-estimate calculations for Loss-of-
Coolant Accident analysis. The application of TRACG has since been extended
for reactor transient analysis and most recently to stability analysis.
Comparison of TRACG to analytical solutions and experimental data for thermal
hydraulic instability[2] has confirmed that TRACG is capable of capturing the
phenomena necessary to analyze the coupled thermal hydraulic and neutronics
behavior of a reactor core during limit cycle operation.

The three-dimensional kinetics model[3] using six inch nodes in both the
axial and radial direction has sufficient detail to simulate all expected
modes of oscillation. The kinetics model is compatible with the steady state
GE BWR Core Simulator[4] which allows accurate specification of the nuclear
parameters of the reactor core. A discrete power calculation is made for
each axial node of every fuel assembly in the core. The thermal hydraulic
response of the channels is provided by grouping the channels into represen-
tative thermal hydraulic groups. This grouping is made based on the expected
mode of oscillation for the analysis. Harmonic mode analysis[5] is used to
provide guidance in the selection of channel groupings.

The thermal hydraulic simulation of the reactor vessel and internals for
the LaSalle and Leibstadt simulation are quite similar. The vessel is
modeled with eleven levels and three rings. One steam separator and one
control rod guide tube is provided for each of the two rings inside the core
shroud. The two recirculation loops are combined into a single model. The
basic vessel nodalization is shown in Figure la. The fuel channel hydraulic
nodalization consists of 24 or 25 six inch heated nodes consistent with the
kinetics nodes, inlet orifice, upper and lower tieplates, and seven fuel rod
spacers as illustrated in Figure lb. Bypass leakage from the channel is also
modeled. Water rods are simulated as unheated rods. The TRACG control
system was used to provide simulation of the plant LPRM (Local Power Range
Monitor) and APRM (Average Power Range Monitor) signals and to provide normal
vessel level control.
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The stability simulations were initiated with steady state calculations
at the desired operating conditions. To obtain a stable steady state at this
condition, the implicit numerical method was used with a large time step
size. The implicit numerical method introduces sufficient numerical
damping[2] to allow a stable steady state. The hydraulic conditions of the
plant were defined to be consistent with plant recorded data. The power
distribution and kinetics data was obtained from the BWR Core Simulator.
This steady state calculation was followed by the transient simulation in
which the explicit numerical method was utilized in the channel components.
The calculation used the maximum timestep allowed by the Courant condition
which minimizes the numerical damping inherent in all first order numerical
methods. The transient analysis was performed with no external perturbation
to initiate the appropriate oscillation mode.

LASALLE 2 EVENT

The March 1988 LaSalle 2 event[6] was initiated by a two pump trip.
Oscillations in core power were observed when the plant reached natural
circulation conditions of 45% power and 28% flow. Transients in feedwater
flow and temperature were also recorded following the pump trip.
Oscillations increased for approximately 2 minutes until a high APRM scram
occurred at 118% power.

The channel group for the LaSalle simulation is shown in Figure 2. Each
of the 764 fuel channels in the core is assigned to one of eight representa-
tive hydraulic channels. The LaSalle event produced a core-wide oscillation,
therefore a grouping by radial peaking factors was chosen.

The TRACG simulation was initialized to natural circulation conditions
at the recorded pre-scram power level and calculated the onset of core-wide
power oscillations. Figure 3 shows that the oscillation amplitude increased
during a 2 minute interval to a limit of approximately 90% of rated power.
For a core-wide oscillation, the relative magnitude of the oscillation is
constant throughout the core. Thus the calculated power, LPRM and APRM
signals all show the same oscillation behavior. The calculated period of
oscillation, 2.3 seconds, is in good agreement with the 2.4 seconds obtained
from plant data. The amplitude of the oscillation compares favorably with
plant data although somewhat lower. Unlike the calculation, the APRM data
recording shows that the oscillation amplitude increased in an oscillatory
manner during the transient with a 35 second period (Figure 4). Similar
oscillations are found in the recordings of core flow and water level. This
oscillation corresponds to a malfunction in the feedwater control valve
operation. To simulate the effects of this feedwater transient, an estimate
of the time dependent feedwater flow prior to the scram was provided as a
boundary condition for the calculation as shown in Figure 5. This produced
the expected impact of superimposing the 35 second oscillation on the
calculated core flow, and water level as observed at the plant (Figures 6 and
7). In addition, the TRACG simulation shows an oscillation in core inlet
temperature with a 35 second period as a consequence of the feedwater
transient. This variation in the core boundary conditions, illustrated in
Figure 8, produces an APRM amplitude transient characteristic of the plant
response at the time the scram setpoint was reached as shown in Figure 9.
The minimum APRM prediction agrees well with the plant data as well as the
maximum.
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A second calculation was performed with a two percent increase in
initial core flow to determine the sensitivity of the analysis to this
parameter. Figure 10 shows that for the increased core flow the calculation
still oscillates but that the limit cycle magnitude has been significantly
reduced. This sensitivity reinforces the need fô r accurate modeling when
attempting to predict the magnitude of instability limit cycle oscillations.

LEIBSTADT TESTS

The Leibstadt stability tests conducted during the first cycle of
operation provide APRM and LPRM data during limit cycle regional oscillations
at a variety of power/flow conditions. Four tests were selected for
comparison ranging from 46% to 56% power and 29% to 31% flow. Recorded peak
LPRM oscillation amplitudes ranged from 12% to 66% of average.

The channel grouping for the Leibstadt simulation is shown in Figure 11.
Each of the 648 fuel channels in the core is assigned to one of twenty
representative hydraulic channels. The Leibstadt tests produced regional
oscillations, therefore a grouping by core region and expected harmonic mode
shape was chosen. An analysis of the harmonic modes[5] was performed to
determine the preferred oscillation axis. The contour of the preferred mode
was used as the basis for the channel grouping.

The TRACC simulation was initiated to the appropriate plant conditions
and calculated the onset of regional power oscillations at the observed
conditions. Figure 12 shows the power oscillations for the core and the two
opposing high power channels for one of the Leibstadt test predictions. The
development of the regional oscillation is evident as well as the nearly
complete cancellation of oscillation for the total core power response. The
distortion of the sinusoidal oscillation as the amplitude increases precludes
complete cancellation and leads to a doubling of the frequency as seen in
plant data. The simulated peak LPRM and APRM signals are shown in Figures 13
and 14. The distortion of the APRM signal resulting from the summing of LPRM
signals to produce the APRM respnse is evident in the calculation as well as
the plant data. A summary of the TRACG predictions for the four tests is
given in Table I. The TRACG simulations at the test conditions are in good
agreement with the data for the LPRM amplitudes as well as the lower APRM
response characteristic of regional oscillations. The predicted LPRM
response is lower than the data since LPRM noise which would tend to increase
the APRM level is not modeled. The calculated period of oscillation also
agrees well with the 2.2 seconds recorded during the tests. The axial
characteristic of the calculated oscillation was confirmed by comparison to
LPRM recordings at different elevations to the TRACG results. The observed
phase lag in power from the bottom to the top of the channel is predicted
accurately by TRACG as shown in Figure 15. The TRACG calculation gives a
phase lag of 56 degrees from the A to C LPRM levels. An 83 degree lag is
calculated between the A and D levels. Plant data indicates a 60 to 87
degree lag respectively. Since the Leibstadt tests exhibited regional
oscillations, the power oscillation amplitude varies radially across the
core. TRACG predicts the amplitude contour in good agreement with the test
data as shown in Figure 16.



Studies of sensitivity to the number of hydraulic channels used and the
channel grouping strategy were performed to provide guidance for future
simulations. When eighteen hydraulic channels were used in the simulation,
the peak channel oscillation magnitude was unaffected. If the number of
channels is reduced to ten, a twelve percent reduction in peak oscillation
magnitude is calculated. A twenty percent reduction will result if the
dominant axis of oscillation is not used in the simulation. This result is,
of course, dependent on the relative separation between harmonic modes, but
provides some assurance that even if the axis of symmetry is not chosen
correctly, the magnitude of the oscillation should be predicted to reasonable
accuracy.

CONCLUSIONS

This work demonstrates that TRACG provides an excellent framework for
the simulation of the BWR reactor under conditions that may lead to
oscillations in power. Corewide and regional oscillations have been
simulated in good agreement with plant data. The ability to provide accurate
predictions of the power oscillation amplitudes makes TRACG a valuable tool
to investigate the potential consequences of operation when oscillations
occur. The sensitivities noted above must be considered in any stability
analysis. Additional sensitivity studies to plant conditions and modeling
strategy are necessary to complete the TRACG stability qualification. These
studies are currently in progress.
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Table I. Leibstadt Data Comparison Summary

Powertflow

(% / %)

56/31

53/30

51/31

46/29

LPRM (%)*

Data TRACG

14 19

66 35

12 12

12 12

APRM (%)*

Data TRACG

4 3

8 4

4 2

4 2

Freq (hz)

Data TRACG

.45 .41

.45 .39

.45 .40

.-£ .39

* ( P-P )/A
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SUMMARY OF RETRAN CALCULATIONS ON LASALLE 2 NEUTRON FLUX
OSCILLATION EVENT PERFORMED AT JAERI

Fumimasa ARAYA, Masashi HIRANO, Kazuo YOSHIDA,
Kiyoshi MATSUMÛTO, Masao YOKOBAYASHI and Atsuo KOHSAKA

Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-11 JAPAN

ABSTRACT

This paper reviews the major results obtained from the analyses
of the LaSalle 2 neutron flux oscillation event with the RETRAN
code, which have been performed at Japan Atomic Energy Research
Institute. A method to determine instability threshold was
developed and applicability of the method was validated by
thermal-hydraulic instability experiment analyses. The
instability map specific to LaSalle 2 was drawn with the method.
Also, the LaSalle 2 event was simulated and the calculated locus
of the event was drawn on the instability map. By performing
sensitivity calculations, effects of axial power distribution
and radial power peaking on the stability was quantitatively
determined within the scope of point nuclear kinetics model. The
calculated results showed that the core inlet subcooling and
the power distribution were important at the event.
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INTRODUCTION

On March 9, 1988, both recirculation pumps were tripped by
an error in valve operation at LaSalle County Station Unit 2
(BWR/5), which resulted in in-phase neutron flux oscillation
under a natural circulation condition.fU The in-phase
oscillation is characterized by the fact that the neutron flux
in the whole of the core oscillates in the same phase. On the
other hand, the out-of-phase oscillation was also experienced in
the Caorso power plant,[2] which was characterized by the fact
that the neutron flux in a part of the core oscillated in a
different phase with the other part of the core. The LaSalle 2
event raised several issues such as what the major contributors
for the instability were in the event, and what the dominant
factors for the instability specific to LaSalle 2 were in
comparison with other BWRs.

This oscillation is generally understood as the density
wave oscillation coupled with neutron kinetics. This phenomena
have been studied since the developmental stage of the boiling
water reactor. The stability of the BWR is usually analyzed with
the linearized frequency domain method. [3] ~ [6] -rne safety
analysis in the regulation process is also performed with this
method. In this analysis, the neutron behavior is usually
treated with the point nuclear kinetics. In this point of view,
the out-of-phase oscillation could not be treated in nature.
However, continuous effort on developing a computer code with
use of the linearized frequency domain method permit a user of
the code to use the three dimensional neutron kinetics.t73 On
the other hand, the time domain method has also been used in the
calculation of the instability phenomena.£8],[9] j n the time
domain method, since the numerical stability problem is involved
in the calculation in nature, the method may not be suitable for
the stability analysis. Recently, multi dimensional computer
codes have been developed and applied to the stability
problems.t1^]-[13] ^s f o r one-dimensional transient thermal-
hydraulic analysis with point nuclear kinetics model, Sorensen
et al.t 1 4]'[ 1 55 applied the RETRAN code on the stability
analysis. They studied the stability by introducing perturbation
such as step wise pressure increase into a thermal-hydrauli"
system which was in a steady state condition.

In order to understand phenomena involved in the LaSalle 2
event and to give information to resolve the issues, the
following calculations were performed in a series of analysis
with RETRAN at Japan Atomic Energy Research Institute
(JAERI).U6]-[18]
1) A method to determine the instability threshold with RETRAN

was developed. The applicability of the method was confirmed
by the experiment calculations.

2) In order to understand the phenomena involved in the event,
both the calculations of the event simulation and the
instability boundary using the method developed were
performed. The calculated results were drawn on the plane
with the ordinate of non-dimensional power to flow ratio and
the abscissa of non-dimensional core inlet subcooling, which
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was basically the same as the Ishii-Zuber instability
map. f19^

3) The effects of power distribution on the instability were
quantified by drawing the instability boundary and the locus
of transient under the LaSalle 2 event scenario on the
instability map using extremely stable power distributions.

This paper summarizes the calculations performed in ths
series of this study and the results obtained in these
calculations,

DEVELOPMENT OF METHOD TO DETERMINE INSTABILITY THRESHOLD

A method to determine the instability threshold with RETRAN
was developed, which was different from that used by Sorensen et
al.. [14]r H-5] Applicability of the method was validated by
calculating thermal-hydraulic instability experiments.

Method to determine Instability Threshold

The method to determine instability threshold was developed
based on an instability plane which consisted of ordinate of
power to flow ratio and abscissa of core inlet subcooling,
respectively, which was basically the same as that of the Ishii-
Zuber instability plane.[19] on the plane, an instability
threshold was searched on a line of constant core inlet
subcooling by increasing the power to flow ratio starting from a
stable condition. The actual procedure is as follows.
1) A steady state natural circulation condition is established

for given core power and core inlet subcooling.
2) In the calculation with the nuclear kinetics, the core power

is gradually increased by inserting a positive reactivity in
the core. On the other hand, in the calculation without
nuclear kinetics, the core power is given explicitly by
input data,

3) The instability threshold is determined from the symptom of
the oscillation of core power or core inlet mass flow rate.

4) In order to draw instability boundary on the instability
plane, the procedure described in 1) to 3) is repeated for
various core inlet subcoolings.

Validation of the Method by Experiment Analyses

In order to validate the method to determine the
instability threshold, two experiments were analyzed. One was a
forced convection thermal-hydraulic instability experiment and
the other was a natural circulation .one. Since some of the
experiment conditions such as distribution of pressure losses,
were not specified in both the experiments, the quantitative
comparisons of the results between the experiment and
calculation could not be done completely. The trends of
calculated results were, however, in good agreement with the
experimental data, considering the lack of information on the
experiments. As an example, the analysis of the forced
convection experiment is briefly described in the following.
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Overview of forced convection instability experiment

The forced convection thermal-hydraulic experiment was
performed by Enomoto, et al.,[20] wj_th the objective to study
the steady state and transient characteristics of various
thermal-hydraulic conditions encountered in BWR operation. The
experiment facility mainly consisted of the test section, steam-
water separator, circulation pump and flow control valve. The
test section consisted of two channels, hot and average channels
connected in parallel. The hot channel with 2x2 rods modeled hot
bundles in BWR and the average with 4x4 modeled average ones.
The threshold power in hot channel, which was defined as thermal
power at the onset of the flow oscillation, was investigated by
increasing the thermal power in the hot channel. The pressure
drop through the channel was kept constant with the effect of
the average channel because the average channel had large flow
area comparing to the hot channel. The parametric effect tests
were performed on parameters such as subcooling, mass flux,
pressure loss coefficient at channel inlet, etc.. The results
showed that the threshold power increased as subcooling at
channel inlet, mass flux or pressure loss at channel inlet
increased, Namely, it was indicated that the channel became
stable when these parameters increased.

RETRAN input models and calculated results

The RETRAN input model simulates only the hot channel,
lower and upper plenums, as shown in Fig. 1. The other parts of
the facility including the average channel were ignored. However
the effect of the average channel was simulated by imposing a
constant pressure drop through the channel by keeping the
pressures in the upper and lower plenums constant during a
calculation. Since the pressure distribution through the test
facility was not specified, the pressure loss coefficients were
adjusted so as to fit the calculated threshold power to one of
the experimental data. In the other calculations, the values
determined were used. The homogeneous flow model was used to
present the two-phase flow behavior.

The RETRAN calculations were carried out on the effects of
mass flux and pressure loss at the channel inlet with using the
method to determine instability threshold described previously.
The calculated results showed that the trends of effects of
these parameters on the threshold power agreed well with those
obtained by the experiments. As an example, Fig. 2 shows the
comparison of the effect of mass flux on the threshold power
between the experiment and RETRAN calculations. In Fig. 2, it is
shown that the ratio of the threshold power to the mass flux
(power to flow ratio) is almost constant in both the experiment
and analysis. This is the same as the results of Ishii-Zuber's
study.[19] In this meaning, it can be said that the agreement of
the RETRAN calculations with the experimental data is reasonably
well, considering the lack of detailed information of the
experiment.

ANALYSES OF LASALLE 2 EVENTt17]
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This section summarizes the results of calculations on the
LaSalle 2 neutron flux oscillation event, using the method
described in the previous section. First, the event sequence is
briefly described. Next, the REIRAN input model is specified,
and then the calculated results of the instability map specific
to LaSalle 2 under the event conditions, the simulation of the
event are described. Finally, the effect of power distribution
on instability boundary is discussed by -performing cal-eulations
to draw instability boundaries and transient calculations with
the event scenario by assuming more stable power distributions.

Event Description t-3-̂

On Wednesday, March 9, 1988, around 5:30 p.m. Central
Standard Time, the LaSalle unit 2 reactor was operating at
steady state conditions at approximately 84 % rated power and 76
% rated flow. During an instrument surveillance test, an
instrument maintenance technician inadvertently opened the
isolation valve installed in the instrument pipe linr. He
realized a valving error had been made a~d attempted to correct
the error by shutting the isolation valve. This action produced
pressure pulses which actuated an anticipated transient without
scram (ATWS) signal which caused a trip of both recirculation
pumps. Then both recirculation pumps were tripped causing rapid
power decrease from 84 % to approximately 40 % rated power. As a
result of the rapid power decrease, the feedwater heater level
control system was unable to control water level in the
feedwater heaters and began isolating extraction steam from the
heaters at around 31 seconds after the recirculation pump trip.
This resulted in colder feedwater being supplied to the reactor
core. The plant operators observed oscillations of the average
power range monitor (APRM) with amplitude of 25 to 50 % rated
value and period of 2 to 3 seconds at around 190 seconds after
the recirculation pump trip. Approximately 7 minutes after the
pump trip, the reactor automatically scrammed on high neutron
flux at 118 % rated value by the APRMs.

Event Simulation

RETRAN input models

The input data used in the present calculations were
developed based on those developed by Electric Power Research
Institute (EPRI) for the analysis of the turbine trip tests at
the Peach Bottom unit 2. E21] The Final Safety Analysis Report
(FSAR)[22] of LaSalle 2 was used to change the core channel
geometrical data, nuclear kinetics data and pressure
distribution in the pressure vessel. As for the power
distributions in the core, in order to reflect the event
conditions on the input data, the plant records were used along
with the FSAR.

The noding diagram used in the present calculations is
shown in Fig. 3. As shown in this figure, a single channel with
fine noding was used to represent whole of the core based on the
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plant records which indicated the oscillation mode of neutron
flux at the event was in-phase. The flow area of the pressure
control valve was changed to keep the pressure at the turbine
inlet. The feedwater mass flow rate was controlled by a three
elements control system usually used in BWR transient analyses.
The change in feedwater enthalpy during the transient was
assumed to decrease exponentially 31 K from the initial value
with the time constant of 50. The initial steady state was
established for the 84 % rated power and 76 % rated flow rate
referring to the plant records.

The point nuclear kinetics model was applied to analyze the
neutron flux behavior. The void feedback reactivity at the end
of cycle specified in the FSAR of LaSalle 2 was used to reflect
the event condition because the event occurred at the end of
cycle 2. In order to take into account the effect of the
distribution of the bundle power peaking factors on the feedback
reactivity within the scope of the single core channel model, a
multiplier to the void feedback reactivity was introduced. This
concept is valid under an assumption that the void feedback
reactivity is a linear function of void fraction, [18] an<j ±s
similar to that used in the BNL plant analyzer.t23] T n e

multiplier was determined by a two-core-channel model shown in
Fig. 4. One represents hot bundles in the LaSalle 2 core and the
other represents average bundles. This model was determined
based on the distribution of the bundle power peaking factors
shown in Fig. 5.[24] ^he axial power distribution was given by
the plant records as a bottom-skewed one shown in Fig. 6.[^5]
The multiplier was determined to be 1.14 by calculating the
changes in void feedback reactivity for small deviation of void
fraction around the natural circulation condition at the event,
with the two-core-channel model assuming different radial power
distributions.

Calculated results and discussions

The overall power transient was reproduced by RETRAN as
shown in Fig. 7. As shown in this figure, the power oscillation
was calculated to occur at around 60 seconds after the
recirculation pump trip. The calculated scram time was about 2
minutes earlier than that in the plant record. This might be
caused by the uncertainty in the feedwater enthalpy transient.
Since the reactor scram was not modelled in the calculation, the
oscillation was calculated to continue after the neutron flux
reached the scram set point. The oscillation period was about 4
seconds, while the plant records showed that it was about 2 to 3
seconds. One of the reasons for this discrepancy might be
related to the distribution of the pressure drop along the core
channel, although the exact reason is yet to be clarified.

Generation of Instability Map

RETRAN input models

The input data used in the instability calculations were
basically the same as those used in the LaSalle 2 event
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simulation. The following describes only the differences of the
input data from those of tne everve simulation.

The noding diagram v,as the same as that used In the event
simulation shown in Fig. 3, except for the main steam line. In
the calculations to draw the instability map, the main stefjr»
line was not necessary to be modeled,- and therefore it was
ignored. The control system of the feedwater enthalpy was
different from that of the event simulation, because th«
calculations presented in this part should be done accordinq to
the developed method to determine instability threshold The
feedwater enthalpy was controlled so as to keep the lower plenum
enthalpy constant through a calculation. According to the method
developed, the core power was increased by n̂sertii.g a positive
reactivity into the core with a constant insertion rate of
0,0025 $/s. The initial conditions were established for arbitral
conditions in which stable state could be established.

Calculated results and discussions

Figure 8 shows the calculated instability boundary together
with the calculated locus of the event described in the previous
part, In this figure, it is shown that the unstable region
exists above the natural circulation condition at around 20
seconds after the recirculation pump trip. It is also shown that
the oscillation starts after the core state crosses the
instability boundary and enters into the unstable region due to
increase in the core inlet subcooling.

The calculated instability boundaries and the calculated
locus of the event are plotted also on the flow corttol
operating map of LaSalle 2 as shown in Fig. 9, where the
abscissa is the normalized core inlet mass flow rate and the
ordinate is the normalized core power. On this plane, the
instability boundaries can be presented by straight lines
starting from the origin depending on the core inlet subcooling.
This is because the core power is in proportion to the core
inlet mass flow rate on instability boundary as described in the
section of the experiment calculations. This figure shows that
the unstable region overlaps the operating region when the core
inlet subcooling becomes large. This figure implies that the
oscillation occurred due that the core state moved on the line
of the calculated locus and coincidentally the instability
boundary moved clockwise as core inlet subcooling increased.

SENSITIVITY CALCULATIONS ON POWER DISTRIBUTIONS 118J

At the LaSalle 2 event, the axial power distribution was
bottom-skewed and the radial power peaking factor was large.
Moreover, there were relatively many high power bundles in
comparison with typical cases in BWR, This atypicality of the
power distribution is worth while to be investigated, because it
is known to have destabilizing effects and is considered to be
one of the major differences between LaSall^ 2 and other BWRs in
view of this type of instability. In order to quantify the
effects of the power distributions at the event on the
instability boundary, as the extension of the LaSalle 2
analyses, the instability boundaries and transients of the
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LaSalle 2 scenario with alternative conditions were calculated
by changing the power distributions.

Transient Calculations with Alternative Conditions

Calculations performed

In this section, two cases of transient calculations on the
LaSalle 2 event scenario are presented. In both cases, named
Case 1 and Case 2, the calculations were performed assuming an
extremely stable power distribution in which the axial power
distribution was typical one at the end of cycle specified in
the FSAR.[22] a s shown in Fig. 6 and the radial one was flat. The
difference between these two cases is the decrease in the
feedwater temperature ATpw from the initial value of 476 K. In
Case 1, the feedwater temperature decrease was assumed to be the
same as that used in the LaSalle 2 event simulation, i.e. ATFW

was 31 K. In Case 2, it was assumed that ATFW was 90 K.
The input data used in Cases 1 and 2 were the same as those

used in the LaSalle 2 event simulation except the power
distributions and the decrease in the feedwater temperature
shown in Fig. 10.

Calculated results and discussions

Figures 11 and 12 shows the calculated transients of the
core power and core inlet subcooling, respectively, after the
recirculation pump trip, in Cases 1 and 2 together with the
LaSalle 2 event simulation. Figure 11 shows that the oscillation
does not take place in Case 1 in which ATFW is assumed to be 31
K. On the other hand, the oscillation takes place in Case 2 in
which ATFW is assumed to be 90 K. Since the feedwater
temperature transient in Case 1 is the same as that used in the
LaSalle 2 event simulation, the calculated transients of power
and core inlet subcooling in Case 1 are similar to those in the
LaSalle 2 event simulation except for the occurrence of the
oscillation. It is also shown that the core inlet subcoolings
finally reached in Cases 1 and 2 were about 23 and 35 K and the
oscillation started when the core inlet subcooling reached 33 K
in Case 2.

Sensitivity Calculations on Instability Boundary

Calculations performed

Two cases of the sensitivity calculations to draw
instability boundaries were performed. In one case, the power
distribution used was axially bottom-skewed and radially
uniform. This case was named "axially skewed, radially flat." In
the other case, the axial power distribution was typical at the
end of cycle specified in the FSAR and the radial one was
uniform. This case was named "axially typical, radially flat"
and was considered to be extremely stable in the present study.

-8-



378

The calculation case of the LaSalle 2 event might be called
"axially skewed, radially peaked."

The input data used in the calculations described in this
part were basically the same as those used in the calculations
of instability map specific to LaSalle 2 under the event
conditions except for the power distribution and the void
feedback reactivity. In the case "axiaily skewed, radially
flat," only the multiplier to the void feedback reactivity was
changed to unity. In the case "axially typical, radially flat,"
in addition to the change in the multiplier in the former case,
the axial power distribution was changed to the typical one
shown in Fig. 6. [22] <rne weighting factors to average the
reactivities in each core volume over the whole of core were
also changed accompanied by the change in the axial power
distribution, which were given by normalized values of square of
power fractions.

Calculated results and discussions

Figure 13 shows the calculated instability boundaries of
the cases "axially typical, radially flat," "axially skewed ,
radially flat" and LaSalle 2 case, which are denoted by square,
triangle and circle marks, respectively. In this figure, the
calculated loci are also plotted. It is clear that the power
distribution has large effects on the instability. The
instability boundaries of the sensitivity cases were shifted
upward and also toward right from that of LaSalle 2 case. In
all cases, since the slope of the instability boundary becomes
steep in the region where the power to flow ratio is less than
0.5, the effect of the power distribution is essentially large
in this region.

The loci of the calculated transients in Cases 1 and 2,
which are "axially typical, radially flat," are also shown on
the instability map in Fig. 13. This figure shows that the final
state of Case 1 is still outside the unstable region of the case
"axially typical, radially flat," but is inside the unstable
region of the case "axially skewed, radially peaked." In fact,
the oscillation was not calculated to occur in the Case 1, but
was calculated to occur in the LaSalle 2 case. Ir Case 2, on the
other hand, the core state entered into the unstable region of
the case "axially typical, radially flat." In fact, the
oscillation was calculated to occur in Case 2. In this case, the
core inlet subcooling reached 33 K at 240 seconds when the
oscillation started, as shown in Figs. 11 and 12, which was
about 10 K higher than that in Case 1 or LaSalle 2 event
simulation.

As mentioned above, the results from the transient
calculations assuming "axially typical, radially flat" can be
consistently understood by che shift of the instability boundary
due to the effects of the power distribution.

CONCLUDING REMARKS

On the LaSalle 2 neutron flux oscillation event, a series
of calculations was performed to obtain in-depth understanding
of the phenomena involved in the event. As for the analyses of
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the instability experiments, the calculated trends were in good
agreement with those of the experiments. This showed the method
had applicability to the instability problem. As for the LaSalle
2 event analyses, by plotting the calculated locus of the event
on the instability map, it was shown that the oscillation
started due that the core state entered into the unstable region
according to the increase in core inlet subcooling. On the flow
control operating map, it was shown that the operating region
became covered by the unstable region in accordance with the
increase in core inlet subcooling. As for the sensitivity
calculations on the power distribution, it was shown that the
power distribution had large effects on the instability boundary
especially in the region of the non-dimensional power to flow
ratio less than 0.5. It was also shown that the effects of the
power distribution in the transient calculations with
alternative conditions were consistently understood with the
shift of instability boundary.

As summary, based on the results calculated by RETRAN, it
could be concluded that the increase in core inlet subcooling
and the highly distorted power distributions were a part of the
causes of oscillation in the LaSalle 2 event. The effects of the
power distributions in the LaSalle 2 event were clarified
quantitatively by a measure of core inlet subcooling. Within the
precision of the method, the results of the present study showed
that the case "axiaily typical, radially flat" had the margin of
about 10 K in the core inlet subcooling until the oscillation
took place under the natural circulation condition.
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ASSESSMENT AND APPLICATION OF THE
RAMONA THREE-DIMENSIONAL TRANSIENT

CODE TO BWR STABILITY

L. Mobarg
Scandpower A/S, Norway
S. Katsenelenbogen

Scandpower Inc., Gaitherburg, MD

ABSTRACT
The RAMONA time-domain transient code, with multichannel core hydraulics
coupled to a three-dimensional neutronics and fuel model, has been
applied to stability analysis of several operating BWRs. The methodology
of the analysis is being described and the main results, as compared to
stability test data, are presented for four European BWRs. Furthermore,
the sensitivity to plant and fuel design parameters is discussed.
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INTRODUCTION
Power oscillations in Boiling Water Reactors, induced by density-wave
effects in the boiling channels of the core, are of concern in the
operation of the plants [1,2]. This calls for accurate analytical tools
capable of predicting the complex phenomena of hydraulic instabilities in
parallell channels, coupled to void reactivity and fuel thermodynamic
feedback effects. RAMONA [3] constitutes such a transient code, with a
detailed modelling of the relevant processes and specifically the spatial
effects in the core.

The experience from applications to several European reactors, where
stability test data are available [4,5,6], is summarized in this paper.
Main conclusions from parametric studies on these reactors are also
presented.

The results shown here are for 'fundamental mode' oscillations, where the
reactor power oscillates in phase over each plane in the core. Higher
order modes (azimuthal and rotational modes) as simulated with RAMONA are
discussed in a separate paper at this conference, [7]).

CODE DESCRIPTION

RAMONA is today in use worldwide at Research Institutes, at Power
Utilities, by a Reactor and Fuel Vendor as well as in consulting work by
Scandpower. The code description given here refers to Scandpower's
version of RAMONA, It does not significantly differ from the version at
Brookhaven Nat'l Laboratory with respect to the basic modelling, but has
been extended with a number of features for more efficient set up and
modelling of specific plants and operating conditions.

Core Neutronics

The 3-D power distribution is calculated with a standard 1.5 group nodal
method (PRESTO), where the core can be represented in full, half,
quadrant or octant symmetry. The core may also be reduced to a 1-D axial
model. The cross-section data base is similar to that used in static
core follow calculations, but with delayed neutron parameters included.
Data files interfacing static 3-D methods provide nodal distributions of
burnup, void history and Xenon concentration. LPRM and APRM detector
signals are being predicted.

Fuel Thermodynamics

Each neutronic node (typically representing cubes with 6" sides) is
associated with an (average) fuel pin, for which the heat conduction
equations are solved in the radial direction for the pellet, gap and
cladding.
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Core Hydraulics

The hydraulics of the core is simulated with parallel channels. Each
fuel assembly may be represented individually or several bundles may be
lumped into the same channel. The flow balance equations are represented
by a 4-equation model with the momentum equation integrated through each
channel and coupled through the external loop. The void distribution is
calculated by a drift flux equivalent slip model.

Recirculation Flow Loop

The external loop is represented by a riser section (core upper plenum +
standpipes + steam separators), steam dome, 2 downcomer and 2 lower pWna
sections. Pumps, represented by a special jet pump model or by
homologous pump curves are included. A special 'effective inertia
length' correlation represents the behaviour of the steam separators.

Only one recirculation loop is modelled and with boundary conditions
specified for the feedwater inlet. A steam line model, with all control
and safety valves represented, is included but normally not used for
stability analysis.

Reactor Protection Systems

Trip logic and modelling of scram systems, emergency cooling systems
etc., representative for BWR reactors are included.

Numerical Methods

A large system of ordinary differential equations will describe the
neutron kinetics, flow thermohydraulics and fuel thermodynamics. The
neutronics and fuel dynamics are solved sequentially by means of an
implicit predictor-corrector method with variable time step. Within this
time step, the hydraulics is solved (for stability applications) with a
second order explicit integration technique.

STABILITY ANALYSIS fOHOOOLOGY

The methodology employed in the stability analysis with RAMONA was
developed, taking the following considerations into account:

1. The core stability is strongly dependent upon the power
distribution, both axial power shape and radial form factors.

2. Those fuel assemblies with high power play the dominating role in
determining stability level and phase pattern.

3. The outer recirculation loop characteristics with components, such
as steam separators and jet pumps, have a strong effect on the
stability, especially for fundamental mode oscillations.
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The first point is handled in RAMONA by performing the 3-D power
distribution calculation quite in analogy with the highly accurate
methods employed in static core follow calculations. The same nuclear
data base {as generated by CASMO, RECORD, etc.) is being utilized, with
cross-section data parameterized with regard to fuel type, burnup, void
history, Xenon concentration, control rod presence, fuel temperature and
void. The reactor history is defined by means of a data file transfer
from the static core simulator (PRESTO, POLCA, SIMULATE, etc.). For
determination of fundamental mode stability, the core can usually be
reduced to quarter or octant core symmetry, dependent on the symmetry of
the loading and the control rod pattern. For including the simulation of
azimuthal and rotational mode oscillations, the core must be modelled in
half or full core symmetry.

The second consideration, stated above, is met by assigning a specific
flow channel to all fuel assemblies with high or average power. Low
power bundles on the periphery or in control cells may be lumped together
without any significant loss of accuracy.

The last consideration, the influence from the external loop flow
dynamics, must be met by a careful modelling in line with that employed
for other operational transients.

Setting up a RAMONA-model for stability analysis can therefore typically
be described by the following activities:

translate core model parameters from the static simulator employed
for the plant.

convert the cross-section data base and reactor history data into
the file formats required by RAMONA.

construct the outer loop model based on the existing transient model
employed for the plant.

The transient simulation is normally initiated by a control rod moved in
and out of the core at one specific location for a short time period.
Such a local perturbation is intended to trigger all possible modes of
oscillation. In a damped system a simulation time of 15 - 20 seconds is
normally sufficient to determine decay ratio and natural frequency.
These parameters are evaluated either by a graphical interpretation of
the time plots or by fitting a second-order system model in the frequency
domain. To determine limit-cycle amplitudes or to identify higher mode
patterns, the simulation time needs to be extended up to the range of 100
seconds.
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EVALUATION AGAINST TEST DATA
RAMONA stability calculations have been performed on the plants specified
in Table 1.

Table 1 BWR Stability Test Experience Base

Plant

CAORSO

TVO-I
Dodewaard
Forsmark 1
Oskarshamn-3

Type

GE BWR-4

ABB
GE nat. c i rc .
ABB
ABB

Stabi l i ty Mode

Damped ;
Azimuthal Limit Cycle
Global Limit Cycle
Damped
Global Limit Cycle
Azimuthal Limit Cycle

Key stability parameters (decay ratio and natural frequency) are shown in
comparison with test results in Fig. 1 and 2, for four of the reactors.
Characteristic for these calculations are that they were performed in
reduced symmetry and hence only represent global mode oscillations.
Calculations on Oskarshamn-3 with out-of-phase oscillations are presented
in a separate paper [7].

For all tests showing fundamental mode or damped oscillations (10 cases)
the decay ratio is predicted with good accuracy in the whole range from
high damping to limit cycle conditions. The frequency is also accurately
predicted showing a clear correlation to the mass transport time through
the core. (Dodewaard core height is only half of the other reactors).

A special comment is here requried fur one of the CAORSO test cases
(no. 6) [4], where the experiments showed large azimuthal oscillations.
RAMONA showed limit cycle global oscillations using an octant core model.
Extending this model to half core symmetry, did however not produce any
out-of-phase oscillations, but the behaviour was identical to that of the
octant core model. Obviously, the affinity to global oscillations was
overpredicted since the octant core model produced limit cycles. The
azimuthal phase modes then seems to be suppressed even when the
appropriate geometry (half core) is modelled.

Typical phase-patterns during global mode oscillations are presented in
fig. 3 - 8. The power is exactly in phase in all nodes over any
horizontal plane in the core (Fig. 3). Axially there is a phase shift of
normally 60 - 90° from the lower to the upper detector level (Fig. 4).
This can be compared with the void variations up the core (Fig. 5), which
show a somewhat larger phase shift. The flow variation is more complex
and behaves differently in channels operating at different power levels.
High power channels show a phase shift of 180° between inlet and outlet
(fig. 6), and seem to be the 'drivers' of the oscillations. Low power
channels, on the other hand, show a phase shift between inlet and outlet
less than 180°, the magnitude of the phase shift proportional to the
power in the channels. The low power channels appear to behave as
'slaves' driven by the radial flux coupling from the high power channels.
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Low power channels may oscillate with the inlet flow out-of-phase with
that of high power channels. The amplitude of the flow variation is
proportional to the power in the channel. Typically, the total core flow
oscillates with close to, but not exactly 180° between inlet and outlet
(Fig. 7).

PARAMETER STUDIES _

Results from parameter variations in some of the calculations described
above are presented in Table 2.

Table 2 Results from Parametric Studies

Parameter

Core inlet throttling
Spacer throttling
Fuel channel hydraulic diam.
Fuel pin diameter
Fuel gap conductance
Void coefficient
Steam separator throttling
Steam sep. effective
1/A-model

Change

- 10%
- 33%
- 8%
- 12%
+ 50%
- 33%
+100%
Excluded

Plant

Forsm-1
TVO-1
CAORSO
CAORSO
CAORSO
TVO-1
Forsm-1
Forsm-1

.pert i r ef
A — A

(X*decay ratio)

+ 0.08
- 0.08
+ 0.10
+ 0.03
+ 0.04
- 0.16
+ 0.20
- 0.10

Of primary importance for the stability of the reactor are following
parameters:

friction forces and irreversible pressure drops in the flow loop
void reactivity feedback fuel
geometry design total
void content and boiling length

Local pressure drops in the single-phase region acts stabilizing and are
usually well defined. In the two-phase region the throttlings (spacers,
channel outlet, steam separators) act destabilizing and are associated
with some uncertainty with regard to 2-phase multiplier correlations.
Basic data on steam separator loss coefficients are usually very
uncertain and will, as seen in Table 2, contribute significantly to the
uncertainty in the analysis. The modelling convention of describing the
spiralling of water in the steam separator with an 'effective inertia
length' correlation does also have some impact on the stability.

The nuclear feedback through the void coefficient is important for core
stability, and will demand both an accurate cross-section representation
as well as realistic flux importance weighting function (power shape) for
the void feedback.
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Much attention has been paid to the influence of geometric fuel design
on stability. It can be seen from Table 2, where variations
representative of going from 8x8 to 9x9 fuel have been introduced, that
an important contribution comes from the higher fricton (lower hydraulic
diameter). However, pin diameter and gap conductance will also affect
the fuel time constant and the stability to some degree.

Finally, the influence of the power distribution in the core must be
emphasized. Large radial power peaks mean 'hot' fuel channels with high
void content. Bottom peaked power shapes also affect the channel void
content and increase the boiling length, which acts strongly
destabilizing.

SLftWRY

The methodology of using RAMONA for stability analysis has been
described. Results from the assessment were presented together with
sensitivity studies that yields an estimate of uncertainties and provides
an understanding of the involved processes.

The approach adopted in the RAMONA analyses of using best available
simulation methods of especially the core region, employing 3-D neutron
kinetics and multi-channel hydraulics, has produced consistent accurate
benchmark results for the global mode oscillations presented. In the on-
going work of simulating higher mode, out-of-phase oscillations, it is
even more important to use this systematic detailed core model approach,
to create a reliable predictive tool for this very complex reactor
behaviour.

Computation costs have in the past been a limitation for using this kind
of analysis tools. However, the development on the computer hardware
side has now made such calculations possible also on standard desk-top
work-stations.
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5.5

RAMONA-3B CALCULATIONS OF CORE-WIDE AND REGIONAL
POWER/FLOW OSCILLATIONS - COMPARISON WITH OSKARSHAMN 3

NATURAL CIRCULATION TEST DATA,

S. Andersson and M. Stepniewski
ABB Atom, S-72163 Vâsteràs, Sweden

ABSTRACT

The 3-D BWR Dynamics Code RAM0NA-3B is used for a study of power
and flow fluctuations at conditions close to observed limit-cycle out-of-phase
oscillations during the start-up stability test at the Oskarshamn 3 internal
pump BWR. The purpose of the work, which is sponsored by the Swedish
Nuclear Inspectorate, SKI, is to see if the observed first order azimuthal
oscillations can be reproduced in a simulation using no a-priori information on
the oscillation pattern when setting up the model.

The experimental data contain dynamic information on the local neutron
flux at 32 LPRM detector locations and the inlet flow tc 8 fuel channels. The
oscillation patterns, i.e. amplitudes and phases at the resonance frequency for
local power and flow, are evaluated by direct Fourier transformation of small
time slices of the data.

A large RAMONA-3B model, using 350 and 268 channels in the
neutronic and hydraulic models respectively, each divided into 25 axial nodes,
was used for the analyses. The agreement between measured and calculated
local flux and flow oscillation frequency and patterns at the limit-cycle
threshold is excellent, taking into account the limitations of the half-core model
used.
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INTRODUCTION

Analytical tools for BWR stability prediction are essential when verifying
that stability margins are adequate. RAM0NA-3B has since long been used for
that purpose and has provided excellent predictions for global-mode (in-phase)
power oscillations [1],

However, experimental evidence shows that also spatial mode (regional,
"out-of-phase") oscillations can occur. The simulation of such oscillations is a
much more difficult task, since no a priori information on the oscillation mode
is available and the model should permit several modes to occur. Having a 3D
spatial core model, RAMONA-3B should have the capability to simulate spatial
mode power oscillations. A model with a large number of hydraulic channels
and with half or even full core neutronic modelling is expected to be required.

A project with the above analysis goal was initiated by the Swedish
Nuclear Inspectorate, SKI, in 1989, using experimental data from
Oskarshamn 3. Phase 1 of the project included plant modelling and
preliminary analyses with an octant core model. It has now been successfully
completed. Phase 2 was initiated in 1990 and includes analyses in half-core
symmetry with a large number of hydraulic channels. This paper presents the
results achieved in project phase 1 and a status of the on-going work in phase 2.

EXPERIMENTAL DATA

Stability measurements in operating reactors are essential for providing
data for code bench-mark. ABB Atom (formerly ASEA-ATOM) has routinely
performed stability tests during commissioning of new reactor types, starting
with the external pump reactor Barsebàck 2 in 1977, and continuing with all 3
internal pump reactor designs later.

These tests include conditions with tripped recirculation pumps, i.e.
natural circulation, contrary to the normal way to operate the reactors. Such
conditions were included at the tests with the intention to study the core
behaviour at conditions with reduced stability margins. Tests have been
performed up to the limit-cycle threshold [2,3], Conditions with both in-phase
and out-of-phase core power oscillations have been encountered.

The experimental data used in this study were recorded at the start-up
stability test at Oskarshamn 3 on 5-6th June 1985. A description of the test is
given in [3]. The test data have provHed a very valuable basis for bench-mark of
stability codes.

Oskarshamn 3 is a 3020 MWth BWR with internal recirculation pumps.
It has now been uprated by 9.3 %, to 3300 MWth. The core consists of 700 fuel
assemblies and 169 control rods; on the test occasion it contained all 8x8 lattice
fuel at low burnup and ABB Atom control rods with high reactivity worth. The
core instrumentation comprises 37 neutron detector assemblies, each with 4
LPRM detectors (at 87.5, 62.5, 37.5 and 12.5% of the core height, respectively).
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The coolant flow rate is sensed by measuring the inlet flow to 8 fuel assemblies,
instrumented with differential pressure transmitters across the inlet orifices.
This is a unique feature of ABB Atom internal pump reactors. A picture of the
core and its instrumentation is shown in Figure 1.

The test is particularly interesting for stability code bench-mark from the
following reasons:

- the fuel state is well denned due to the low burnup.

- dynamic recordings were made of all 4 LPRM detectors in 8 instrument
tubes, selected to cover the core evenly in both the radial and axial direction, in
total 32 signals, Figure 1.

- dynamic recordings were made of the inlet flow to the 8 instrumented
fuel channels.

- core and channel stability evaluations were made from both noise
measurements and test with sinusoidal perturbations of the reactor pressure.

- the reactor core was made to undergo a limit-cycle power oscillation.
Evaluation of the LPRM data shows that ihe neutron flux oscillated in a very
complicated but well-ordered pattern: at each axial location the flux in one core
half oscillated in opposite phase to the other core half. The line of symmetry
was either constant in space, for some time slices, or rotating in the clock-wise
or counter-clockwise direction with the same frequency as the LPRM oscillation
frequency.

Measured core power distributions are available from the 3D on-line core
supervision system. The measured data are based on the on-line power
evaluation (POLCA), as modified by measured instantaneous LPRM values
(UPDAT).

The fuel loading pattern in the Oskarshamn 3 initial core is octant
symmetric and comprises three different fuel bundle designs. 528 bundles were
8x8-1 with an average enrichment of 2.63 w/o for the bulk part, 460 of them
including 3 Gadolinia rods. The top 147 mm had lower enrichment, 1.30 and
1.21 w/o respectively. The remaining 172 bundles were 8x8-4 with a low
enrichment of 1.27 w/o and with one Gadolinia rod.

The control rod pattern at the test is quadrant core rotational symmetric.
It may, however, be closely approximated with an octant core symmetric
pattern. The fuel and control rod patterns being close to octant symmetric
allows for the modelling with either rotational or mirror symmetric reduced
core models. An octant core model, and a mirror symmetric half-core model
were used for the transient analyses performed so far.
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FLUX AND FLOW OSCILLATION PATTERNS

Limit-cycle power and flow oscillations were encountered at about 50.5%
core power and 2700 kg/s coolant flow, with all recirculation pumps stationary.
Both LPRM and channel inlet flow signals contain a significant contribution
from coherent oscillations at a frequency of 0.39 Hz. The oscillations can be seen
most clearly in the LPRM detectors located at the bottom detector plane (no'4).
The inlet flows to high-power channels also oscillate coherently with the
neutron flux. Low-power channels have a lower oscillation level. All channel
inlet flows also contain signal contributions from damped oscillations at
individual channel hydraulic resonance frequencies which do not coincide with
the neutron flow resonance.

In order to study the amplitudes and phases of the LPRM's as well as the
channel inlet flow rates, Fourier transformation of the data has been
performed for small time slices of the data. The results are presented as arrows
representing the amplitude and phase of each signal at the core resonance
frequency, 0.39 Hz. Examples of evaluated LPRM signal oscillation patterns are
shown in Figures 2 and 3, corresponding to three periods of oscillation each.

During several periods of oscillation the pattern in Figure 2 prevails. The
phase shifts between the detector signals in one LPRM string are typically 24.
60 and 94 degrees respectively (string 2), and the phase shift in the radial
direction changes proportionally to the detector azimuthal location. The
neutron flux thus oscillates in a travelling-wave mode, with the flux wave
travelling upwards and clock-wise around the core. The oscillation amplitudes
are approximately proportional to the flux levels, and relatively constant in the
radial direction.

Then, suddenly, the rotation stops and for some periods a symmetry line
with low oscillation amplitudes develops, and with the flux oscillating at
opposite phases in the two core halves divided by the symmetry line. The axial
phase relation remains the same. At other instants similar mirror symmetric
patterns develop, with the line of symmetry located in other directions. The two
diagonal directions seem to be preferred for this type of pattern.

The mirror symmetric pattern prevails for a few periods of oscillation
only, and then the rotational travelling wave pattern re-develops with, typically,
the direction of rotation being reversed, Figure 3. The mirror symmetric
pattern thus seems to be more stable than the rotational, travelling wave
pattern and is established only as an intermediate pattern, changing the
direction of rotational symmetry.

Evaluation of the channel inlet flow oscillations has been performed with
the same method as for the LPRM's. The result is more difficult to interpret
since the signal contribution at the core resonance is different among the
channels. Channels with higher power than average show a significant signal
contribution at 0.39 Hz, increasing with channel power. The largest relative
power of the channels included in the flow monitoring was about 1.30, for
channel A2. Four channels had powers in the range 1.10 - 1.20 (Bl, Cl, C2 and
Dl), while the remaining three channels (Al, B2 and D2) were low enrichment
fuel with low power.
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The inlet flow oscillation patterns follow the general trend of the neutron
flux oscillation pattern, i.e. predominantly being rotationally symmetric in the
clockwise or counter-clockwise directions. However, the coupling is much less
rigid, and individual channels at times break loose from this pattern. The
individual channel flow, damped oscillation, particularly for the non-leading
channels, thus seem to be a stabilizing factor in the overall process. The phase
relation between inlet flow and neutron flux is difficult to clearly quantify.
However, one can see that the flow rate, in channel A2 for example, clearly
leads the flux in the nearest LPRM string (no 2), just as expected from physical
modelling.

RAMONA-3B MODEL

The RAMONA-3B code version available at ABB Atom was used for the
analyses. It includes interfaces to the standard ABB Atom codes used for
nuclear lattice and code design to provide nuclear cross sections data and 3D
burnup and burnup void distributions. Delayed neutron data are given for each
node in the model individually.

The code was upgraded and implemented on a modern work-station to
accommodate a half-core or even a full core model with a large number of
hydraulic channels represented individually. The core model set up so far
represents one half of the core. All 350 fuel assemblies are represented
individually in the neutronics model. 268 channels are used in the hydraulics
model, i.e. all fuel elements in the central, high-power orificing zone of the core
model are represented individually. The number of axial nodes are 25 in both
models. The fuel rod model is divided into 5 radial nodes (4 pellet and one
cladding) for each node in the neutronics model.

A generic detector model has been included in the code to simulate the
LPRM detector responses. A general pump model, based on homologous pump
curves, is also included to simulate the internal recirculation pumps.

Data for the hydraulic model were taken from primary design
information such as pressure loss coefficients for the fuel based on full-scale
measurements in test loops. The nuclear data base used, calculated with the
PHOENIX code, is the same as the one used for design calculations and 3D on-
line power monitoring at the plant, using the POLCA code. Fuel rod data have
been evaluated with the most recent ABB Atom fuel design code, STAV6.

RAMONA-3B RESULTS

Figure 4 shows the calculated stationary radial power distribution for the
octant core model at the limit-cycle test point compared with the "measured"
power distribution (UPDAT), averaged over the four core quadrants. Taking
into account the large flux oscillations that prevails in the measurement, the
agreement between measured and calculated channel powers are satisfactory
and within the uncertainties in the measurement. The peak radial relative
poweris 1.38 in both the calculation and in the measurement.
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Figure 5 shows the corresponding radial power distribution for the half-
core model, assuming mirror symmetry. The maximum radial power peaking
in the half-core model is about 3% lower than for the octant model. Generally
the agreement with the "measured" power distribution is also within the
measurement accuracy. The axial average power distributions agree very well.
Figure 6.

Calculated LPRM signal oscillations for detector string 2 are shown in
Figure 7. The frequency of the oscillation is about 0.37 Hz, in close agreement
with the measurement. The axial phase shifts between the four detectors are
evaluated to 25, 63 and 96°, respectively, which agrees excellently with the
experimental data.

The radial phase shifts across the core between detectors at the bottom
plane, Figure 8, are truly 1st order azimuthal. One must bear in mind,
however, that the model used so far only allows for mirror symmetric
oscillations. Thus the rotational symmetry seen in the data cannot be expected
to be fully verified. On the contrary, one sees that all detector signals in one core
half oscillate in opposite phases to the other half.

Calculated inlet flow oscillations are shown in Figure 9. The inlet flow
oscillates with the same frequency as the neutron flux. The phase advancement
from inlet flow in channel A2 to the flux at the bottom plane of LPRM string 2 is
about 85°, which agrees nicely with the measurements.

SUMMARY

Data from the stability test at the limit-cycle threshold at natural
circulation conditions in the Oskarshamn 3 BWR, performed 5-6 June 1985,
during plant commissioning, have been evaluated and used for comparison
against RAMONA-3B computational results.

The power distribution at the most unstable core condition is strongly
shifted towards the bottom of the core. This effect is a result of the high core
power and the very low core flow rate at natural circulation conditions.
Calculations with RAMONA show good agreement with the measured average
power distribution, both in the radial and axial directions.

The agreement between measured and calculated local flux and flow
oscillation frequency and patterns at the limit-cycle threshold is excellent,
taking into account the limitations of the half-core model used in the analysis
so far. In the continued work in this project studies with a full 3-D model will
also be considered.
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Figure 2. Measured LPRM signal relative oscillation amplitudes,
25.92 - 33.28 s.
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Figure 3. Measured LPRM signal relative oscillation amplitudes,
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ASSESSMENT OF RAM0NA-3B METHODOLOGY WITH FRIGG DYNAMIC TESTS*

U. S. Rohatgi, L. Y. Neymotin, and W.Wulff
Brookhaven National Laboratory

Upton, NY 11973, USA

ABSTRACT

The computer codes used at Brookhaven National Laboratory to compute BWR safety
parameters are the Engineering Plant Analyzer (EPA) and RAMONA-3B/MOD1. Both codes
have the same methodology for modeling thermal hydraulic phenomena: drift-flux formulation,
two-phase multipliers for the wall friction and form losses calculations, and the momentum
integral approach for spatial integration of the loop momentum equations. Both codes use
explicit integration methods for solving ordinary differential equations. It is concluded that both
the codes are capable of modelling the instability problems for a BWR.

The accuracy of thermohydraulics code predictions was assessed by modelling oscillatory
FRIGG tests. Nodalizations studies showed that 24 axial nodes were sufficient for a converged
solution, 12 axial nodes produced an error of 4.4% in the gain of the power to flow transfer
function. The code predicted consistently the effects of power and inlet subcooling on gain and
system resonance frequency. The comparisons showed that the code predicted the peak gains
with a mean difference from experiments of 7% ± 30% for all the tests modeled. The
uncertainty in the experimental data is -11% to + 12%. The mean difference in the predicted
frequency at the peak gain is -6% ± 14%.

*This work was performed under the auspices of the U.S. Nuclear Regulatory Commission.
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1. INTRODUCTION

1.1 Background

The instability event of March 1988 at the LaSalle Plant, Unit 2 (GE BWR-5) has
renewed interest in the area of BWR stability. The objectives of these investigations are to
predict the conditions which lead to instability and to predict major safety parameters, namely,
suppression pool temperature and the clad temperature in cases when instability develops during
an Anticipated Transient Without Scram (ATWS).

1.2 Instability Phenomena

The BWR instability of interest is caused by density wave oscillations. The density
waves can develop in systems which have heated channels with boiling; the waves can be
enhanced by the void reactivity feedback.

Subcooled liquid enters at the bottom of the heated channel and, depending on the
channel power, leaves the channel as a two-phase mixture. Any perturbation in the inlet flow
will lead to a perturbation in the pressure drop across the channel. The system is stable when
an increase in the core inlet flow causes simultaneously an increase in the total pressure drop,
opposing the flow. The channel total pressure drop is a sum of the pressure drops in the single
and two-phase flow regions. The single-phase pressure drop increases with the increase in the
flow while the two phase pressure drop increases after a time delay equal to the time that the
vapor needs to travel up through the boiling length of the channel, to reach the restrictions of
the exit. When the perturbation in the two-phase pressure drop is 180 degrees out of phase with
the inlet flow and is greater than the perturbation in the in-phase single phase pressure drop, then
the channel flow will be unstable.

The codes simulating the BWR instability should have a model for non-homogeneous,
nonequilibrium two phase flow, a two-phase friction multiplier for the wall friction and form
losses, and the model for the feedback effects in the neutronic power calculation.

1.3 Methods of Instability Analysis

There are two parameters of interest in the BWR instability, namely, the onset of
instability and the amplitude of the limit cycle oscillation.

There are two approaches in determining these two parameters. The first approach is
to use a frequency domain code. In this approach, the steady state solution is perturbed at
different frequencies, the field equations are linearized by neglecting second order terms and the
growth (or damping) rate is predicted from the system's eigenvalues. Since the amplitude of the
limit cycle results from the high-order terms, this approach cannot be used to predict the
amplitude of the oscillations but to predict with great precision the conditions at which the
system becomes unstable. The second approach is to use time domain codes. In this approach,
the transient two-phase flow equations are solved with the nonlinear terms retained. With this
approach, one is capable of predicting less accurately the onset of oscillations but it is the only



414

method to predict the amplitude for large oscillations. The integration in the time domain codes
is accomplished either by explicit or implicit numerical integration.

At Brookhaven National Laboratory (BNL), two time domain codes, namely,
RAMONA-3B/M0D1 and HIPA in the EPA are used to address the stability issues. Both these
codes have the same thermal hydraulic drift-flux formulation. The momentum equations are
integrated over the flow paths. The energy and vapor mass balance equations are integrated for
each computational cell. The resulting ordinary differential equations are integrated by an
explicit method. The descriptions of the RAM0NA-3B/M0D1 [I, 2] and the Engineering Plant
Analyzer (EPA) [3] codes are provided in the respective references. The codes differ in the
modelling of the neutron kinetics: RAMONA-3B/MOD1 has a three dimensional description
of the neutron kinetics and EPA has a point kinetics model. However, neutron kinetics models
are not involved in the analyses which are presented here.

2. OBJECTIVE

The BNL codes RAMONA-3B and HIPA have been developed originally for plant
transient simulations and are now used for predicting oscillatory flows of the type expected
during BWR instability transients (including ATWS). Therefore, there is the need to evaluate
the ability of the codes to model the instability phenomena in BWRs. The objectives of the
RAM0NA-3B assessment presented here are,

a) to determine the applicability of the code for simulating BWR instability, and

b) to estimate the accuracy of the code predictions.

3. CODE ASSESSMENT ANALYSES

The RAMONA-3B/MOD1 assessment is performed to meet the two objectives mentioned
above.

3.1 Applicability

The two components of the codes important for predicting the BWR instability are the
thermal-hydraulic formulation and the numerical methods. The applicability of the codes is
judged on the basis of these components.

RAMONA-3B/M0D1 and HIPA codes have the four equation drift-flux formulation.
These codes also have the required constitutive relationships [4] such as for nonequilibrium
vapor generation rate, and heat and momentum transfer from the wall to the two-phase mixture,
and two-phase multiplier for the form losses [5]. Beside the thermal hydraulic models, the codes
also have models for the feedback effects for the neutronic power calculation. These codes have
all the required models to predict the instability.
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Both BNL codes have their partial differential equations reduced to ordinary differential
equations. The resultant set of equations are integrated by explicit methods. It has been shown
that the explicit method of integration has less numerical damping than the implicit methods, for
the same Courant number [6, Page 9, Figure 4] [7, Table 8.1]. The same references also show
that the damping decreases for the explicit method and the damping increases for the implicit
method as the Courant number is increased to 1.0. It is concluded that the explicit integration
method is superior to the implicit integration method for simulating oscillatory flows. The BNL
codes, RAMON A-3B/M0D1 and HIP A, employ explicit integration methods.

Based on the above discussion, it is concluded that the RAMONA-3B/MOD1 and HIPA
codes are capable of predicting the density wave induced oscillatory flows.

3.2 Accuracy

The second issue is the determination of the accuracy of the code prediction. The
accuracy of the code is estimated by modelling the Separate Effects Tests (SET) with oscillatory
flows. The FRIGG dynamic tests [8, 9] were selected as they are the best instrumented tests
available at this time.

3.2.1 Description of SET

The FRIGG test facility consists of a vertical electrically heated bundle in a channel, a
steam separator, a downcomer delivering the separated water to the core entrance, a water
injection nozzle at the downcomer, which provides make-up water for the steam flow and
controls the core inlet subcooling. There are flow resistances due to the instruments and
spacers. The channel has 36 electrically heated tubes of 4.365 m height.

The two series of the tests, namely FRIGG-3 and FRIGG-4, were used in the assessment.
The FRIGG-4 series of tests had chopped cosine heating power profiles in the axial and radial
directions. The FRIGG-3 series had uniform axial and chopped cosine radial profiles. The core
power, system pressure, inlet throttling and inlet subcooling were varied for each series of the
tests.

The oscillatory conditions were initiated by perturbing the voltage applied to the heated
tubes by a pseudo-random binary signal. The core power oscillated with an amplitude of 100
kW. The flow was measured with a venturi using a fast response DP-cell (Statham). The
transient flow and power data were processed using a spectral analysis and the gain and the
phase shift were evaluated for the each test. The uncertainty in the gain was ± 1 db which
translates to uncertainty in the peak gain of-11% to + 12%. The uncertainty in the phase angle
was ± 10 degrees.

Among many runs from the two series of the tests, six tests were selected to cover the
widest possible range of power and core inlet subcooling. The conditions for these tests are
summarized in Table I. The first column lists the test numbers. The test numbers starting with
6 are the tests from the FRIGG-4 series. The tests with the test numbers starting with 4 are
from the FRIGG-3 series. The seconc', third, fourth, and fifth columns show the measured
power, inlet subcooling and core flow rate, and the core exit loss coefficient for each of the
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tests. The sixth, seventh, and eighth columns list the peak gain, frequency and phase at the peak
gain, respectively, as evaluated from the data.

Table I. FRIGG Tests

Test

662101

662105

662107

662113

462053

462101

Power,
kW

2980

45 i6

5040

2980

4529

4513

Core Inlet
Subcooling

C

3.9

4.2

4.2

i6.2

23.4

3.0

Core Inlet
Flow Rate,

kg/s

11.35

10.28

9.85

11.50

11.18

10.54

Exit Loss
Coefficient

2.87

3.38

3.62

2.8?

3.10

3.47

Peak Gain Data

Peak
Gain

2.51

6.70

8.41

1.82

7.94

6.07

Freq.,
Hz

0.40

0.45

0.45

0.32

0.28

0.49

Phase,
I>eg.

-175

-180

-170

-165

-180

-180

3.2.2 Modelling of SET

The FRIGG test facility has been modeled with the RAM0NA-3B/M0D1 code. The
core was represented by a single channel with 24 axi?l nodes. The downcomer, lower plenum,
riser and steam dome were modelled with 14, 7, 6, and 1 nodes, respectively.

The loss coefficients for the core entrance and spacers have a significant influence on the
frequency response of the test and are provided as functions of Reynolds number from the
experiments for steady-state conditions. The core inlet subcooling is controlled by the
temperature of the injected water.

RAM0NA-3B/M0D1 has an option of imposing a wall heat flux boundary condition, but
it did not have a model for electrically heated fuel elements. Therefore, a heater model has been
implemented in RAMONA-3B/M0D1 [10, Chapter 32]. The heat flux lags in time from the
electrically imposed power due to thermal inertia of the heated wall. This time lag is modeled
by the first-order lag.

dt
_1
T

-q;

where q£,Qe, SpRgs>fqi %> **, and r are the wall heat flux, the electrically imposed maximum
power, the Pseudo-Random Binary Sequence signal (PRBS), the power shape, the heated perim-
eter, the heated length and. the characteristic time, respectively. The characteristic time is
computed from the energy balance for the heater wall. The resultant expression is given here.
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T =
Bi

Bi
(2)

where a and s are the thermal diffusivity and wall thickness, respectively. The Bi symbol in
the above equation is the Biot number, Bi=h s/k, where k and h are the wall thermal
conductivity and wall heat transfer coefficient, and s is the thickness of the heated walL
Equations 1 and 2 are evaluated in RAM0NA-3B for every computational cell in the core at
every time step.

Figures 1 and 2 show the imposed pseudo-random binary power normalized to its mean
value and heat flux multiplied with the wall area of the heater. Figure 3 shows the core inlet
and outlet flows. The transfer function between the predicted core inlet flow (Figure 3) and the
imposed power (Figure 1) is computed using the spectral analysis.
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Figure 3. Core Inlet and Outlet Flow Rates

4. RESULTS

The FRIGG tests shown in Table I have been modelled with RAMONA-3B/MOD1 code.
The time steps were kept constant and were selected to achieve the largest possible Courant
number less than 1 which occurred at the exit of the channel. This ensured a minimum damping
in the calculation. The results of the calculations were obtained in the form of time histories for
flow rates and power. All the transients were run sufficiently long to provide 10,000 points per
run for the spectral analysis.

The spectral analysis provides for each test the estimates of the auto and cross spectral
density functions, the coherence, and the transfer function. The gain and the phase shift were
obtained from the transfer function. The spectral analysis was performed by forming eight
blocks of 2,048 points out of the sample of 10,000 points. There was an overlapping of 50%
of the points among the blocks to increase the number of the blocks. The block size was
selected to ensure that the bias error in the results is less than 2.1% [11, Page 268]. The bias
error is estimated from the following expression,

•
Be

Br

2
1
3

1
N-DfBr

(3)

where Be, Br, Dt and N are the frequency resolution, the half power point bandwidth, the time
step, and the' block size, respectively. The bias error decreases with the size of the block, the
time step and the half power point bandwidth of the gain function [Bendat and Piersol, 1980,
Page 21].
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The transfer function also has a random error which is estimated from [11, Page 274]:

where n and 7xy are the number of blocks and the coherence function, respectively. The random
error is inversely proportional to the number of blocks. For the fixed sample size, a balance
is needed between bias and the random errors. The block size of 2,048 points met the bias error
criterion and also had at least one sequence of the pseudo-random binary signal (the signal used
in the calculation had 2047 bits).

Table n summarizes the results of the calculations. In this table, Columns 1 to 7 list the
test number, the block size and the number of blocks used in the spectral analysis, the time step
size, peak gain, frequency at the peak gain, and the coherence at peak gain, respectively. The
remaining two columns show the bias error and the random error, respectively. The bias errors
are under 2.1%, so the block size is acceptable. The largest random error is 8.37%.

Table II. Code Results and Error Estimates

Test

662101

662105

662107

662113

462053

462101

Block
Size

2048

2048

2048

2048

2048

2048

Number
of Blocks

8

8

8

8

8

8

Time
Step,

s

0.0271

0.0192

0.0182

0.0339

0.0247

0.01885

Peak
Gain

(Flow/
Power)

3.188

5.990

9.148

2.770

5.320

5.905

Frequency
at Peak

Gain, Hz

0.360

0.458

0.456

0.216

0.257

0.518

Coherence
at Peak

Gain

0.9941

0.9907

0.9941

0.9793

0.9483

0.9607

Bias
Error,

%

0.41

0.96

1.56

0.56

2.03

0.76

Random
Error,

%

2.72

3.43

6.60

5.17

8.37

7.22

4.1 Nodalization

Calculations were performed to establish the effect of nodalization. The time steps were
selected to maintain the same Courant number for all the nodalizations. Figure 4 shows the gain
as function of frequency for 12, 18 and 24 nodes, as obtained by simulating FRIGG Test
Number 662101. The three curves show the same trend. The gains are within 0.15 for all
frequencies. The results are summarized in Table III where Columns one through five list the
number of nodes, the node size, the time step, the peak gain, and the frequency at the peak gain,
respectively.
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Figure 4. Computed Gains for Three Nodalizations

Table m . Nodalization Study, FRIGG 662101

Number of Nodes

12

18

24

Node Size,
m

0.36625

0.27469

0.18313

Time Step,
s

0.054

0.036

0.027

Peak Gain

Gain
(Flow/Power)

3.33

3.21

3.19

Frequency,
Hz

0.369

0.378

0.360

The conclusion from this assessment is that the peak gain decreased as the number of
nodes increased. Furthermore, if the peak gains were extrapolated to 30 nodes the result would
be affecting only the fourth significant digit. Therefore, the 24 nodes are sufficient to provide
a converged solution of three significant digits. The change in the peak gain was 4.4% as the
number of the nodes was increased from 12 to 24. The frequencies at which the peak gain
occurred were within 5% of the frequency for the 24 nodes case.

4.2 Comparison of Predictions with the Test Data

The FRIGG test simulations were performed with 24 nodes in the core. Figures 5
through 10 show the predicted gain (flow/power) and coherence for the six tests. The coherence
functions are close to 1.0 for all the tests, indicating that the relationship between the power and
flow perturbation is linear for all frequencies of interest. The gain function for all the tests have
the same trend as the data. The discrepancy in the predictions is the highest at the peak gain.
The frequency at the peak gain is matched better for low subcooling tests (subcooling < 5.0 C)
than for the high subcooling tests (subcooling > 15.0 C). Figures 11 through 16 show a
comparison of the predicted phase angle with the data. The trend is similar to the data. The
phase shift is close to 180 degrees at the frequency at which the peak gain occurs.
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Figure 5. Gain and Coherence for FRIGG Test Number 662101
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Figure 6. Gain and Coherence for FRIGG Test Number 662105
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Figure 7. Gain and Coherence for FRIGG Test Number 662107
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Figure 9. Gain and Coherence for FRIGG Test Number 662053
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Figure 10. Gain and Coherence for FRIGG Test Number 462101
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The results of code predictions and the data are summarized in Table IV. The first
column shows the test numbers and, the next three columns (Columns 2 to 4) list the measured
and the predicted core inlet flow rates and the errors in the prediction. Columns 5 to 7 present
the measured and the predicted peak gains and the error, Columns 8 to 10 list the measured and
the predicted frequencies at the peak gains and the error. Finally, the last three columns list the
measured and computed phase angles at the peak gains and the errors, respectively.

A review of Table IV indicates that the core inlet flows are always underpredicted. The
error in the core inlet flow rates is -4.6 ± 2%. The maximum error is in the test number
662113 which has the core inlet subcooling of 16.2 C. The underprediction of the core flow
implies that the code overpredicts the losses in the channel and/or underpredicts the voids which
provide the buoyancy head.

The next comparison is for the peak gains. The code predicted the correct trends. As
the power was increased for the same core inlet subcooling, the code predicted larger peak
gains. As the inlet subcooling is increased for the same power, the system becomes more stable
and the code correctly predicted smaller gains. There is an uncertainty in the prediction of gains
from the spectral analysis which have been listed earlier in the Table H. The average difference
between the predicted peak gains and the data is 7.05 ± 29.7%. This difference could be
compared to the difference of about 70% for the predicted gains (pressure/flow) from a
frequency domain code NUFREQ [12, Page 376].

The next comparison is for the frequency at the peak gain. The frequency is a more
useful parameter than the gain, as it sheds light on the kinematics of the two phase flow. A
review of Table IV shows that the code predicts the correct trend for the frequency. A
comparison of Run 662101 with Runs 662113 and Runs 462053 with Run 462101 indicates that
the code predicted smaller frequencies for larger subcooling cases. Simi'arly a comparison of
Runs 662101 and 662107 shows that the code predicted higher frequency for higher core power.

The difference between the predicted frequency and the data is -5.93 + 14.1 %. The
uncertainty in reading the frequency at the peak gain from the data report is 3.5%. Tb"*. large
differences are in the tests with large core inlet subcooling. This is in agreement with earlier
code assessments[2] where the code overpredicted the location of the net vapor generation point
and under predicted the void fraction for large subcooling (> 15.0 C) tests. The frequency is
inversely proportional to the duration of the enthalpy perturbation in the channel. This duration
can be approximated to be the residence time in the channel and will be dominated by the
residence time in the liquid phase. As the code overpredicts the height of the liquid phase it will
overpredict the duration of the propagation of the enthalpy perturbation and therefore, it will
underpredict the frequency. This is true for the two large subcooling (462053 and 662113) tests.

The last comparison is for the phase angle. The average difference between the predicted
phase angle and the data is-1.17 ±16.17 degrees. The experimental error as reported in the
FRIGG report is ± 10 degrees. The code predicts the phase angle well.



Table rv'. Comparison of Prediction with Data

Teat

662101

662105

662107

662113

462053

462101

Core Flow

Exper.,
kg/3

11.35

10.28

9.85

11.50

11.18

10.54

Pred-,
kg/8

10.672

10.034

9.65

10.48

10.83

10.41

Error*
%

-6.55

-2.39

-2.03

-8.88

-3.15

-1.26

Peak Gain

Exper.

2.51

6.70

8.41

1.82

7.94

6.07

Pred.

3.19

5.99

9.15

2.77

5.32

5.90

Error,*

i _ %

27

-10

9

52

-33

-2.7

Frequency

Exper.,
Hz

0.40

0.45

0.45

0.32

0.28

0.48

Pred.,
Hz

0.36

0.46

0.46

0.22

0.26

0.52

Error*
%

-10.0

2.2

2.2

-31.2

-7.1

8.3

HEM,
Hz

0.27

0.33

0.35

0.19

0.21

0.35

Phase, Deg

Exper.

-175

-180

-170

-165

-180

-180

Pred.

-182

-175

-188

-157

-198

-203

Error*

-7

5

-18

8

-18

23 •ti-
ro
ON

*Error = (Predicted - Experimental/Experimental
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5. CONCLUSIONS

The conclusions from this assessment study are as follows:

a) RAMONA-3B/M0D1 methodology of drift-flux formulation, momentum integral
approach and explicit integration method is applicable to the study of the instability
problems.

b) The minimum number of nodes needed in the channel for converged solution is 24.
c) The decreasing of the number of nodes in the channel from 24 to 12 increases the

peak gain by 4.4%.
d) The average difference between the predicted core inlet flow rates and the data is

-4.6% ± 2%.
e) The average difference between the predicted peak gains and the data is 7.05% ±

29.7%.
f) The average difference between the predicted frequency at the peak gain is-5.93%

± 14.1%.
g) The average difference between the predicted phase and the data is -1.17 + 16.17

degrees.

NOMENCLATURE

Be
Bi
Br
Dt
fq
h
k
L
n
N

<c
Qe
SPR3S
S
a

er

7xy
T

Frequency resolution
Biot number
Half power point band width
Time step
Power shape
Heat transfer coefficient
Thermal conductivity
Length
Number of blocks
Block size
Wall heat flux

Maximum electrical power
Pseudo-random binary sequence
Wall thickness
Thermal diffusivity
Bias error
Random error
Coherence between x and y
Time constant
Tube perimeter
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ABSTRACT

The potential exists for core thermal hydraulic density wave oscillations
to occur in the boiling water reactor (BWR) during anticipated transients
without scram (ATWS) events. Conditions which may lead to oscillations in ATWS
result either from recirculation pump trip (RPT) from appropriate ATWS signals,
or from the failure to scram during core oscillations. A program to evaluate
these scenarios will assess the adequacy of the system design and emergency
operating procedures relative to the reactor system performance. Evaluation of
ATWS events with oscillations is extremely complex, and defining the bases for
the analyses is critical to the success of the program. Accurate analysis
requires detailed modeling of the sequence of events, the plant configuration,
and initial conditions.
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INTRODUCTION

Utilities owning boiling water reactors (BWRs) in the United States are
pursuing several potential solutions to the coupled nuclear/thermal-hydraulic
stability issue. Although the details of each solution are varied, all of the
potential fixes use active trip functions to prevent or mitigate limit cycle
oscillations which might occur. Several of the solutions, for example, would
insert control rods to scram the reactor upon appropriate indications from the
in-core neutron flux instrumentation. Because of the requirement to consider
potential scram failures, any such scram requirement creates a hypothetical
anticipated transient without scram (ATWS) scenario wherein trip conditions are
met, but mitigation fails to occur. Other postulated ATWS events, where the
trip is initiated by, for example, reactor isolation or turbine trip, may
result in oscillations under certain core conditions during the transient.

The BWR Owners' Group has recognized the need for evaluating these ATWS
scenarios in parallel with the effort to define potential long-term solutions
to the stability problem. An ATWS/stability program with GE Nuclear Energy,
described briefly in another paper presented at this conference [1], is
addressing the issues. The objective of the program is to assess the adequacy
of the system design and emergency operating procedures relative to system
performance during an ATWS event with oscillations. Critical performance
parameters will be measured against historical ATWS acceptance criteria. The
program is divided into three tasks: (1), definition of the bases for
ATWS/stability analyses (2), review of operator actions for ATWS and
instability events, and (3), analysis of the postulated scenarios. This paper
deals primarily with the evaluation bases; operator actions are discussed in
the context of their application to the ATWS analyses. Detailed analysis
results are not yet available.

EVALUATION BASES

Evaluation of ATWS/stability events is extremely complex. Accurate
analysis requires detailed modeling of the sequence of events, including both
system functions and operator actions, as well as the plant configuration and
initial conditions. Sophisticated models are needed to simulate interactions
between these parameters. ATWS events with instabilities, however, have a low
probability of occurrence [2]. Consistent with this low probability, the
approach taken in this evaluation is to identify a reasonably limiting but
representative set of plant conditions as the basis for analysis of selected
ATWS scenarios.

Event Scenarios

Previous ATWS evaluations [3] have included analyses of a wide variety of
sequences of events. All of these scenarios, however, are based on a failure
to scram following a licensing basis anticipated transient. Events which did
not initiate reactor scram were not included in the analysis basis. An
inadvertent trip of both recirculation pumps, for example, was not considered
in the ATWS analyses because there was no reactor trip as a consequence of the
pump trip.
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One must also make a distinction between "ATWS" events and events which
are "beyond ATWS." As described above, an "ATWS" event is an anticipated
transient (usually associated with a single failure) with failure to scram.
Inputs to ATWS analyses are reasonably limiting (as opposed to bounding), and
results of the ATWS analyses are compared to historical ATWS acceptance
criteria. The "beyond ATWS" events include a wider range of reactor
conditions, including multiple failures. According to this distinction, only
the "ATWS" events are subject to detailed quantitative analysis for comparison
to the ATWS criteria.

Postulated core thermal hydraulic oscillations affect the ATWS analysis
basis in two ways. First, it must be recognized that oscillations may occur
during some subset of the previously analyzed ATWS events. This possibility
was considered in the earlier ATWS analyses, but that work is being reviewed in
light of recent improved understanding of the stability phenomena. Addition-
ally, some events will now call for reactor scram when the likelihood of
encountering oscillations is significant, or when oscillations are detected
[1]. The long-term solutions create an additional reactor trip; failure of
that function implies an additional ATWS event.

There are, therefore, a number of potential sequences of events. However,
judicious selection of scenarios can greatly reduce the number of sequences to
be analyzed in detail. Review of the events relative to results of previous
ATWS evaluations identifies the limiting scenarios; understanding the parame-
ters important to stability highlights those transient conditions affecting the
likelihood of oscillations. With this background, a representative set of
events can be identified and analyzed.

In light of this, a two recirculation pump trip has been selected as the
base case for ATWS/stability analyses. A recirculation pump trip (RPT) from
rated power is the simplest anticipated transient resulting in reactor
conditions which may lead to oscillations. RPT is also one of the specific
hardware modifications for BWRs defined in the ATWS Rule [4]. There are few
system interactions in the RPT sequence of events (Table I), and operator in-
tervention, as defined by the current Emergency Procedure Guidelines (EPGs)
[5], would be limited to attempts to manually insert control rods. The lack of
significant external influence on the core following the pump trip allows
oscillations to grow to limit cycle amplitudes with little or no system
perturbation. With respect to ATWS/stability analyses, the inadvertent trip of
both recirculation pumps provides a basis for determination of the oscillation
characteristics, including timing and magnitude, of a given plant.

The two recirculation pump trip event is also used to evaluate operator
action to mitigate the oscillations. Because there is little system
interaction in the base case event, changes in the core response due to
operator actions are more clearly identifiable than in other possible
scenarios. The sequence of events for the inadvertent RPT is therefore altered
to reflect more aggressive operator intervention (Table II), and analysis
determines the effectiveness of the improved EPGs relative to the base case.
Bases for the modified operator actions are discussed later in this paper.

Other sequences of events may have more system interaction than the base
case RPT event. Changes in core or reactor system boundary conditions will
perturb the growth of any oscillations which may be present. The turbine trip
event, in particular, provides the basis for a variety of core and reactor
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system interactions with the balance of plant (BOP), depending on the turbine
bypass capacity. The case with no turbine bypass would shut off all flow to
the condenser and the feedwater system and result in a rapid suppression pool
heat-up through the safety/relief valves (S/RVs). A case with a turbine bypass
capacity equal to or greater than the rated steam flow would have little or no
suppression pool heat-up and would resemble the inadvertent RPT case but with
reduced feedwater temperature. The sequence of events for this transient is
described in Table III.

Operator Actions for ATWS/Stability Scenarios

The EPGs [5] provide comprehensive technical direction for the operation
of BWR nuclear power plants during emergency response conditions. In the
context of an ATWS event, with or without core thermal hydraulic oscillations,
the EPGs define a generic set of operator actions for bringing the reactor to a
safe shutdown condition, Actions are keyed to certain plant parameters or
symptoms and do not require identification of an initiating event. The
operator actions specified are consistent with the manner in which control room
operators actually operate the plants. The EPGs furthermore address all
mechanistically possible fail-to-scram conditions for which generic guidance
can be provided, both "ATWS" and "beyond ATWS." In all cases, the best
operational guidance is specified.

In form, the EPGs are comprised of four top level guidelines and six
associated contingencies. Entry to the EPGs for ATWS events is generally
through the Reactor Control guidelines. Specific actions for a given ATWS
scenario will depend on the observable symptoms of that event.

As noted in the discussion of ATWS/stability scenarios and described in
Table 1, an inadvertent trip of both recirculation pumps would not lead to any
operator action beyond manually inserting control rods. Initiation of the
standby liquid control system (SLCS) in the current EPGs is tied to rising
suppression pool temperature, which will only occur if the turbine and main
condenser are unavailable. The potential for large oscillations following the
recirculation pump trip is not specifically addressed in the current EPG
strategy.

Several improved strategies for mitigating the oscillations with operator
actions are possible. The guidelines developed for this analysis (which are
subject to further revision) use early initiation of the SLCS and RPV water
level reduction to reduce average core power and core inlet subcooling, both of
which will tend to mitigate the oscillations. The recirculation pump trip and
turbine trip scenarios described by Tables 2 and 3 both incorporate these EPG
enhancements.

Calculational Bases

The analytical bases for evaluating the impact of instability on ATWS
events are consistent with those used in previous ATWS evaluations: expected
operating conditions with selected conservative parameters. Key parameters
are, as far as possible, defined on a generic basis. In this instance,
however, those parameters known to have a significant impact on core and fuel
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channel stability have all been chosen so as to enhance the likelihood of
oscillations.

A typical GE BWR/5 plant with a Mark II containment is used as the
reference case. Relatively large instabilities, up to the high APRM trip set
point, have been observed in such a plant. The Mark II containment has the
smallest suppression pool relative to rated reactor power of all GE containment
designs, and would, therefore, be expected to have the fastest heat-up for a
given core power level when the reactor system is isolated.

Initial reactor system conditions are set to rated core power at the
minimum flow within the maximum extended operating domain. As shown in Figure
1, this condition will result in the highest attainable core power at natural
circulation following recirculation pump trip. These conditions also tend to
maximize core inlet subcooling. The initial inlet feedwater temperature is
consistent with the rated reactor steam flow.

Actual core and fuel designs are used in defining the initial steady-state
thermal-hydraulic and nuclear parameters. A middle-of-cycle exposure condition
is assumed; this tends to maximize the hot excess reactivity and allows
flexibility in determining the core power distribution. This exposure also
gives a reasonably limiting void coefficient of reactivity.

Having defined the initial core boundary conditions and core nuclear
characteristics, there are a limited number of control rod patterns which
result in a critical core which meets operating thermal limits. The initial
core power distribution used in these ATWS/stability analyses is shown in
Figure 2. Other potentially more limiting distributions might be postulated,
but would not be realistically achievable in a plant.

Reactor system transient response characteristics behave as expected for
the ATWS/stability analyses. The feedwater temperature transient, for example,
assumes no arbitrary loss of feedwater heating. Trip set points are nominal.
Operator actions are consistent with the EPGs; actions are taken as conditions
warrant.

Methodology

The selected ATWS events are evaluated using the TRACG computer code.
TRACG, a GE proprietary version of the TRAC code, is a detailed best-estimate
thermal hydraulics model for BWRs which was developed in order to quantify
realistic reactor safety margins. The code is qualified to a broad spectrum of
reactor component and plant test data; qualification to stability test data and
events is described in another paper presented at this workshop [6]. TRACG is
characterized by a modular structure, detailed best-estimate models, and
efficient numerics; it includes options for point-, one-, and three-dimensional
neutron kinetics models, control system feedback, and balance of plant models
including containment.

The TRACG model used in ATWS/stability analyses is shown schematically in
Figure 3. It includes tht reactor vessel and all relevant internal components:
fuel channels, steam separators, control rod guide tubes, and jet pumps. The
cylindrical TRACG vessel model consists of three radial rinos, roughly
corresponding to the central core, the peripheral core, and the downcomer.
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Twelve axial levels are incorporated in the vessel nodalization. Fuel channels
are represented by twenty-five six-inch cells along the heated length with
three additional cells for the inlet orifice and lower and upper tie plates.
The model also includes the recirculation' loops, the feedwater line, and main
steam lines out to the turbine control and turbine bypass valves. A
containment model provides the suppression pool temperature response. Control
systems for the feedwater/level and pressure control are modeled.

RESULTS OF ATWS/STABILITY ANALYSES

Detailed transient analysis results are unfortunately not available for
this publication. They will, however, include reactor core power and flow,
reactor vessel peak pressure, fuel temperatures, and suppression pool tempera-
ture. Performance parameters will be compared to results of previous ATWS
analyses to isolate any variations which might arise from consideration of core
thermal hydraulic oscillations. The effects of the improved operator actions
on the ATWS event with oscillations are determined by comparison to the base
case recirculation pump trip event. These integrated evaluations are expected
to demonstrate the ability of the reactor system and operator actions to
res rond to and successfully mitigate the consequences of ATWS events with
oscillations.

A turbine trip event with available steam bypass, for- example, leads to
rapid reactor system pressurization, trip of the ATWS logic on high pressure
with subsequent recirculation pump trip, and core flow reduction to natural
circulation. Feedwater temperature will be reduced because of the loss of
extraction steam to the feedwater heaters, resulting in more subcooling at the
core inlet. Such an event may lead to large oscillations. Inherent reactor
feedback and operator intervention will, however, limit the magnitude and
duration of the instabilities. Preliminary results indicate that system
effects such as S/RV actuation early in the event and degraded separator
performance at high inlet qualities have mitigative effects on the stability
response.

CONCLUSIONS

The likelihood and magnitude of any core thermal-hydraulic.o-scillations
for a given ATWS event sequence depend not only on the choice of initial
reactor conditions and fuel characteristics, but also on system dynamics and
operator actions. Because of the complexity of the phenomena, accurate
analysis requires detailed modeling of all relevant systems and interactions.
In addition, selection of parameters must be consistent both with the intended
application of the results and across the full spectrum of input conditions.
Analysis of ATWS/stability events requires a reasonably limiting but represen-
tative set of plant conditions and accurate simulation of operator actions.
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Table I.

SEQUENCE OF EVENTS FOR TWO RECIRCULATION PUMP TRIP WITH CURRENT EPGs

Plant Condition Operator Action

Both recirculation pumps trip

Core flow coastdown, feedwater
controlling level, turbine/generator
(T/G) on line, no scram signal

Manual scram fails, oscillations
begin

ARI fails, feedwater temperature
equilibrates

Oscillations reach APRM scram set
point, scram fails, T/G remains on
line

Oscillations continue

SLCS injection gives hot shutdown

Monitor auto response, evaluate
plant requirements, manual scram
per Interim Corrective Actions

EPG entry, mode switch to shutdown,
evaluate rod position, manually
initiate alternate rod insertion
(ARI), manually drive rods

Continue attempt to manually drive
rods

Continue attempt to manually drive
rods

Start SLCS when conclude that rods
will not move

Exit EPGs, continue plant recovery
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Table II.

SEQUENCE OF EVENTS FOR TWO RECIRCULATION PUMP TRIP WITH IMPROVED EPG

Plant Condition Operator Action

Both recirculation pumps trip

Core flow coastdown, feedwater
controlling level, turbine/generator
(T/G) on line, no scram signal

Manual scram fails, oscillations
begin

ARI fails (APRM not downscale)

Feedwater temperature equilibrates,
oscillations greater than X

Oscillation magnitude decreases

SLCS injection gives hot shutdown

Reactor shut down

Monitor auto response, evaluate
plant requirements, manual scram
per Interim Corrective Actions

EPG entry, mode switch to shutdown,
evaluate .rod position, manually
initiate alternate rod insertion
(ARI)

Start SLCS, manually drive rods

Prevent automatic depressurization,
begin RPV water level reduction

Restore injection, control level
above top of active fuel

Increase injection to restore level

Continue plant recovery
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Table III.

SEQUENCE OF EVENTS FOR TURBINE TRIP WITH IMPROVED EPGs

Plant Condition Operator Action

Turbine trip, bypass opens, RPT
(some plants)

Scram fails

Pressure at relief set point, S/RVs
open, suppression pool heat-up
begins

Pressure at ATWS set point
- automatic ARI
- automatic RPT

Turbine bypass open, S/RVs open
(depending on bypass capacity), no
scram, feedwater controlling level

ARI fails (APRM not downscale)

Feedwater temperature equilibrates,
oscillations greater than X

Oscillation magnitude decreases

SLCS injection gives hot shutdown

Reactor shut down

EPG entry

Manual scram, mode switch to
shutdown, evaluate rod position and
neutron monitoring system, manually
initiate ARI, trip recirculation
pumps

Start SLCS, manually drive rods

Prevent automatic depressurization,
begin RPV water level reduction

Restore injection, control level
above top of active fuel

Increase injection to restore level

Continue plant recovery
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6.2

ANALYSIS OF WATER LEVEL REDUCTION
DURING ATWS/INSTABILITY EVENTS
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ABSTRACT

Density wave oscillations in a BWR can cause increased average core power and
localized flow starvation. The postulated combination of anticipated transient
without scram (ATWS) with oscillations can result in reactor transient conditions
which have not been analyzed fully and might present safety concerns. Therefore,
U.S. BWR utilities are currently considering possible operator actions to
minimize the likelihood of large oscillations during an ATWS.

This paper investigates the effectiveness of lowering reactor water level to
reduce oscillations. Using the one-dimensional transient code, RETRAN-03, it is
shown that decreasing water level reduces oscillations under conditions expected
during an ATWS. Lowering level has a stabilizing effect because the power
decreases as level drops, The dominant effect occurs, however, when the level
drops below the feedwater spargers. This allows steam in the reactor to heat the
feedwater as it sprays from the sparger. The result is a sharp reduction in core
inlet subcooling, which stabilizes the reactor.
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ANALYSIS OF WATER LEVEL REDUCTION
DURING ATWS/INSTABILITY EVENTS

INTRODUCTION

The combination of anticipated transient without scram (ATWS) and density wave
oscillations is currently being investigated by the U.S. nuclear industry. The
combined event has come under scrutiny because ATWS scenarios put the plant in
conditions that are conducive to oscillations. The presence of large
oscillations during an ATWS poses two safety concerns. First, the average power
increase that occurs because of oscillations causes the suppression pool to heat
up faster. Second, the fuel integrity is threatened if the oscillation in flow
results in extended dryout. For these reasons, it is prudent for the operator
to take actions during an ATWS so that large oscillations are prevented or
reduced. One of the possible actions is to temporarily terminate feed flow and
lower water level. This reduces power and core inlet subcooling; both are
stabilizing effects. This paper investigates the effectiveness of this action
in preventing or reducing oscillations during an ATWS in order to maintain
protection of fuel and containment.

ANALYTICAL TOOLS AND MODELS

The analytical tools used in this study include three computer codes:
RETRAN-03,[l] SIMULATE-E, [2] and SIMTRAN-E. [3] RETRAN-03 was used to perform the
transient analyses while SIMTRAN and SIMULATE were used to generate one-
dimensional kinetics input to the RETRAN BWR system model.

BWR System Model

The basic geometric configuration of the BWR4/5 RETRAN-03 system model is
depicted in Figure 1. Components not shown include a steam!ine, turbine
admission valves, bypass valves (40% capacity), and safety valves (SVs). The
core was subdivided into 47 nodes rather than the 12 shown. This level of detail
was found to be beneficial for the calculation of core stability, and was carried
into the current study to take advantage of the enhanced resolution it provides.
To help assess and minimize numerical dispersion effects, unequal core node
heights were used, with small nodes toward the bottom of the core and larger
nodes toward the top. Also to minimize numerical dispersion, the explicit form
of the energy equation was chosen.[4,5] The key input features and modeling
options that were selected are given in Table I.

Because the intent of this study was to investigate trends rather than to provide
analysis for a particular plant, control systems were modeled only to the extent
necessary. The feedwater system used, in particular, is a simple model that
controls level oased on collapsed water level (maintains inventory).

Transients Investigated

ATWS scenarios were selected for analysis based largely on the likelihood that
significant oscillations would develop. This includes any natural circulation
condition where feedwater is available and inlet subcooling is allowed to
increase. The most appropriate event for analysis appeared to be a turbine trip
event. Conditions were selected such that the subsequent recirculation pump trip
will put the system in a relatively unstable condition. Drive flow to the
feedwater pumps will be available and relief to the suppression pool will occur.
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Additionally, because feedwater heaters are fed by the turbine steam, feedwater
heating will be lost, increasing the likelihood of a substantial increase in core
inlet subcooling.

Analysis Results

The power response for the base case turbine trip analysis is shown in Figure 2.
Turbine trip occurred at one second and pump trip at five seconds. The feedwater
was controlled to maintain the level at its initial value. The feedwater heating
loss was represented simplistically by a 100 Btu/lbm loss that was ramped in from
20 to 30 seconds, then an additional 50 Btu/lbm loss was ramped in from 200 to
210 seconds. (Variations from this assumed heating loss will only affect the
timing of the subsequent transient and not its general behavior.) At first the
power responded in a relatively stable manner, dropping off as the recirculation
pumps coasted down. However, the flow eventually fell to a natural circulation
value (shown in Figure 3) and the system became less stable. This is evidenced
by the minor oscillations appearing at 30 to 40 seconds that were induced in the
system by cycling safety valves. As the transient progressed the core inlet
enthalpy gradually fell, causing the single-phase length to increase and
producing an increasingly more bottom-peaked power distribution. These effects
combined to further destabilize the system and magnify the oscillations.
Eventually the system entered a quasi-limit cycle state with power peaks of
approximately five times rated. This behavior continued until the analysis was
terminated at 350 seconds.

To help clarify the importance of the feedwater enthalpy on system stability,
this analysis was repeated with the feedwater enthalpy maintained at its initial
value. A comparison of this run with the base case gives an indication of the
importance that the loss of feedwater heating has on stability. The results are
summarized in Figure 4. The power response demonstrates that significant
oscillations do not develop when feedwater enthalpy is kept high.

Because it seemed plausible that the safety valve action will affect the severity
of the oscillations, either enhancing or suppressing them, the base case was
reevaluated with 100% bypass capacity (which effectively eliminated any safety
valve action) and with 10% capacity. With respect to the power response, results
from these cases were quite comparable with the base case, indicating that the
safety valve action for this does not significantly alter the system oscillatory
behavior.

A potential mitigative action that the operator could take during an ATWS is a
reduction of water level. It is expected that this will both reduce reactor
power and increase the stability of the system. Figure 5 shows results for a
five-foot level reduction. The system remained very stable while the level was
falling and the core inlet enthalpy was high (feedwater flow was terminated
during the level reduction). However, when feedwater flow was re-established,
the inlet enthalpy fell and the system became unstable, but the oscillation
magnitude was smaller than in the base case. This trend continued when the level
was reduced ten feet and 14 feet (to one foot above top of active fuel).

At this juncture it should be noted that a modeling conservatism exists in this
investigation of reduced water level. As the level is reduced in a reactor the
feedwater sparger eventually will be uncovered, allowing the subcooled feedwater
to actively condense steam from the space above the downcomer level (see
Appendix). This effect will become more noticeable as the level continues to
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drop beTow the sparger since there is more time for the feedwater to react with
the steam. This will have two immediate effects on the transient. One is that
the condensation process will assist in limiting the system pressure. The second
is that the feedwater enthalpy will increase due to its interaction with the
steam. This will keep the core inlet subcooling relatively low, reducing or
eliminating the oscillations that otherwise would be expected.

To assess the magnitude of this condensation effect, the case in which the level
was reduced five feet was repeated, but the feedwater was assumed to condense
sufficient steam to raise its enthalpy half way to saturation, i.e., 50% of the
feedwater saturates and 50% stays subcooled (a 50% condensation efficiency is
reasonable for these reactor conditions - see Appendix). The results of this
case are shown in Figure 6 and, as anticipated, it has a very dominating
stabilizing effect. Figure 7 provides a comparison of these results with those
in which no condensation is assumed. Clearly, the oscillation amplitude is
reduced with reduced liquid levels (alone). However, if condensation on the
feedwater also occurs then the oscillations are virtually eliminated. The level
at which oscillations are eliminated is dependent on the stability of the core
and the true condensation efficiency. For the reactor analyzed herein, a 50%
efficiency appears adequate to stabilize the reactor.

CONCLUSIONS

• During an ATWS event in which unstable system behavior is possible, the
amount of core inlet subcooling plays a significant role in determining
whether oscillations occur. For the system configuration investigated it
was found that minimizing inlet subcooling has a pronounced stabilizing
effect.

• A reduction of the vessel fluid level, in and of itself, has a relatively
modest capacity to suppress oscillations. However, if the level reduction
also induces a decrease in core inlet subcooling, then oscillation
suppression can be dramatic. This reduction of subcooling is most
pronounced when the level falls below the feedwater sparger and feedwater
is allowed to mix with steam.

• For the system modeled herein, cycling of safety valves does not have a
significant effect on the amplitude of oscillations.
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APPENDIX

Once the downcomer water level has dropped below the feedwater sparger, incoming
makeup water will be injected directly into the steam environment above the water
level. Condensation of steam on the subcooled liquid stream of droplets will
heat the makeup water and decrease its subcooling before it is mixed with the
saturated liquid from the steam separators in the downcomer.

To estimate the degree of heating due to exposure to the saturated steam above
the water level, the following simple analysis can be performed. The jets formed
by the makeup water leaving the feedwater sparger nozzles will break up into
droplets the size of which will be governed by the size of the jet which will be
approximately the same diameter as the feedwater nozzle. If the drops are small
they will remain at this size, falling at their terminal velocity until they
reach the water level in the downcomer or another surface. If they are large,
they will break up into a size determined by the droplet Weber number and fall
at the terminal velocity Of the nevi droplet size until reaching the downcomer
water level. In either case, steam condensation on the droplets will reduce
their subcooling.

The droplet size formed by the jets from the feedwater sparger nozzles can be
estimated from the one-dimensional jet model which bases droplet size on jet
diameter at the maximum growth rate of the jet.

"U/3

- We, + I- We

where

d. = jet diameter
We, * jet Weber number * d̂  pf Vo /T
T = surface tension
pf - liquid density
Vo = jet discharge velocity

For jet Weber numbers greater than about 10, this expression yields droplet
diameters greater.than the jet diameter. If this droplet size is greater than
the droplet size given by the critical Weber number, the falling drops will not
be stable and will break up into smaller droplets. The most commonly used value
of critical droplet Weber number is around 12. Once the droplets reach a stable
size, they will fall at a terminal velocity determined by equating the drag on
the droplet to the gravity force. For typical conditions in the reactor vessel,
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the droplet diameter determined from the critical Weber number is approximately
0,2 to 0.3 inches and the terminal velocity approximately 3.0 ft/sec.

To estimate the droplet heating, the droplet can be modeled as a sphere with a
step change in environment temperature. Using the familiar Heiser charts and
assuming a condensation heat transfer coefficient of 0.5 Btu/sec-ft -°F for
condensation, the time for the droplets to loose some fraction of their
subcooling can be estimated. For example, for the droplet to lose half of its
subcooling, the time required is under two to three seconds. In this period, the
droplet will fall about six feet.

This estimate is at best approximate. It -assumes uniform size droplets and
cooling by conduction only. It assumes freely falling droplets while many may
hit the core shroud dome or other internal hardware and lose their subcooling
rapidly to the hot surface. It does, however, provide an order-of-magnitude
estimate of the significant heating of the feedwater flow which will result once
the sparger is uncovered.



452

TABLE I

1. System
a. 72 Volumes
b. 82 Junctions
c. 94 Conductors

2. Recirculation Loops Combined in Single Path

3. Vessel
a. 4 Volume Downcomer
b. 47 Region Core
c. 3 Volume Bypass
d. 3 Volume Upper Plenum
e. 47 Active Core Conductors
f. 47 Passive Core Conductors

4. Options Used
a. Algebraic SIip (6)
b. One-Dimensional Kinetics
c. Explicit Energy Equation Solution
d. Direct Moderator Heating
e. Subcooled Void/Profile Fit
f. Forced Convection Heat Transfer
g. EPRI CHF Model
h. Four-Equation Solution Method

5. Control Systems and Boundary Conditions
a. Feedwater System
b. Turbine Admission Valve
c. Condenser Bypass Valve
d. Safety Valves/Suppression Pool
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Figure 1. Nodalization Diagram of the RETRAN Input Model
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6.3

AN ANALYSIS OF REACTOR TRANSIENT
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ATWS EVENTS
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ABSTRACT

Numerical simulations of BWR (boiling water reactor) dynamic response under ATWS (anticipated
transient without scram) conditions are presented for the case where the reactor is operated at natural
circulation conditions. In non-isolation events, reactor stability is strongly influenced by the degree of
core inlet subcooiing. At normal water level and pressure, instabilities develop if core-inlet subcooiing
exceeds a critical value of -21 Btu/lbm. A sensitivity study with regard to the steam separator pressure-
loss coefficient, however, indicates that system stability is strongly dependent on the magnitude of this
parameter which suggests a significant degree of uncertainty in the results. Under isolation conditions at
rated pressure, stability is significantly enhanced by rapid pressure fluctuations generated through
cycling of safety/relief valves. Large-amplitude instabilities develop, however, in depressurization events,
and SRV cycling no longer stabilizes the system. In a simulated depressurization to ~50C psia, prompt
critical excursions occurred, and oscillation amplitudes reached 1000% of rated power.
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1. INTRODUCTION

In an ATWS (anticipated transient without scram) event, a BWR (boiling water reactor) may be operated
over a wide range of conditions far removed from those encountered during normal operation. In a non-
isolation ATWS for instance, the reactor operates in natural circulation with large reductions in feedwater
enthalpy caused by loss of turbine extraction steam flow tc feedwater heaters. Decreased make-up-flow
enthalpy results in increased core-inlet subcooiing which can lead to reactor instability. If the ATWS
event also involves isolation of the reactor vessel, a rise in core-inlet subcooiing and a drop in water
level occur with initiation of HPCI (high pressure coolant injection) which supplies highly subcooled
water to the vessel at a reduced flow rate. Also in the case of vessel isolation, abrupt reactor pressure
fluctuations are produced by cycling of SRVs (safety/relief valves). Moreover, at the low reactor water
levels which result, the feedwater spargers become uncovered and cold make-up coolant is injected
directly into a region occupied by saturated steam. The development of condensation on the injection
flow can have a significant modulating influence on the increasing core-inlet subccoling. An ATWS may
also involve depressurization of the reactor vessel as a mitigatrve response to failure of certain
equipment. For example, should HPCI fail to function, the reactor could be depressurized to -500 psia
to allow coolant injection by Intermediate-pressure-range condensate pumps. In the more severe case
of boron injection system failure, further reduction of reactor pressure to the 250 psia range is necessary
to sufficiently reduce reactor steam production. This delays suppression poo! heat up which allows time
for manual control rod insertion and shutdown of the reactor.

In order to properly formulate emergency operating procedures for response to an ATWS, an
understanding of the reactor dynamic behavior over the wide range of conditions described above is
required. Previous studies have focused on certain aspects of reactor behavior during an ATWS such as
core power response to decreased water level [1, 2, 3] and to boron injection [3]. An attempt is made
in the present investigation to formulate a more comprehensive characterization of reactor response.
The analysis covers non-isolation and isolation ATWS events at rated pressure conditions. Effects of
make-up-flow enthalpy reduction and steam condensation on the cold make-up flow are examined. The
study also investigates reactor behavior during vessel depressurization. Results of the analysis are used
to assess current response strategies for ATWS events.

Analyses presented in this paper are carried out with the SABRE (Simulation of ATWS in Boiling-Water
Rgactors) computer code which was developed by PP&L for simulation of BWR transient behavior under
natural circulation conditions with control rods withdrawn. SABRE contains thermal-hydraulic models of
the reactor jet pump, lower plenum, core bypass, upper plenum, riser, separator, steam dome, and
downcomer regions of the reactor vessel. A two-node, radially-lumped parameter model describes fuel-
to-coolant heat transfer in each of the axial nodes within the core region. Nuclear heating effects are
simulated using a generalized, nodal point kinetics model which allows variation of the core axial power
profile and the nodal reactivity coefficients during the transient calculation. Core reactivity parameters,
which correspond to 9x9 fuel at an EOC (end-of-cycle) condition, are modelled over a wide range of
reactor operating conditions.

2. MODEL DESCRIPTION

A single core channel is used to represent the average flow and power conditions within the 764 fuel
bundles. Models of the bypass, upper plenum, riser, separator, steam dome, downcomer, jet pump, and
lower plenum regions are also included. Vessel coolant sources consist of feedwater flow, high pressure
injection, and CRD (control rod drive) flow. In this Section, the governing thermal-hydraulic equations
for the various regions of the reactor vessel are presented. A description of the fuel and cladding heat
balance equations and the nuclear heating model are then given.
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Fluid Dynamics Equations for Jet Pump, Lower Plenum, Core, Bypass, Upper Plenum, Riser, and
Separator Regions

Within the scope of the present model, the fluid at a particular location within a region can consist of
liquid (subcooled or saturated), vapor, or two-phase mixture. The flow is one-dimensional and each
region of the reactor is characterized by an axially-uniform flow area. Over each cross section of a
region, it is assumed that the fluid is in thermodynamic equilibrium which implies that subcooled boiling
effects are neglected. In all regions, the two-phase flow regime is modelled as co-current. Locally, the
fluid is treated as incompressible so that all acoustic phenomena are neglected (i.e., acoustic waves are
assumed to travel at infinite speed). The fluid is, however, globally compressible in the sense that fluid
properties vary with the overall system pressure. This description allows modelling of transient reactor
behavior involving pressure variations without including complex pressure wave phenomena. Potential
and kinetic energy effects are neglected in the present analysis. The model considers slip between
phases, a non-uniform, time-varying axial power profile, local pressure losses at the inlet and outlet of
the various regions, and wall and fuel-spacer frictional effects. With these assumptions the continuity,
energy, and momentum equations, respectively, for each region are given by (see [4], pp. 185-196)

£ «S/Pil •»,£*

->Jrl]EA\L*È£ + LLÏÎ
2P i I D*

where the subscript k = J, L, C, B, U, R, and S, which refer to the jet pump, lower plenum, core,
bypass, upper plenum, riser, and separator regions respectively. In the momentum equation Cw, where
i=J,L, and C, is the Kronecker delta defined to be unity for k=i and zero otherwise. This notation is
used to indicate that the normal flow direction for the jet pump region is downward and to denote that
the length 14 contributing to the elevation pressure drop across the lower plenum region is less than the
lower plenum flow path length L̂ . In addition, the factor 6te in the spacer frictional pressure drop term
signifies that the core region, only, contains fuel spacers. The Dirac delta function 4(z,,-Ç), where £=0
and L», designates the location of the local pressure losses at the region inlet and outlet. In the above
equations G(z,t) is the fluid mass flux, P*(t) denotes the system pressure which is defined to be the
steam dome pressure, P(z,t) refers to the local fluid pressure, t is the time, and z is the axial coordinate
(0 s. zk s LJ. In addition, the fluid density p(z,t), the volume-weighted enthalpy h(z,t), the flow-weighted
enthalpy h(z,t), and the momentum density p'(z,t) are defined through

p = ( l -a) p' + apff , Ti = [p' (1-a) h' + ps a h*\ / p ,

(2)
h = (1-x) h' + x h3 , and

p'(l-B) p'aj '

where p' and h' are the liquid-phase density and enthalpy, pfl and h9 denote the gas-phase density
and enthalpy, a is the fluid void fraction, and x is the flow quality (the mass flow rate of vapor divided by
the total mass flow rate), a and x are both in the range of 0 to 1. A complete listing of variable
definitions is given in the Nomenclature Section. As mentioned earlier, the fluid properties are allowed to
depend on the steam dome pressure P' rather than on the loca! fluid pressure P. The equation of state
for the fluid can therefore be expressed as p = p(P', h). Note that n = h' for pure liquid and h = h9

for pure vapor. Appropriate boundary conditions for {',) can be formulated by specifying the 'ocal fluid
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pressure on zk=0 and zh=l_h and by specifying the flow-weighted enthalpy of the fluid entering each
region.

The void-quality model gives an additional relation. For forward flow in the core, bypass, upper pienum,
riser, and separator regions, the EPRI [5] void model is used; under reverse flow conditions the
homogeneous void model is employed. In the jet pump and lower plenum regions the homogeneous
void model is uced under both forward and reverse flow conditions. The heat flux term q"(z,t) is zero
for ail regions of t rs reactor except the core where it accounts for heat transfer from the fuel rods to the
coolant. In the single-phase region of the core, the Dittus-Boefter [6] correlation is used to calculate the
coolant-film heat transfer coefficient; the Thorn [7] correlation is used for the boiling region of the core.
q"(z,t) in the energy equation represents the local volumetric heat generation rate within the coolant.
For the present model, this quantity is zero for all regions except for the bypass where it accounts for
gamma heating of the coolant. The heat generation rate within the bypass is assumed to be 1.75% of
the total core power. Gamna heating is equally distributed along the length o ie bypass region.
AJthough gamma heating of coolant also occurs within the core region, its magnitude is much smaller
than that due to heat conduction through the fuel rods and is therefore neglected.

In the momentum equation, the two-phase friction multiplier <}> is calculated from the Martinelli-Nelson
correlation which includes the flow correction developed by Jones [8,4]. For local pressure losses such
as those occurring across a fuel spacer and the inlet or outlet r* •* flow region, the homogeneous two-
phase multiplier * is u^ed in computing the pressure drop. Pressuie changes also occur as s resuit of
flow area differences between adjoining flow regions. These reversible local pressure changes are
computed f-om a two-phase Bernoulli equation (see [4], p. 241). Reversible pressure changes across
the core and bypass regions are neglected because the large irreversible pressure drops associated with
the orifice, fuel, spacers, and bypass flow restriction are the dominant contribution to the local pressure
losses. Reversible pressure drops are included in the remaining flow regions of the reactor.

Fluid Dynamics Equations for Downcomer and Steam Dome Regions

Both the downcomer and steam dome are variable-volums regions. The combined volume of these two
regions is, however, fixed and is denoted as Vo. In the following discussion, the subscript "D" refers to
the downcomer region and the subscript *SD" refers to the steam dome region. In the downcomer,
coolant can be added by means of injection flow (feedwater or high pressure injection) and by means of
the liquid exiting the steam separator region. Furthermore, when the downcomer water level drops
below the feedwater spargers, coolant is injected directly into a region occupied by saturated steam. In
this case the steam condensing on the cold make-up flow provides an additional source of mass to the
downcomer region. Fluid exits the downcomer through the entrance to the jet pump region. In
depressurization transients, where flashing occurs in the downcomer, vapor separation at the fluid
surface also contributes to mass loss from this region. The mass and energy balances for the
downcomer region can be written as

-0 ÊÏ2B t ( r - n i r ^ M V - 7 ) i& - ^

wir,j + wcond * W,(L,, t) [ l - x , ( L , , t)) - Wj(o, t) - Km and

l]dP'J F (4)

t) ] h'.U,. t) - Wj{o, t) h'D - Wvs hg
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where pD is the downcomer fluid density.. Vw is the steam dome fluid volume, W,n) is the injection flow
rate, and W ^ is the mass addition rate due to steam condensation. Wj and Ws refer to the mass flow
rates within the jet pump and separator regions respectively, and xs is the flow quality within the
separator region. The relation VD = Vo - V^, where VD is the downcomer fluid volume and v ^ is the
steam dome fluid volume, has been used in obtaining (3) and (4). In (4) hD is the downcomer volume-
weighted enthalpy, hinj is the injection-flow enthalpy, h4 is t n e liquid-phase enthalpy in the separator
region, hj, is the liquid-phase enthalpy in the downcomer region, and h8

D is the vapor-phase enthalpy in
the downcomer region. Potential and kinetic energy effects are neglected in (4). Also, rt is assumed
that only liquid flows from the downcomer to the jet pump region, and it is assumed that the latent heat
associated with condensation is completely absorbed by the injection flow. Similarly, the mass and
energy balance equations, respectively, for the steam down region are given by

dVsu v dps? dUsp dpSD dp-
PSD d t "SD gfi dc "SC dp. d t

so (5 )

= We(Le, t) XB{Lt, t) * Wve - Wecm - Wcond and

PSD "SD dt
^SD ^ y k ÔPSD _ l] dP'
dt -^r™ dp- J\ dt

(6)

= WS{LS, t) xa(La, t) hl(LB, t) * Wvs hi - Wata Ji^ - Wcond h%D ,

where pSD and h^ are the density and volume-weighted enthalpy of the fluid in the steam dome region.
Wwm is the rate at which steam exits the vessel, and hf^ denotes the enthalpy of vapor in the steam
dome region. An isentropic, homogeneous, equilibrium, critical flow model is used to compute WBm

under isolation conditions where steam is discharged through SRVs. For the unisolated case, the steam
flow rate is calculated from a proportional control model designed to maintain constant reactor pressure.

The steam condensation rate W ^ is defined in terms of a condensation efficiency r\. If T] = 0, no
condensation occurs on the subcooled injection flow; if T) = 1, the injection flow is heated to the
saturation state by the condensing steam. For purposes of computational simplicity, TI is taken to be a
linear function of the water level in the downcomer region, TI =0 if level is greater than or equal to the
elevation of the feedwater spargers, and TI = 1 if water level is less than or equal to a specified elevation
below the spargers denoted by L,.,. The parameter L,., is measured in inches above TAF and is
supplied as part of the input data. Under conditions where flashing occurs in the downcomer region,
the vapor separation rate W,, is computed from the correlation developed by Griffith [9] for bubble
separation in an annulariy-shaped region with large flow area.

Fuel and Cladding Heat Balance Equations

The heat transfer model presented here describes the transient temperature behavior within an average
fuel rod within the core. Axial conduction within the fuel rod is neglected since the dominant
temperature gradient occurs in the radial direction. A lumped-parameter model is used to describe the
radial flow of heat from the fuel to the coolant. The overall resistance to heat transfer from fuel to
coolant consists of the thermal resistances of the fuel, the fuel-cladding gap, the cladding, and the
coolant convective film at the outer surface of the cladding. The radially-lumped parameter model used
here is a generalization of the model formulated by Tong [10]. The governing equations are given by
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Pt Cpf n r? *£l = * r\ Sqt~ - \T' ' ^ and (7)

^ « (4. - 4,)

where T,(ze,t) and T^z^t) represent radially-averaged values of the fuel and clad temperatures at axial
position zc of the reactor core. q7(t) is the core-average volumetric heat generation rate, S(zc,t) is the
axial power shape function, Teool(zc,t) is the coolant temperature within the core region, and R,, R9, R ,̂
and Rfllm account for the heat transfer resistance associated with the fuel, fuel-cladding gap, cladding,
and the coolant film. Additional parameters appearing in (7) and (8) are defined in the Nomenclature
Section.

Neutron Kinetics Equations

Point reactor kinetics equations with six delayed neutron groups are used to simulate nuclear heating
effects within the reactor core. These equations, expressed in terms of the core-average volumetric he
generation rate q7(t), are given by [11]

* ' c ' and
 T F - T K ' - * ' * ' U-1.2....6) . W

where A is the mean neutron generation time. p, is the delayed neutron fraction for group i, P = 2p,, A,
is the decay constant for group i, R(t) is the total reactivity, and the C,(t) are the modified delayed
neutron precursor concentrations (Cj(t) is proportional to the actual concentration). In the SABRE code,
transient calculations are carried out with the full kinetics equations (9) under conditions where R>0.6p.
The prompt-jump approximation [11] to (9) is selected if R<0.6p. The total reactivity R(t) is calculated
as the sum of the moderator density and doppler reactivities:

I». (Pc " Pcref) d2c + T- [ Vd Ft ~ Tfref) dzc (10)
0

where ^m(zc,t) and nd(zc,t) are the moderator density and Doppler reactivity coefficients respectively.
Pc rrf(Zc.t) and T, ̂ (zc,t) denote reference state values for the core coolant density and fuel temperature.

A state space description of nm, ^a, S, A, and p was developed to allow modelling of variations in these
parameters as reactor conditions change during a transient. In developing the state space description,
the three-dimensional, coarse-mesh, diffusion theory code SIMULATE-E [12] was used to calculate two-
group neutron cross-section and power-distribution data over a wide range of reactor pressure (250 to
1050 psia), core flow (12.5 to 50 Mlbm/hr), and core-inlet subcoding (0 to 75 Btu/lbm). A total of 64
state points were considered. The SIMTRAN-E [13] code was then used to carry out a spatial averaging
of the three-dimensional cross-section sets and power distributions in order to obtain the core-average
axial power and reactivity coefficient profiles. The profiles are functions of reactor pressure, core flow,
and core-inlet subcooling. These three state variables correspond to the independent variables used as
input in the SIMULATE-E code, i.e., pressure, core flow, and inlet subcooling are specified, and
SIMULATE-E calculates the critical core power, power distribution, and cross sections.
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The core-average power profile and reactivity coefficient data base described above is contained within
the SABRE code. During the transient calculation, the time-averaged pressure, core flow, and core-inlet
subcooling are computed using a time-averaging interval commensurate with the fluid particle transit
time through the reactor core (a value of 10 sec was used in this analysis). The axial power profile, A,
P, [im, and (id are then updated in SABRE by linear interpolation of the neutron-kinetics data as these
time-averaged quantities vary during the simulation.

Calculation of the core reactivity from (10) requires knowledge of the reference state moderator density
and temperature distributions. Reference state values, for an average core channel, are computed by
the SIMULATE-E code. However, due to thermal-hydraulic modelling differences between SIMULATE-E
and SABRE, the codes yield slightly different moderator density and fuel temperature profiles for the
same values of core flow, pressure, and core inlet subcooiing. Thus, direct use of the SIMULATE-E
calculated reference conditions in SABRE would result in critical power predictions which differ
somewhat from those obtained with SIMULATE-E. In order to resolve this discrepancy, SABRE was
initialized at all 64 critical reactor state points, and the calculated moderator density and fuel temperature
profiles were then included in the neutron-kinetics data base and used as the reference conditions. As
the time-averaged reactor pressure, core-inlet flow, and core-inlet subcooling vary during a transient
simulation, these reference states are updated by interpolation. Adjusting the reference state values in
this manner allows the SABRE code to calculate the critical reactor power consistent with that predicted
by the SIMULATE-E code.

3. NUMERICAL SOLUTION METHOD

Control-Volume Formulation of Governing Equations

In this analysis, an integral method [14] is used to approximate the partial differential equations (1)
governing the flow dynamics with a set of first-order accurate ordinary differential equations having time
as the independent variable. Specifically, integrating the continuity equation over the interval z^ to z*. +
Azk, and incorporating the equation of state p = p(P\ h), leads to

dpkj dhk] _ . . dp^ dP>

where z^ specifies the axial position of control volume j of region k such that zk1 = 0, z^ = Az»

= L,, - Azk (N, is the number of control volumes in region k). For the simulations presented in this
paper, Nd = NL = 5, Nc = NB = 25, and Ny = NB = Ns = 10. h^ and p^ are the control-volume-
average enthalpy and density for volume j of region k, i.e.,

B « ( t ) ' "AT"

The mass flux terms in (11) are defined by

SUld <5^.,(t) • Gfr ( Zjy., , t) . (13)

In this discussion, if a variable is specified with a " " then the subscript j denotes a particular control
volume boundary within region k (e.g., j = 1 corresponds to the inlet boundary of control volume 1, and
j = Nk+1 corresponds to the outlet boundary of control volume NJ. Variables specified without a "•"
refer to controi-volume-average quantities, and here the subscript j indicates the control volume number.
Within a particular region, all control volumes are of uniform length so that Azk = L,/Nk
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Integration of the energy equation (see (1)) over the region zN to z^ + Azk, and inclusion of the fluid
pnimtinn of eta to violHcequation of state, yields

(14)

h^, the flow-weighted enthalpy at boundary j of region k, is approximated by the volume-average value
associated with the control volume supplying the flow to the boundary, i.e.,

« " \htj * 0(àzk) if ôt

>0
<0 ' (15)

The momentum equation for region k can be integrated over the entire flow path length L̂  to yield

^ + Mk = gc [Pkl - PM^] * 0 lAzj,) (16)
dt

where

- Lk
dp' 47 .

and

(18)

The spatially-integrated form of the continuity equation was used in obtaining (17). In (18), the control-
volume-average mass flux G^ is computed as the average of the volume-boundary values G,, and G,,,,.

The individual region momentum equations (16) cannot be solved directly since the pressures on the
region boundaries are in general unknown. However, by adding the regional momentum equations
(excluding the equation for the bypass region) and incorporating the reversible pressure drops due to
area changes, the following overall momentum equation, with known boundary pressures, can be
obtained:

M * AP r e v = gc [P° - P-) * 0 làzk) where F Fk and M = £ Mk (19)



AP.^ is obtained from summation of the local reversible pressure drops. In (19) P°(t) is the fluid
pressure in the downcomer region at the elevation of the jet pump throat (inlet). The pressure P° is
approximated by the hydrostatic pressure at the jet pump throat.

An additional momentum equation, independent of the unknown regional boundary pressures, can be
obtained by subtracting the individual momentum equatioris'for the core and bypass regions. The
resultant equation is given by

jL[Fe(t) - FB(t)l = MB(t) - Mc(t) + 0(£izk) (20)
a Z k-B,C

In (20) reversible pressure drops are neglected since, in the core and bypass regions, they are small in
comparison to the local irreversible losses.

The regions occupied by fuel and cladding are also divided into control volumes of length Azc.
Integration of the heat balance equations (7) and (8) over the length AZC, leads to a set of ordinary
differential equations for the fuel and cladding nodal temperatures T̂  and T^ respectively. Calculation
of the heat flux to the coolant within the reactor core requires determination of the clad surface
temperature. Since the thermal capacitance of the clad is relatively small, the surface temperature is
calculated by assuming continuity of heat flow from the clad midpoint to the coolant.

Consistent with the control-volume formulation of the governing equations, the total reactivity R(t)
(see (10)) can be computed as

RU) = - ~ £ ^ (Pcj - Pc«/j) + -r1 E l*«o (TfJ - Tlx,ti) * 0 (Azc) . (21)

Initialization and Temporal Integration Procedures

Initialization of the SABRE code involves calculation of the critical reactor power, fuel and cladding
temperatures, and reactor flow rates corresponding to specified values of reactor pressure, downcomer
water level, and downcomer subcooling. An initial estimate of the critical reactor power is supplied as
part of the input data. Using this value, the code computes the thermal-hydraulic conditions within the
reactor vessel and the total core reactivity from (21). If R(o) is not zero (to within some acceptable error
level), an iteration procedure generates an improved estimate of the critical power; the thermal-hydraulic
and reactivity calculations are then repeated. This iteration is carried out until convergence of the
reactivity is obtained. The resulting critical reactor state is used as the initial condition for the transient
simulation. In these simulations, it was not necessary to introduce an artificial initial disturbance in order
to test the stability of the system since initial small-amplitude perturbations are generated by the
numerical solution procedure. These initial disturbances arise because the numerically-computed initial
state is not an exact solution to the governing steady-state equations. A fourth-order Runge-Kutta
scheme is used to carry out the temporal integration of the governing equations in control-volume form.
In situations where the code selects the prompt-jump approximation to the full kinetics equations, a time
step size of 10 msec is specified. A step size of 2 msec is selected when the full equations (9) are
solved. SABRE automatically switches from the prompt-jump approximation to the full kinetics equations
when the total reactivity exceeds 0.6P and returns to the prompt-jump approximation when the reactivity
drops below 0.6P. Because the fluid is locally incompressible, the control-voiume bounaary mass fluxes
G^ cannot be explicitly advanced in time. An iteration procedure was therefore developed to compute
the flows at each time step. An outline of the steps involved in the numerical solution is given below:

1. Values of F, FC-FB, \ , P", VSD, hD, hSD, T,, Tc(|, C,, and q," are given as a result of completing a
stage of the Runge-Kutta integration scheme.



466

2. Fluid thermodynamic properties corresponding to saturation conditions are computed with P*.

3. Coolant void fraction and density are calculated from the first two relations in (2). Flow quality is
obtained from the void-quality model, and the flow-weighted enthalpy is computed from the third
equation in (2). 3p/dh and dp/dP' are then computed for each control volume.

4. Clad surface temperature and coolant heat flux are calculated by assuming continuity of heat
flow from the clad radial midpoint to the coolant.

5. Values from the previous temporal Integration stage are used as initial estimates for Gj,, Gc,,
GB1, and dP'/dt- Estimates for these quantities are denoted as (Gj,)o, (Gc,)o, (GB1)O. a n d

- (dP7*)o-

6. Using (G,,),,, (Gc,)o, (GB,)O, and (dP'/dtL improved estimates (G,,),, (GC1),, (GB1),. and (dP'/dt),.
are generated by a Newton's iteration procedure.

7. h^ are determined from (15) using current values of h^ and values of G^ from previous
calculations.

8. Starting with the first control volume in the jet pump region, values of dh^/dt and G»,,, are
computed sequentially, for all regions, from (11) and (14) using the inlet flows generated in
step 6. Note that once the inlet flow G^ to a control volume and the pressure derivative dP"/dt
are specified, (11) and (14) are simply a pair of linear algebraic equations for the unknowns
d f y d t a n d G v , .

9. Steps 7 and 8 are repeated with the updated values of G^ until the flows show negligible change
between successive iterations.

10. The time derivatives dV^/dt, dhD/dt, dh^/dt, and dP'/dt are calculated from the system (3)-(6).
(F), and (Fc - FB), corresponding to (Gj,),, (Gc,),, (GB1),, and (dP"/dt), are computed using (17).
The value of dP'/dt computed in this step is denoted as (dP'/dt)'. The bypass inlet mass flux
is also calculated from a mass balance constraint at the core-bypass inlet. This value is denoted
as G;,.

11. If the conditions F-(F),=0, (FC-FB) - (FC-FB), = 0. G^-(Ge,), = 0, and (dP'/dtJ'-fdP'/dt), = 0,
are not satisfied to within an acceptable error level, then set (GJ1)O=(GJ1),, (Gc,)o= (GC1),,
(GB,)o=(GB,)1t and (dP7dt)o=(dP'/dt),, and repeat steps 6 through 11. Upon convergence of
the inlet flows and the pressure time derivative, an additional stage of the Runge-Kutta
integration is carried out, and new values of the variables listed in step 1 are obtained. Starting
with step 2 the algorithm is repeated.

4. RESULTS

All results presented in this section correspond to natural circulation operation with control rods
withdrawn. An actual ATWS event, however, would most likely initiate at rated power and flow
conditions. Recirculation pumps would then be tripped forcing the realtor into natural circulation
operation. Since the SABRE code does not contain a recirculation pun.p model, the beginning of ATWS
sequences are omitted in the simulations presented here. All transients are initiated with the reactor
already operating in natural circulation. It must be emphasized that the following results are preliminary
since the SABRE code has not yet been subjected to a validation process.
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Figure 1 shows the development of reactor power and flow instabilities under conditions where the
vessel is unisolated and operated with normal water level. Throughout the transient, pressure regulator
and feedwater controller operation are simulated with proportional control models which maintain
pressure and downcomer water level essentially constant at 950 psia and 196 inches above TAF (top of
active fuel). The initial coolant subcooling at the core inlet is 20.5 Btu/lbm. Although the reactor
exhibits unstable behavior at this value of core-inlet subcooling, limit cycle oscillations are relatively small
in magnitude.
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Figure 1 Simulation of limit cycle behavior at natural circulation conditions with vessel
unisolated. Pressure and downcomer water level are controlled at 950 psia and
196 inches above TAF. Initial core-inlet subcooling and initial vessel make-up
flow rate are 20.5 Btu/lbm and 1667.0 Ibm/sec. Vessel make-up-flow enthalpy is
430.5 Btu/lbm.

In order to determine the effect of core-inlet subcooling upon reactor stabilfty, a simulation was carried
out in which the core-inlet fluid was nearly saturated. Vessel make-up-flow enthalpy was then decreased
from saturation conditions slowly at a rate of 0.1 Btu/sec which caused a gradual rise in core-inlet
subcooling. During this simulation, control models were used to maintain steam dome pressure and
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downcomer water level near 950 psia and 196 inches above TAF. Figure 2 shows the reactor power and
core-inlet subcooling response to the injection-flow enthalpy reduction. Results indicate that amplified
power oscillations begin to develop when the core-inlet subcooling reaches a value of -21 Btu/lbm.
Since the core-inlet subcooling is continually increasing in this transient, the reactor never reaches an
equilibrium condition with respect to this parameter. Thus, the time at which amplified oscillations are
observed lags the time at which the core-inlet subcooling reaches the critical value for instability. The
critical core-inlet subcooling is therefore slightly less than 21 Btu/lbm. In Fig. 2, the power response
displays the rather surprising result that once instability develops, small increases in subcooling have a
stabilizing effect (oscillation amplitudes are decreasing over the core-inlet subcooling range of 24.3 to
28.5 Btu/lbm). Further increases in subcooling, however, lead to large-amplitude oscillationo. Figure 2
also shows the shift in the core axial power profile that occurs as a result of the increase in coolant
subcoofing. At t=0, when the core-inlet coolant is nearly saturated, the power profile is top-peaked.
Core-inlet subcooling is increased to 62.4 Btu/lbm at 2400 seconds; the increased moderator density at
the core inlet causes a downward shift in the power profile peak. The large shift in the axial power
profile peak emphasizes the need for multiple sets of neutronics data for simulation of transients
involving significant variations in reactor state variables such as core-inlet subcooling.
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Figure 2 Effect of core-inlet subcooling on reactor power response. Vessel is
unisolated. Pressure and downcomer water level are controlled at 950 psia
and 196 inches above TAF. Make-up-flow enthalpy is reduced at a rate of
0.1 Btu/sec. Initial make-up flow rate and enthalpy are 1624.0 Ibm/sec and
526.9 Btu/lbm.



469

Figure 3 shows reactor power response for the case where the core-inlet subcooling is 28.5 Btu/lbm.
This value is in the range where an increase in subcooling decreases the magnitude of power
oscillations (see Fig. 2). At this value of subcooling, limiting power fluctuations are very small in
magnitude. Comparison of this result with those presented in Figure 1, where the core-inlet subcooling
is 20.5 Btu/lbm, gives additional evidence that reactor instability is less severe at subcoolings slightly
beyond the critical value for instability.

o « » •

Figure 3 Simulation of limit cycle behavior at
natural circulation conditions with vessel
unisolated. Pressure and downcomer
water level are controlled at 950 psia
and 196 inches above TAF. Core-inlet
subcooling is 28.5 Btu/lbm, and make-
up-flow enthalpy is 390.0 Btu/lbm. Initial
make-up flow rate is 1679.4 Ibm/sec.
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\n order to investigate the sensitivity of the critical core-inlet subcooling (corresponding to normal water
level and a vessel pressure of 950 psia) and the magnitude of power oscillations to variations in code
input parameters, the transient described in Fig. 2 was repeated with the separator region pressure-loss
coefficient reduced by 20%. Figure 4 shows the effect of decreasing the separator loss coefficient on
the core power response. Significant power oscillations now develop when the core-inlet subcooling
reaches a value of ~29 Btu/lbm although very small amplitude oscillations develop at lower values of
subcooling. Comparison of these results with those in Fig. 2 also shows that the oscillation amplitudes
are highly sensitive to the value of the separator loss coefficient.
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Figure 4 Effect of core-inlet subcooling on reactor power response with steam separator
pressure-loss coefficient reduced by 20%. Vessel is unisolated. Pressure and
downcomer water level are controlled at 95C psia and 196 inches above TAF.
Make-up-flow enthalpy is reduced at a rate of 0.1 Btu/sec. Initial make-up flow
rate and enthalpy are 1624.0 Ibm/sec and 526.9 Btu/lbm.
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In an isolation ATWS, vessel pressure is controlled by cycling of SRVs, and make-up flow is supplied by
HPCI systems. Figure 5 shows reactor power and level response to an MSIV closure which occurs at
t = 10 seconds. At this time feedwater flow terminates, and water level begins to drop. HPCI initiates at
t = 55 seconds when level reaches 123 inches above TAF. HPCI flow is 788 Ibm/sec, and the fluid
enthalpy is 58 Btu/lbm. Figure 5 also indicates the effect of steam condensation, through variation of
the parameter L,.,, on the asymptotic reactor water level response. An increase in L,., corresponds
to enhanced steam condensation, because under low water level conditions, the cold make-up flow will
reach saturation after falling a shorter distance through the steam occupying the downcomer region.
Note that coolant is injected into the downcomer region at an elevation 140 inches above TAF. Since
there is uncertainty about the actual downcomer condensation efficiency, the results suggest that an
accurate determination of the equilibrium water level cannot be expected. It is interesting to observe
that reactor behavior remains stable throughout this isolation transient even though core-inlet subcooling
increases to the 30-40 Btu/lbm range as a result of the cold water injected by the HPCI system. The
results in Fig. 2 indicate the occurrence of significant power oscillations at this level of core-inlet
subcooling. Obviously the major difference between the transient described in Fig. 2 and the present
isolation transient is the occurrence of SRV-induced pressure fluctuations in the latter case.
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Figure 5 Reactor response to MSIV closure at
natural circulation. HPCI flow rate
and enthalpy are 788 Ibm/sec and
58 Btu/lbm. Reactor pressure is
controlled by SRV cycling. L,., is
the downcomer water level (in
inches above TAF) at which the
condensation efficiency fj reaches a
value of 1. Core power and
subcooling plots correspond to
/ . , , , = 0.0. Initial mako-up flow and
enthalpy are 1667.0 Ibm/sec and
430.5 Btu/lbm.
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The effect of SRV cycling on reactor stability was therefore investigated by repeating the isolation
transient with reactor pressure artificially held constant through use of a proportional control pressure
regulator model. In this transient, feedwater flow is terminated at t = 10 seconds. Water level then
decreases, and HPCI initiates operation when level reaches 123 inches above TAF. The Simulation
results presented in Fig. 6 show that instabilities develop ii the reactor pressure is held constant. Power
oscillation amplitudes appear to vary in accordance with r.heJlow-frequency oscillation in core-inlet
subcooling. These results indicate that reactor stability ifi enhanced significantly by the occurrence of
pressure fluctuations caused by SRV cycling.

400

200-

«00 • 00 1200

Tim* U«c)
«oo «oo
Tim* U*c)

1200

Figure 6 Reactor power and core-inlet subcooling response to loss of feedwater flow
and subsequent HPCI initiation. HPCI flow rate and enthalpy are 788 Ibm/sec
and 58 Btu/lbm. Pressure is controlled at 950 psia and Lnr, = 0.0. Initial
make-up flow and enthalpy are 1667.0 Ibm/sec and 430.5 Btu/lbm.

The final transient considered in this analysis involves depressurization of the reactor vessel. If HPCI
should fail to operate during an isolation ATWS, reactor operators could depressui ize the reactor to
~ 500 psia in order to obtain make-up flow by means of intermediate-pressure-range condensate pumps.
During an ATWS, vessel depressurization can also be used to reduce reactor power through increased
voiding of the reactor coolant. In the case of standby liquid control system (SLCS) failure, power
reduction is required to avoid containment over-pressurization while the reactor is being shutdown by
the relatively slow process of manual rod insertion (MRI). Figure 7 shows the reactor response during a
depressurization to -500 psia. In this simulation, MSIVs are closed and feedwater is terminated at t = 10
seconds. HPCI initiates when level drops to 123 inches above TAF and remains operable throughout the
transient. -Five SRVs are sequentially locked open at 10 second intervals starting at t=60 seconds.
Once the desired reduced pressure range is reached, it is maintained through opening and closing of
SRVs. Figure 7 shows that the reactor is highly unstable in the depressurization state; oscillations reach
1000% of rated power. The calculation is terminated at t=532 seconds when superheated conditions
develop in the upper region of the core. This situation is beyond the modelling capabilities of the code.
As indicated by the reactivity plot in Fig. 7, prompt criticalities occur during this transient because of the
severity of the instability. The appearance of such violent power oscillations raises serious concerns
about fuel integrity under depressurization events. Figure 7 also shows the SRV cycling required to
maintain reactor pressure in the neighborhood of 500 psia. It is apparent that it would be virtually
impossible for an operator to manually open and close SRVs fast enough to maintain the reactor within
the pressure band shown in Fig. 7. Thus, controlling vessel pressure in a narrow range about the
desired low-pressure target value is not a practical strategy.
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Figure 7 Reactor power and reactivity behavior in a depressurization transient. Pressure
reduction is carried out by opening 5 SRVs; the depressurized state is
maintained through cycling of SRVs. HPCI flow rate and enthalpy are 788
Ibm/sec and 58 Btu/lbm. Ln,,=0.0. Initial core-inlet subcooiing is 20.5
Btu/lbm. Initial make-up flow and enthalpy are 1667.0 Ibm/sec and 430.5
Btu/lbm.

5. IMPLICATIONS FOR RESPONSE TO ATWG SEQUENCES

Some Aspects of the Previously-Developed Response Strategy

PP&L studies of ATWS response were started in 1981 with the initial series of evaluations being
completed in early 1985 [15]. These evaluations primarily addressed concerns over the rate of
suppression pool heating and containment pressurization. For sequences in which MSIVs were closed,
reactor make up was limited to injection by the HPCI, RCIC (reactor core isolation cooling), and CRD
(control rod drive) systems for a total of slightly more than 5600 gpm of low temperature water. The
associated steaming rate, equal to 21% of the design value, must be quenched in the Suppression Pool.
With SLCS operable, analyses indicated that an injection rate of 5600 gpm facilitated hot shutdown
before containment design limits on suppression pool temperature were reached. Design temperature
limits were only slightly exceeded in the case of a single Scram Discharge Volume (SDV) failure (i.e., half
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ATWS) coincident with failure of SLCS. In this scenario hot shutdown is obtained by MRI. In the more
severe case of a full ATWS with SLCS failure, hot shutdown was reached by MR! before exceeding the
containment failure pressure.

NSAC Studies of ATWS boildown transients without injection [1,2] were used to estimate the equilibrium
water levef at six feet above TAF for an injection rate of 5600 gpm. This level was favorable since it was
above the top of the upper plenum where the downcomer free area is about ',-30 ft2. A few feet below
this level the downcomer free area drops to just over 100 ft2. Owing to reduced coolant inventory,
operation in this reduced-area region might lead to large water level oscillations '• operating conditions
became unstable. It was postulated that excessive level oscillations could lead tr.t> operators w
conclude that water level was unknown. This was a concern because the BWR Owner's Group
Emergency Procedure Guidelines (EPGs) [16] used to develop PP&L Emergency Operating Procedures
(EOPs) directed immediate depressurization on loss of level indication. With the assumption that the
reactor was already marginally stable in natural circulation, there was concern that depressurization
would lead to unstable and potentially severe operating conditions. Consequently, the operator
response to failure to scram included the following actions intended to reduce the chances of an
unnecessary reactor depressurization:

1. Maintain reactor water level between 6 and 10 feet above TAF. Maintaining level in this
range would avoid the reduced cross-sectional area region of the downcomer and thus
reduce the magnitude of level oscillations should core instabilities develop. Minimizing level
oscillations would decrease the chance of an operator initiated depressurization as a
consequence to loss of level indication. In addition, maintaining level in this range reduces
the risk of accidental initiation of the Automatic Depressurization S>otem (ADS) which
activates, following a short time delay, if Level 1 (~3 foot above TAF) is reached. APS will
actuate two minutes after Level 1 is reached unless the operator cancels the initiation sifjnal
within that time period.

2. Lock open a sufficient number of SRVs to prevent excessive valve cycling. This action will
reduce the number of valve cycles which decreases the probability of an inadvertent
depressurization caused by stuck open SRVs.

3. Depressurize the reactor if the suppression pool temperature exceeds 208°F. This
temperature limit was high enough to avoid depressurization for most ATWS sequences but
low enough to allow reactor shutdown by MRI if SLC should fail. Note that vessel
depressurization causes a reduction in power which reduces the rate of containment
pressurization and thus provides additional time for reactor shutdown.

Implications of the Present Study

With the exception of guidance to avoid SRV cycling, these preliminary results have provided further
support for the validity of this response strategy. SABRE calculations have shown that the reactor is
probably slightly unstable in natural circulation operation, but relief valve cycling prevents the occurrence
of instabilities at or near design pressure. Thus, unstable operation should not be a concern when
boron injection and HPCI are available and depressurization is unnecessary. The reactor water level for
injection flow corresponding to HPCI operation has been shown to be acceptable and consistent with
earlier estimates based on the NSAC results; however, condensation effects have a significant influence
on the equilibrium reactor water level. In addition, the SABRE results reinforce PP&L's concerns that
depressurization will lead to mechanical clad damage. Even the mildest dépitas rizatiou sequence to
500 psia for use of a condensate pump, as would be required for loss of HPCI capability, has been
shown to result in severe power excursions reaching 1000% of design power before model constraints
terminated the calculation. The information obtained from these various simulation studies will be used
to modify PP&L procedures for response to ATWS events in our current EOP revision activities.
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Further work is required to investigate stability behavior with eariy and mid cycle core configurations.
Equally important will be the investigation of reactor behavior for core configurations corresponding to
manual rod insertion sequences to determine the degree to which stability margins are influenced by rod
insertion dur ing depressurization events.
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NOMENCLATURE

A = cross-sectional flow area (ft2)
Cp = specific heat (Btu/lbm-°F)
Dh = flow region hydraulic diameter (ft)
fw = wall friction factor
f, = spacer friction factor, n, K, D^/K
G = fluid mass flux ( Ibm/f f -sec)
g = acceleration due to gravity, 32.2 ft/sec2

& = 32.2 ft-lbm/lb,-secs

h = volume-weighted enthalpy, [ p ' (1 -a )h '+p 9 ah 9 ] / p , (Btu/lbm)
h = flow-weighted enthalpy, (1-x)h'+xh8 , (Btu/ lbm)
H R m = clad to coolant heat transfer coefficient (Btu/ lbm-f f -sec)
H g = fuel-cladding gap conductance (Btu/sec-ft2-°F)
J = mechanical equivalent of heat, 778 ft-lb,/Btu
K, = inlet pressure-loss coefficient
Kj = outlet pressure-loss coefficient
K, = fuel spacer loss coefficient
L = length of flow region (ft)
L4 = length contributing to elevation pressure drop across the lower plenum region (ft)
n, = number of fuel spacers in a single fuel channel
Nk = number of control volumes in region k
P = iocai fluid pressure (Ibt/ft2)
P" = steam dome or system pressure {\b,/ff)
P° = downcomer fluid pressure at elevation of jet pump throat (10,/ft2)
Ph = heated perimeter of flow region (ft)
q ' = heat flux to fluid (Btu/sec-fi2-°F)
q " = coolant volumetric heat generation rate (Btu/sec-ft3)
q7 = core-average heat generation rate wrihin the fuel (Btu/sec-ft3)
rcl = inside radius of cladding (ft)
rœ = outside radius of cladding (ft)
r, = radial location of average fuel temperature under steady-state conditions, r f / / 2 , (ft)
r, = - radius of fuel pellet (ft)
R = total core reactivity (Ak /k )
Ry = clad thermal resistance, (rm-rj/(2nrclxJ, (sec-ft-°F/Btu)
R, = fuel thermal resistance, m (r,/r,)/(2wic,), (sec-ft-°F/Btu)
Rfilm = coolant fi lm thermal resistance, 1 / (2KrcoHf l lm), (sec-ft-°F/Btu)
Rg = gap thermal resistance, 1 / (2itreiHB), (sec-ft-°F/Btu)
S = axial power shape function
t = t ime (sec)
T = temperature (°F)
v = fluid specific volume (fr ' / lbm)
W = mass flow rate (Ibm/sec)
x = flow quality (vapor flow rate/total flow rate)
z = flow region axial coordinate (ft)
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a = void fraction
p = detayed-neutron fraction
K = thermal conductivity (Btu/sec-ft-°F)
A = mean neutron generation time (sec)
X = delayed neutron precursor decay constant (sec'1)
nnt = moderator density reactivity coefficient (Ak/k) / ( lbm/ f t 3 )
Hd = doppler reactivity coefficient (Ak /k ) / °F
p = fluid density, ap 9 +(1 -a )p ' , Obm/ft3)
o ' = momentum density (ibm/ft3)
pH = homogeneous density, 1/Kv1 + x (N^-V1)], ( Ibm/ f f )
$ = Martinelli-Nelson two-phase friction multiplier
* — Homogeneous two-phase multiplier, 1 + x (vs- \ /) /v '

Subscripts

B
C
cf
D
d
f =

?
j =

J
k
L
m
R
ref
S
SD
U

bypass region
core region
cladding
downcomer region
Doppler
fuel
fuel-cladding gap
control volume or control volume boundary index
jet pump region
index to denote flow region (k = J,L,C,B,U,R, and S)
lower plenum region
moderator density
riser region
reference state
separator region
steam dome region
upper plenum region

Superscripts

g
t

Acronyms

vapor phase
liquid phase

ATWS = anticipated transient without scram
CRD = control rod drive
EOP = emergency operating procedures
HPCI = high pressure coolant injection
MRI = manual rod insertion
MSIV = main steam isolation valve
RCIC = reactor core isolation cooling
SLCS = standby liquid control system
SRV = safety/relief valve
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EFFECT OF POWER OSCILLATIONS ON
SUPPRESSION POOL HEATING DURING ATWS CONDITIONS*

W. Wulff, H.S. Cheng and A.N. Malien
Brookhaven National Laboratory

Upton, NY 11973, USA

ABSTRACT

Nine selected Anticipated Transients Without Scram (ATWS) have been simulated on the
BNL Engineering Plant Analyzer (EPA), to determine how power and flow oscillations, similar
to those that did or could have occurred at the LaSalle-2 Boiling Water Reactor (BWR), could
affect the rate of Pressure Suppression Pool heating. It has been determined that the pool can
reach its temperature limit of 80°C in 4.3 min. after Turbine Trip without Bypass, if the
feedwater pumps are not tripped. The pool will not reach its limit, if Boron is injected, even
when oscillations are encountered. Simultaneous turbine and recirculation pump trips,
introduced under stable conditions, can lead to instability.

This work was performed under the auspices of the U.S. Nuclear Regulatory Commission.
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1. INTRODUCTION

Large limit-cycle power and flow oscillations in a BWR give rise to an increase in time-
mean fission power above that which is attained during stable natural circulation after a dual
recirculation pump trip. This was determined by the computer simulation on the BNL
Engineering Plant Analyzer (EPA) of the March 1988 instability event at the LaSalle power plant
[îj. The elevated mean fission power can, in turn, cause the suppression pool temperature to
reach its limit of 80°C (175°F) faster than it would during normal ATWS conditions with over-
pressurization of the vessel. It is the purpose of this paper to describe the analyses carried out
for selected ATWS scenarios to obtain the times available before the suppression pool
temperature reaches its limit of 80°C (175 °F), above which the pool ceases to condense
effectively the steam discharged from the reactor vessel. Nine ATWS scenarios were postulated
by NRR of the USNRC. They involved both component failures and operator actions. The aim
for selecting the transients is to have large, limit-cycle oscillations fully developed before
operator interventions are introduced.

This paper demonstrates the capabilities of the EPA to support accident management,
through its ability to scope out a large number of BWR transients very quickly and at low cost.
It should be noted that the nine transients presented here were simulated in only two days. This
time includes some modelling changes and is still far less than it took to document the results.

2. SCOPE OF SIMULATIONS

Nine scenarios were performed. All scenarios were started from the conditions that
existed at the LaSalle plant on March 9, 1988, namely End Of Life (EOF) fuel bum-up, 85%
of normal full power and 75% of normal core flow. For six of the scenarios, large limit-cycle
oscillations were fully established first, before any operator intervention or component failure
was introduced, by simulating the actual LaSalle event, but with the scram signal disabled. The
remaining three scenarios were started from steady-state conditions by the simultaneous tripping
of the main turbines and Recirculation Pumps (RCP).

Each one in the group of six scenarios was initiated by isolating the same number of
feedwater preheaters (FWHT) as had been inadvertently isolated at the LaSalle plant, and by
tripping the recirculation pumps. After this initiation, all simulations in this group were allowed
to proceed until large-amplitude, limit-cycle oscillations were fully established. Particular
attention was paid to the effects from Feedwater Pump (FWP) trips. Table I below presents the
summary of scenarios, simulated on the EPA as per request by NRR.
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Table I. Summary of Scenario Initiations And Operator Actions

1. FWHT Isolation and RCP Trip MSIV Closure
2. FWHT Isolation and RCP Trip (nothing else, LaSalle without scram)
3. FWHT Isolation and RCP Trip Turbine Trip w/o Bypass
4. FWHT Isolation and RCP Trip Turbine Trip w/o Bypass, FWP Trip
5. FWHT Isolation and RCP Trip Turbine Trip with Bypass, with & w/o RHR
6. FWHT Isolation and RCP Trip Turbine Trip with Bypass, FWP Trip
7. Turbine and RCP Trips
8. Turbine and RCP Trips Coolant Level Lowering, Pressure Reduction
9. Turbine and RCP Trips Boron Injection

Notice that the fifth transient was simulated twice, once with and once without the
Residual Heat Rejection (RHR) system operating.

3. SIMULATION RESULTS

The main objective of the ATWS simulations is to determine the time that is available
for remedial operator actions, before the pressure suppression pool reaches its temperature limit
of 80°C (175°F). At this temperature, the pool loses the ability to condense effectively the
steam coming from the reactor vessel through the safety and relief valves. Figure 1 below is
the ATWS Event Tree and summarizes the results obtained from simulating the ATWS transients
listed in Table I above. The last row in Figure 1 shows that, counting from the times of turbine
trip, the suppression pool reaches the temperature limit of 80°C

in the short time of 4.3 minutes, if the feedwater pumps are not tripped but
maintain the coolant inventory in the vessel, and if there is no extraction steam
available for preheating the feedwater and thereby for preventing positive
reactivity insertion through cold feedwater. This combination produces the
largest amount of the coldest feedwater, barring failure of the feedwater control
systems in maximum flow position.

in the longest time of 12 minutes, if the feedwater pumps are tripped, after a
Turbine Trip with Bypass.

never, if either the vessel pressurization is prevented as all the steam is passed
through the still running turbines or through a large capacity bypass, or if Boron
is injected after a turbine trip.
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Figure 1. ATWS Simulations Performed on BNL Engineering Plant Analyzer
(per USNRC-NRR Request)

Below are presented a short description for each simulation, consisting of a time table
of events and actions introduced during the simulation, and of the plots of fission power, core
flow, the steam flow through the safety and relief valves and the pressure suppression pool
temperature, all plotted versus time. The transients are ordered here in the same sequence as
in Table_I.

3.1 MSIV Closure ATWS

The Main Steam Isolation Valves (MSIV) were closed, after large-amplitude, limit-cycîe
oscillations had been fully established. This MSIV closure ATWS is different from the normal
MSIV closure ATWS, which starts from full power and steady-state conditions, and then leads
finally to the cycling of the first bank of relief valves. Here, the MSIV's were closed, while
power and flow oscillations were in progress, and the first two banks of relief valves cycled to
maintain the vessel pressure. Table II below shows the time table of events, and Figures 2 and
3 show fission power and pressure and relief valve flow and suppression pool temperature,
respectively.
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Table II. Timetable of Events for MSIV ATWS

Time (min.)

0
3

6.7
6.8
7

8

19.5
30

Events

85% power, 75% flow, FWHT isolated, 2 RCPs tripped
Onset of oscillations
Min. Crit. Power Ratio becomes temporarily less than 1
Min. core flow (temporary stagnation)
Oscillations fully established
MSIV manually closed
Maximum pressure of 8.825 MPa (1280 psia) reached
Thermohydraulic instability suppressed, relief valves cycling with
"beat", first and second banks alternating
Pool temperature limit of 80°C (175°F) reached
Transient simulation discontinued

is.» 16.0

. . 12.8

5.0 10 0 15.0 20. D 25.0 30.0

8.8
0 0

Figure 2. Fission Power and Pressure for MSIV Closure ATWS, after limit-cycle oscillation
are established

3Z.&

24.B-

lb.e

SO 10.0 1S-O '20.0 25.0 30 O0 0

Figure 3. Relief Valve Flow and Suppression Pool Temperature MSIV Closure
ATWS with Initial Oscillations
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Figure 3 shows that the suppression pool temperature limit of 80°C (175°F) is reached
in 12.5 min after MSIV closure.

3.2 LaSalle with Imposed Scram Failure (ATWS)

This transient does not lead to any pressure suppression pool heating, because there is
no vesse1 pressurization and therefore no vapor discharge into the pool. Instead, this transient
leads to the large-amplitude limit-cycle oscillations reported in an attendant paper [2].

3.3 Turbine Trip Without Bypass, Without FWP Trip

This transient is the LaSalle transient plus scram failure, up until the power oscillations
are fully developed and the turbines are tripped at 12 min. after the start of the transient. The
feedwater pumps remain running under the control of the feedwater regulator.

Table III. Timetable of Events for Transient No. 3

Time (min.)

0
3

6.7
6.8
11
12

16.3
20

Events

85% power, 75% flow, FWHT isolated, 2 RCPs tripped
Onset of oscillations
Minimum Critical Power Ratio becomes temporarily less than 1
Minimum Core Flow (temporary stagnation)
Oscillations fully established
Turbine trip without bypass, no FWP trip, no Boron, no RHR
cooling
Pool temperatuie limit of 80 °C (175°F) reached
Transient simulation terminated

KEACTOB POIEK

28.&

15. B.
o

îa.e

0 0

SYSTEM PRESSURE <PS 5
16.B

. . 12.8

e.e

4.8

B.e
21.0

Figure 4. Fission Power and Pressure for Turbine Trip w/o Bypass, no FWP trip, no
Boron, but Starting with Oscillations



48 î

SAFETY BLLIEF VALVE FLOURATE
SUPPBESSIOH POOL ÏEHPERrtTUfie

3Z.fr

fl.fr
O D A a B 0 12 O

TIHE CMIN5
16 0 20 D

Figure 5. Relief Valve Flow and Pool Temperature for Turbine Trip w/o Bypass, no FWP
trip, no Boron, but starting with Oscillations

Figure 5 shows that the pool temperature limit of 80°C (175°F) is reached in 4.3 min.
after the turbine trip, which is the shortest time for all the nine transients simulated.

3.4 Turbine Trip Without Bypass, With FWP Trip

This transient is the LaSalle transient plus scram failure, up until the power oscillations
are fully developed and the turbines are tripped at 12 min. after the start of the transient. The
feedwater pumps are tripped at 12.8 min. after the start of the transient.

Table IV. Timetable of Events for Transient No. 4

Time (min.)

0
3

6-7
6.8
7.2
11
12

12.8
20.5
24

Events

85% power, 75% flow, FWHT isolated, 2 RCPs tripped
Onset of oscillations
Minimum Critical Power Ratio becomes temporarily less than 1
Minimum core flow (temporary stagnation)
Scram setpoint reached at 118% of full power, scram disabled
Oscillations fully established
Turbine trip without bypass, no FWP trip
Feedwater pumps tripped
Pool temperature limit of 80°C (175°F) reached
Transient simulation terminated
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Figure 6. Fission Power and Pressure for Turbine Trip w/o Bypass, With FWP trip, no
Boron, but starting with Oscillations
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Figure 7. Relief Valve Flow and Pool Temperature for Turbine Trip w/o Bypass, With
FWP trip, no Boron, but starting with Oscillations

Figure 7 shows that the pool temperature limit of 80°C (175°F) is reached 8.5 min. after
the turbine trip.

3.5 Turbine Trip With Bypass, Without FWP Trip

This transient is the LaSalle transient plus scram failure, up until the power oscillations
are fully developed and the turbines are tripped at 12 min. after the start of the transient. The
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Bypass is simulated to function normally. No feedwater pumps are tripped; the inventory in the
vessel is maintained.

After the turbines are tripped, steam is being discharged through both the Bypass and
relief valves.

This transient was simulated twice, once with and once without the Residual Heat
Rejection system (RHR) operating. The effect on the time for the pool temperature to reach the
80°C limit is small, as expected: the time is only 0.2 min. shorter, when the RHR system is
not activated.

Table V. Timetable of Events for Transient No. 5

Time (min.)

0
3

6-7
6.8
11
12

18
24

Events

85% power, 75% fiow, FWHT isolated, 2 RCPs tripped
Onset of oscillations
Minimum critical power ratio becomes temporarily less than 1
Minimum core flow (temporary stagnation)
Oscillations fully established
Turbine tripped with bypass, no FWP trip.
bypass and relief valve flows commence
Pool temperature limit of 80°C (175°F) reached
Transient simulation terminated
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Figure 8. Fission Power and Pressure for Turbine Trip With Bypass, w/o FWP trip, no
Boron, but starting with Oscillations
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Figure 9. Relief Valve Flow and Pool Temperature for Turbine Trip With Bypass, w/o
FWP trip, no Boron, but starting with Oscillations

Figure 9 shows that the Pressure Suppression Pool temperature limit of 80°C (175 CF)
is reached 6 min. after the turbine trip.

3.6 Turbine Trip With Bypass and With FWP Trip

This transient is the LaSalle transient plus scram failure, up until the power oscillations
exceed 200% of full power and the turbines are tripped at 7.1 min. after the start of the
transient. The Bypass is simulated to function normally. The feedwater pumps are tripped; the
inventory in the vessel is not maintained.

Table VI. Timetable of Events for Transient No. 6

Time (mLi.)

0
3

7-8.8
8

7.1

9
19
20

Events

85% power, 75% flow, FWHT isolated, 2 RCPs tripped
Onset of oscillations
Minimum critical power ratio becomes temporarily less than 1
Minimum core flow
Power oscillations exceed 200% of full power
Feedwater pump trip with 45s delay
Oscillations suppressed
Pool temperature reaches 80°C (175°F) limit
Transient simulation terminated
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Figure 10. Fission Power and Pressure for Turbine Trip With Bypass, With FWP trip, no
Boron, but starting with Oscillations

32.fr

SAFETV RELIEF VALVE FLOWBATE
SUPPRESSION POOL TEMPERATURE

24.8.

lb.8

8.6"

0.8-
o.o s o 1 0 . 0 15.O

TIME CHIN)
20 .0

258.8

286.6'

e.e
25 O

Figure 11. Relief Valve Flow and Pool Temperature for Turbine Trip With Bypass, With
FWP trip, no Boron, but starting with Oscillations
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Figure 11 shows that the pool temperature limit of 80°C (175°F) is reached 12 min. after
the turbine trip.

3.7 Simultaneous Turbine and Recirculation Pump Trips

This transient is started from the same steady-state conditions, which existed at LaSalle
before the recirculation pump trip, all feedwater preheaters operating. The transient is initiated
by the simultaneous tripping of the turbines and the recirculation pumps. No other operator
action is introduced.

Table VII. Timetable of Events for Transient No. 7

Time (min.)

0

1

2
5.5
7

7.2
20

Events

85% power, 75% flow
Turbine trip and dual recirculation pump trip
Bypass and relief valve discharge begins
Power spike of 380% from TSV closure
Onset of oscillations
Temporary stagnation at core entrance begins to persist
Oscillations fully established
Pool temperature limit of 80°C (175°F) reached
Transient simulation terminated
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Figure 12. Fission Power and Pressure for Simultaneous Turbine and Recirculation Pump
Trips, starting from steady-state, no Boron, no lowering of coolant level, no pressure

reduction
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Figure 13. Relief Valve Flow and Pool Temperature for Simultaneous Turbine and
Recirculation Pump Trips, starting from steady state, no Boron, no lowering of coolant level,

no pressure reduction

Figure 13 shows that 7.2 min. after the turbine trip, the Pressure Suppression Pool
reaches its limit of 80°C (175°F).

3.8 Simultaneous Turbine and Recirculation Pump Trips, With Level Lowering and
Pressure Reduction

As Scenario No. 7, this transient is started from the initial steady-state conditions, which
existed at LaSaJle, but all feedvater heaters operating. The transient is initiated by
simultaneously tripping the turbines and the recirculation pumps. After 4 min., the feedwater
pumps are tripped. By manual control of emergency coolant injection (HPCI and RCIC), the
coolant level in the downcomer is lowered to the top of active fuel elevation. Later, the reactor
pressure is reduced to 6.55 MPa (950 psia), by forcing the relief valves to open.
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Table VIL Timetable of Events for Transient No. 8

Time (min.)

0
1

2
4

4.8
6

9.3
12

30

Events

85 % power, 75 % flow, turbine and dual recirculation pump trip
Bypass and relief valve discharge begins
Power spike of 380% from TSV closure
Onset of oscillations
Feedwater Pumps Tripped
Maximum power of 870% of full power reached
EPG level control started
RCIC tripped, HPCI flow reduced to lower level
Pool temperature limit of 80°C (175°F) reached
EPG pressure control started, SRV Bank No. 1 opened and controlled to
maintain pressure at 6.55 MPa (950 psia)
Transient simulation terminated
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Figure 14. Fission Power and Pressure for Simultaneous Turbine and
Recirculation Pump Trips, starting from steady-state, no Boron,

but with lowering of coolant level and pressure reduction
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Figure 15. Relief Valve Flow and Pool Temperature for Simultaneous Turbine and
Recirculation Pump Trips, starting from steady state, no Boron,

but with lowering of coolant level and pressure reduction

Figure 15 shows that the Pressure Suppression Pool temperature limit is reached 9.3 min
after the Turbine Trip.

3.9 Simultaneous Turbine and Recirculation Pump Trips, With Boron Injection

As Transient No. 7, this transient is also started from the same steady-state conditions,
which existed at LaSalle before the recirculation pump trip, all feedwater preheaters operating.
The transient is initiated by the simultaneous tripping of the turbines and the recirculation
pumps. Boron injection is initiated, with a 60 second delay, two minutes after the turbine and
pump trips.

Table IX. Timetable of Events for Transient No. 9

Time (min.)

0
1

2

13
30

Events

85% power, 75% flow, turbine trip and dual recirculation pump trip
Bypass and relief valve discharge begins
Power spike of 360% from TSV closure
Onset of oscillations
Boron injection initiated, with 60 s delay
Pool temperature reaches asymptotically 76°C (168°F)
Transient simulation terminated
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Figure 16. Fission Power and Pressure for Simultaneous Turbine and Recirculation
Pump Trips, starting from steady-state, With Boron Injection
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Figure 17. Relief Valve Flow and Pool Temperature for Simultaneous Turbine
and Recirculation Pump Trips, starting from steady state, With Boron Injection
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Figure 15 shows, that with boron injection, the suppression pool temperature does not
exceed 76°C (168°F) within 30 minutes after the start of the transient.

This completes the description of the ATWS-related transients simulated, per NRR
request, for the purpose of analyzing the effects of power oscillations on ATWS.

4. CONCLUSIONS

EPA simulations of selected ATWS scenarios, having the potentials of affecting the rate
of pressure suppression pool heating, have shown that:

(i) feedwater flow reduction or feedwater pump tripping are the most effective
methods to reduce power oscillations and to reduce the suppression pool heat-up
rate,

(ii) the shortest time for heating up the suppression pool to its temperature limit of
80°C (175°F) is 4.3 min. and obtained for a Turbine Trip without Bypass and
without Feedwater Pump Trips,

(iii) the longest time for pool heat-up is 12.5 min. and obtained for an MSIV Closure-
induced ATWS; this transient encounters no density wave instability, but relief
valve cycling.

(iv) with Boron injection, the suppression pool temperature does not reach its limit.
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EFFECT OF BALANCE OF PLANT AND CONTROL SYSTEM FEEDBACK ON
AMPLITUDE OF POWER AND FLOW OSCILLATIONS

W. Wulff, H. S. Cheng and A. N. Malien
Brookhaven National Laboratory (BNL)

Upton, NY 11973, United States of America

ABSTRACT

The BNL Engineering Plant Analyzer (EPA) for BWR power plants predicts an amplitude
of 1,300% of full power for limit-cycle, core-wide power oscillations after postulated scram
failure at the LaSalle-2 power plant. This is larger than the TRAC-G predictions by General
Electric (GE) and the RETRAN predictions by the Electric Power Research Institute. Modeling
and computing errors in the EPA are analyzed here as potential causes for EPA's over-predic-
tions of peak fission power. It is concluded that the EPA is more likely to under-predict than
to over-predict fission power peaks. It is found that the omission of dynamic BOP feedback
effects from TRAC-G modeling and the premature termination of TRAC-G calculations account
for most of TRAC-G's under-prediction of the fission power peaks.

This work was sponsored under the auspices of the U. S. Nuclear Regulatory Commission.
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1. INTRODUCTION

Computer simulations of the 1988 LaSalle BWR instability, carried out for the condition
of postulated scram failure, at General Electric (GE) and at Brookhaven National Laboratory
(BNL) produced limit-cycle power oscillations with "widely differing amplitudes. GE results,
as presented to the NRC in November 1989, showed maximum power oscillation amplitudes of
200% of normal full power, while BNL results showed at least seven times larger amplitudes.
This discrepancy had to be resolved, since large power amplitudes lead potentially to fuel
damage, and since for increasing fission power amplitude the time-averaged fission power also
increases. This is shown by the top curve in Figure 1 below, which was obtained by simulating
the LaSalle event with Scram failure on the Engineering Plant Analyzer (EPA) at BNL. In turn,
the rise in time-averaged fission power can lead to an accelerated temperature rise in the
pressure suppression pool, possibly requiring modifications in ATWS emergency procedures.

15.8

8.B
0 - 0

1.2

Figure 1. Fission Power Oscillations (with ordinate on the left) and Time-
Averaged Power (top curve, with ordinate on the right) for LaSalle
with Postulated Scram Failure.

The purpose of this paper is to resolve the difference between these power amplitude
predictions, by presenting first the methods used at RNL for identifying, and then to identify,
the potential causes of the discrepancy between GL «aid BNL predictions. Although applied
specifically to the LaSalle instability, the methods used at BNL for sorting out potential
computer code-related errors and uncertainties are useful in general to support computer
predictions.

Separate analyses were performed for assessing the effects from (i) computing errors,
(ii) modeling errors and (iii) errors made in imposing boundary conditions. Potential computing
and modeling errors were assessed separately for neutron kinetics, thermal conduction in fuel
and for thermohydraulics. All error analyses were carried out for the purpose of explaining why



the power amplitudes as predicted by the EPA at BNL exceeded those predicted by the TRAC-G
computer code at GE.

We present below first the assessment of potential errors from computing and modeling.
Then we demonstrate that the GE predictions of peak power are too low for two reasons, namely
because

a. the resonance feedback from the Balance of Plant via feedwater injection was not
modeled by GE, and

b. GE calculations were prematurely terminated at four minutes after onset of
oscillations, while it takes about seven minutes to reach limit-cycle oscillations (see
Figure 1 above).

2. EFFECTS FROM COMPUTATIONAL ERRORS ON PEAK POWER

Computational errors are the truncation errors arising from time and possibly from space
discretizations of the governing equations. Computational errors were given first priority
attention because of the exceptionally strong high-frequency content of the fission power
oscillations. Most truncation errors cause under-predictions of amplitudes. However, through
the interaction of void and Doppler reactivity feedback, some truncation errors could lead to
over-predictions.

2.1 Neutron kinetics computations

Neutron kinetics computations are associated with uncertainties which arise from
integrating the point kinetics equations and from predicting void and Doppler reactivity. The
latter two are addressed in Sections 2.2 and 2.3 below.

The Engineering Plant Analyzer (EPA) utilizes the variable implicit integration method
for prompt neutron kinetics equations, as reported earlier [1, pp. 3-16]. Nonoscillatory
transients were simulated in the past on the EPA by this method and with the integration step
size of 30.5 milliseconds. This step size was found to be too large for oscillatory transients,
causing an under-prediction of fission power by 19.5 ± 2.1%, when the total reactivity exceeded
temporarily one dollar during large-amplitude power oscillations. Based on the analysis
described below, the time step was subsequently reduced to 4.36 milliseconds in the EPA which,
in turn, reduced the power peak error to -1.4 ± 1.7% of the amplitude.

To quantify the above amplitude under-predictions from the point kinetics model in the
EPA, two steps were taken by H. S. Cheng [2]: (i) a closed-form integration for each time step
was used as a bench mark calculation and (ii) the EPA model was implemented in the advanced,
high-precision simulation computer AD100 and executed with decreasing time steps until the
time step was found which produced convergence and agreement with the benchmark calculation.

For the benchmark calculation, it was assumed that the fractions fy of delayed neutrons,
their decay constants X; and the prompt neutron generation time A are constant during an
integration step. After normalizing and integrating the point kinetics equations, one obtains



497

I f 1 ̂  ft ,,x
n(r) = «(n) + — P(T')-/J(7')ÛY' - — T* — [c (r) - c.-(rt)| , U)

Aj^ A , X.L J

where n and c4 denote the neutron density and precursor concentrations, respectively, both
normalized by their respective initial values and p is the total reactivity. Integration of the
precursor equations yields

T

M T ' ~ T W W T ' . (2)

To facilitate the integrations in Eqs.(l) and (2), the normalized neutron density was
approximated by

n(r) = \PO + Pl(r - Tk)f
{T-T>} , (3>

where the constants po, p1 and u> were derived, respectively, to satisfy initial and end conditions
for n at T = rk and rk + AT, and to satisfy the differential equation for n. This provides these
three equations for the unknown constants:

Po = n{rk), px = -L[n(rk + AT)e~uAr -n(rk)} (4)

Pl - [e^47A]E/?,.C,. + (po + PlAr) L - Ljl~\ = 0 (5)

Equation (5) is transcendental in u and solved by Newton Raphson iteration. The second of
Eq.(4) contains the unknown neutron density at the end time Tk + AT of the time step. A
predictor of w and of the neutron density n(rk + AT) are computed, respectively, from Eqs.(5)
and (1), using pj from the previous time step, then P] is compared with the predictions. Then
a corrector for n(rk + AT) is obtained with the new p,, and the process is repeated for the next
time step.

The total reactivity is taken directly from the EPA as shown in Figure 2 below. Figure
3 shows the comparison of results from the benchmark calculations (solid line) and from the
variable implicit method used in the EPA, with the integration step size of 4.357 milliseconds,
as now adopted for all stability analyses with the EPA.

The mean of -1.4% and the standard deviation of 1.7% of the EPA under-prediction in
power peaks were obtained from tabulated output data and are negligibly small when compared
with the total uncertainty of predicting power peaks, which is still dominated by the uncertainties
associated with reactivity predictions.
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Figure 2. Total Reactivity, as obtained from EPA for LaSal'.e with
postulated scram failure (for times of 2 seconds and
greater) and used for benchmark calculations.
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Figure 3. Comparison of Benchmark and EPA calculations, the latter
with reduced integration time step.

2.2 Fuel temperature calculations

The fuel temperature calculations affect strongly the total reactivity via the contribution
from Doppler reactivity. Figure 4 is a magnification of a section around the first peak in Figure
2. Shown are the component reactivities from void, Doppler and moderator temperature, along
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with the total reactivity. Figure 4 shows how the total reactivity reaches its peak, even while
the void reactivity is still rising, primarily because of the sharp drop in Doppler reactivity, which
occurs just when the total reactivity peaks. Thus, Figure 4 demonstrates the important
contribution of fuel temperature *o the prediction of power peaks.

The fuel temperature is computed in the EPA by a lumped-parameter model [1, pp. 3-23
through 3-35], which is derived by integral techniques. This model requires the integration of
ordinary differential equations only, requiring the assessment of only time-discretization errors.
The errors arising from the modeling approximations of radial temperature distributions are
discussed below in Section 3.2.

Integration time step variations, imposed on the algorithm for fuel temperatures
predictions, showed that convergence is achieved within less than 2% of fuel temperature
amplitude for time step sizes less than five milliseconds. For practical reasons of multi-stepping
strategies in the EPA, the same integration time step of 4.357 milliseconds is being used for
predicting fuel temperatures, fission power and Doppler reactivity.

The reduction of the integration step size from 30.5 to 4.357 milliseconds reduced the
peak power from 2,900 to 2,200% of normal full power, but it increased the time-averaged
power by 25%, from 90 to 115% of rated power, due to the broadening of the power spikes.

2.3 Thermohydraulics calculations

Numerical Diffusion. Thermohydraulics calculations in the EPA give rise to only
insignificant errr rs from the quadratures in space for the mixture mass and momentum balances
[1, pp. 3-45 through 3-54], but also to the more important errors of numerical diffusion from
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integrating the partial differential equations for vapor mass and mixture energy conservation
[1, pp. 3 54 through 3-56].

The integration of these two balance equations is achieved by explicit first-order (Euler)
time, and donor-cell space differencing. This method has numerical diffusion which is
quantified through its numerical diffusivity [2, p. 148].

"„ = (v/2) (Az - vAt) , (6)

where v denotes the fluid velocity, while Az and At denote space and time increments,
respectively. Numerical diffusion reduces to zero, as the Courant number Nco = vAt/Az
approaches unity from below. The explicit method is unstable for Nco > 1, but it is for any
given choice of At and Az more accurate than implicit integration [2, p. 155].

In order to minimize numerical diffusion of the hydraulics calculations in the EPA, the
time step for integrating the vapor mass and mixture energy equations is selected to achieve the
largest possible Courant number just below unity.

Time and space discretization studies with 8, 12 and 24 axial subdivisions were
performed with the RAMONA-3B computer code which now has the same thermohydraulics
models and integration algorithms as the EPA. These truncation error analyses were performed
for steady-state and small power oscillations, keeping the Courant number fixed. Convergence
within 2% has been obtained for predicting steady-state void distributions and the maximum gain
in the power-to-flow transfer function, by using the twelve axial subdivisions in the EPA.

For large power oscillations, the Courant number was first decreased in the EPA and
then the trend observed for increasing Courant numbers, but fixed axial nodalization. It is
estimated from this study that the EPA underpredicts the power peaks by approximately 20%
and the mean power by approximately 2% due to numerical diffusion. A more definite
estimation of the numerical diffusion requires finer axial subdivisions and therefore the use of
the advanced AD 100 computer in the EPA, because the AD 10 lacks the necessary memory
capacity.

Numerical diffusion must be ruled out for explaining the difference between TRAC-G
calculations at GE and EPA simulations at BNL; on account of numerical diffusion in the EPA,
the difference can be only larger than observed.

Numerical Exitation. Based on simplified computational examples, ORNL staff has
suggested that the large limit-cycle oscillations predicted by the EPA could be exited by the
explicit, first-order Euler integration method, because the imaginary axis is excluded from the
numerical stability domain of that method, and because the reactor system may have poles on
that axis. This suggestion, however, was indisputably refuted by utilizing the unique simulation
features of the EPA: all first-order Euler integration methods were interactively, through short
key board commands, replaced by first, second and fourth-order Adams-Moulton, Adams-
Bashford and Runge-Kutta integration methods, for all of which the numerical stability domain
includes segments of the imaginary axis. The same oscillations were obtained as before, with
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the average peax of 1,273% and the standard deviation of 52% of full power, while the original
first-order Euler method produced the peak of 1,230%.

It must be concluded that the oscillations predicted by the EPA originate in its
mathematical models and not in its numerical methods. Moreover, none of the computational
uncertainties discussed in Section 2 above could possibly lead to an over-prediction of fission
power peaks.

3. EFFECTS FROM MODELING ERRORS ON PEAK POWER

Modeling errors arise from the use of specific models, such as point, instead of 3D,
kinetics or lumped parameter, instead of finite difference, conduction models, and from the
uncertainties in the constitutive relations.

3.1 Neutron kinetics

Neutron kinetics in the point kinetics model of the EPA are affected primarily by
uncertainties in reactivity feedback models. The void coefficients are taken from GE data for
LaSalle-2 [3, Fig. 6-2, p. 34 (proprietary)]. Doppler coefficients and moderator temperature
coefficients were taken from [4] and [5], respectively, and confirmed by GE data.

The initial axial power distribution was taken from actual LaSalle power plant data and
matched by the EPA within 3% of actual local values. Transient axial power shape variations
are simulated in the EPA by approximating, at each one of twelve axial locations, actual
transient LaSalle power shape data taken during the first seven minutes before scram. The
approximation was achieved through a first-order Taylor series expansion in terms of local void
fraction, local fuel temperature and local moderator temperature [2, App. B]. The agreement
achieved by the EPA can be seen in Figure 5. The maximum error is 3%.

The radial power distribution effects are approximated in the EPA by the use of one
spatial weight factor each for void, Doppler and moderator temperature [4]. These weight
factors are, respectively, 1.35, 1.052 and 1.00 for steady state conditions and 1.43, 1.25 and
1.00 for transient conditions. The respective reactivity coefficients are multiplied by these
weight factors. In addition, a hot channel factor is applied to the fission power for the hot
channel fuel temperature calculation. The simulation of radial power distribution gives
undoubtedly rise to the greatest uncertainty in neutron kinetics, however this uncertainty is small
when compared to the difference between GE and BNL calculations. EPA-predicted time for
onset of oscillations, for the occurrence of scram, and the predicted growth rate of oscillations
agree well with LaSalle plant data [2, Ch. 2]. This tends to confirm the above kinetics
parameters.

3.2 Fuel temperature

Fuel temperature predictions affect Doppler reactivity and wall heat flux calculations.
The lumped-parameter fuel conduction model of the EPA was compared with analytical and
finite difference models under conditions of periodically varying fission power, for the purpose
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of assessing the error in the amplitudes of the volume-averaged pellet temperature and of the
wall heat flux at the outer cladding surface [2, App. D].

The analytical solution was derived for the cylindrical pellet with peripheral heat transfer
resistance equal to the series of resistances from gap, cladding and coolant boundary layer. The
fission power was taken to vary sinusoidally with time. The oscillatory part for the analytical
solution is, in normalized form

sin WT - arctg LJ/\J\

n=]
(analytical model) (7a)
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where r = a( t /Rf2 is the normalized time, OJ = 2xf Rf
2/af the normalized frequency, 6 f =

(Tf-T^kf/CRf2 • q '̂) the normalized temperature, NBi = hc Rf /kf the Biot number, Rf, kf and
af are, respectively the pellet radius, thermal conductivity and thermal diffusivity, t is time and
fis the frequency of power oscillations, q '̂ is the amplitude of fission power density oscillation,
while XJJ denotes the eigenvalues obtained from Xn ••Jf(XD) = NBi • lo(\).

Using the same integral methods as in the EPA, the lumped-parameter model
corresponding to the above analytical model yields for the oscillatory part

. â ^ sinfajr - arete (w /X2)] n , , ~
<6y> = —t 6V il , (lumped - parameter model) (7b)

where X2 = 8NBj/(4 4- NBi) which equals Xj in Eq.(7a) for small values of X]. By evaluating
Eqs.(7) for the actual frequencies obtained by the EFA, it is shown that the amplitude error for
fuel temperature and Doppler reactivity feedback is 1.8% and that the peaks have a 24
millisecond phase shift. It should be noted that the asymptotic time mean of the lumped-
parameter model has no error relative to the analytical solution.

The wall heat flux affects void generation in the moderator. The analytical solution gives
for the oscillatory part of normalized wall heat flux

$ v^ 2sinfwT - arctg(u/\ )| , , • , . ^
-, = X, L 6 J , (analytical model) (8a)

L
=
K f1o n-\

while the corresponding result from the lumped parameter solution is

( w ) . = sinjer -
(lumped - parameter model) . (8b)

+ (w/X2)2

By evaluating Eqs.(8) for the frequency of LaSalle's large-amplitude oscillations, one
finds that the EPA under-predicts the amplitude by only 3% of the mean heat flux, but by 35%
of the relatively small amplitude itself, and that there is a phase lag of 46 miliseconds in the 4.2
second period. Since this relatively large underprediciton of wall heat flux amplitude is expected
to cause an underprediciton of fission power amplitude, it was decided to determine first the
nonlinear effects from the actual fission power (see Fig. 3, showing the nonsinusoidal fission
power variation) on wall heat flux amplitude, and then the effects on peak fission power, from
the actual under-prediction of heat flux.

A standard finite difference model for thermal conduction in fuel peliet and cladding [6,
p. 270], was implemented on the AD100 simulation computer, with varying numbers of radial
subdivisions. The results show that for large-amplitude power oscillations:

(i) 10 and 4 radial subdivisions are needed in pellet and cladding, respectively, to achieve
3-digit convergence in the wall heat flux predictions,
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(ii) with only 4 and 2 subdivisions, there is a 7% error, with 3 and 1 subdivisions, the error
is 12% for wall heat flux predictions,

(iii) the EPA over-predicts the minimum wall heat flux by 28% and ander-predicts the
maximum wall heat flux by 24%.

The 28% over-prediction of minimum wall heat flux affects the power peaks directly
because the minimum heat flux dictates the minimum void fraction and maximum positive
reactivity.

Because of program memory limitations in the AD 10 system of the EPA, the detailed
finite difference model used in the above analysis could not by utilized in the EPA. In order
to quantify the closed-loop feedback effect of the heat flux amplitude under-prediction in the
EPA, the computed wall heat flux q j was fed as input signal x to a digital second-order lead-lag
compensator, the output y of which was used for all subsequent calculations of vapor generation
and as input to the mixture energy equation. The lead-lag compensator is represented by

y(t) = x(/) -p(t), p = - ClP + C2(x-p-r), t = C3(x-p-r)

pip) = O, r(o) = x(o) ,

where the constants Cj, C2 and C3 are computed such that the transfer function P(s) = Y(s)/X(s)
provides with P(o) = 1 that the mean heat flux remains unaltered, with I P(iw) I = m the
required amplitude magnification m, and finally with tgv = 7{P(ico)}/i?{P(iu>)} the required phase
shift (p.

Figure 6 shows the result of the cladding wall heat flux correction for the under-
prediction by the lumped-parameter model in the EPA. The fission power peak increased, as
a result of this error compensation, from 1,283% to 1,360% of normal full power, or by 6%.

A more rigorous error assessment requires the implementation of the detailed conduction
model in the entire BWR simulation code for the AD100. But the under-prediction of the peak
fission power is not expected to exceed 12%.

3.3 Thermohydraulics modeling

Thermohydraulics modeling uncertainties are caused primarily from the uncertainties of
those modeling parameters which affect thermohydrauliç stability. The EPA employs best-
estimate correlation for form losses at core entrance and exit (GE design data, NEDE-31428P,
1988), fuel gap conductance (GE design data), boiling wall heat transfer (Jens-Lottes), drift flux
(GE design data for rod bundles), two-phase multipliers (EPR1 NP-1924-CCM, 1981) and wall
shear (Martinelli-Nelson-Jones).

A separate analysis was performed to demonstrate that the location of net vapor
generation incipience is always near the core entrance because of the strong bottom power
peaking and low core flows which prevailed at LaSalle. Therefore, there is no strong effect on
peak power expected from uncertainties in predicting this location.
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Figure 6. Wall Heat Flux Amplification to compensate for amplitude
under-prediction in EPA. X is input, Y is output signal,
the amplification is 28 %.

While the uncertainties from thermohydraulics modeling in the EPA were shown, by
comparison with test and plant data, to be small for moderate power oscillations, there is no data
base for comparisons under conditions of large-amplitude power oscillations, particularly when
dryout and rewetting occur in the core. Although this observation has no bearing on the
resolution of the issues concerning the discrepancies in peak power predictions, the uncertainties
in simulating post-critical heat flux conditions in oscillating flows have an enormous impact on
assessing fuel damage.

4. EFFECTS FROM BOUNDARY CONDITIONS

The EPA simulates Balance of Plant (BOP) components with standard dynamic models
for pumps and turbines, valves, valve actuators and for heat exchangers [1, Sects. 3.7-3.14],
The EPA simulates also the control and plant protection systems dynamically [1, Sects. 3.15 and
3.16] with plant-specific control parameters and trip set points.

A fundamental difference between TRAC-G calculations and EPA simulations of the
LaSalle instability with postulated scram failure arises from the difference in imposition of
boundary conditions. GE calculations [7] were performed by imposing, from the time the fission
power exceeded the scram set point, constant feedwater flow and temperature, these two being
kept fixed at the values they reached at that time, as is shown by curves (c) and (d) in Figure
7 below. In contrast, the LaSalle instability with postulated scram failure has been simulated
before by the EPA without the imposition of feedwater boundary conditions, since these had
been simulated dynamically: feedwater mass flow rate had been simulated so as to maintain
coolant inventory in the vessel (see curve (a) in Figure 7), while feedwater temperature had been
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11.8
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Figure 7. Feedwater Mass Flow Rate (a) and Temperature (b) as
simulated dynamically in the EPA, curves (c) and (d) as
imposed for TRAC-G calculations.

Figure 8. Pressure and Steam Flow Oscillations, obtained from the
EPA during large limit-cycle power oscillations.

simulated dynamically from the heat transfer between extraction steam and feedwater (curve (b)
in Figure 7). Figure 8 shows the EPA-simulated vessel pressure and mass flow in the steam
line. The associated fission power was shown before in Figure 1 above.

Notice that according to the dynamic EPA simulation the feedwater flow continues to rise
after scram conditions are exceeded, and to oscillate at the same frequency as the fission power.
Similarly, the dome pressure and steam flow also rise and oscillate. Both the change in mean
values and the oscillations must be expected to have a feedback effect on the amplitude of limit-
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cycle power oscillations, even though they have obviously no effect on the decay ratio at the
onset of instabilities.

The effect of imposing fixed feedwater flow and temperature as boundary conditions has
been assessed by repeating the EPA simulation with feedwater conditions as shown by curves
(c) and (d) in Figure 7, keeping everything else the same as for Figure 1. This imposition of
fixed boundary conditions reduced both the amplitude and the rise of the mean fission power
oscillations by the factor of 3.5, thereby demonstrating the importance of feedback effects from
the Balance of Plant (BOP). As stated in the introduction, the incorrect simulation of BOP
feedback effects in TRAC-G is a major reason in under-predicting the fission power amplitude
for limit-cycle oscillations.

5. GROWTH TIME FOR LIMIT-CYCLE OSCILLATIONS

Figure 1 shows, that, starting from the time at which oscillations occur, it takes about
seven minutes for the limit-cycle power oscillation to reach maximum amplitudes. TRAC-G
calculations were prematurely terminated after four minutes. After four minutes, EPA reaches
only 80% of the maximum amplitude.

Superposition of TRAC-G on EPA results for the early time of amplitude growth shows
in Figure 9 that the EPA predicts lower amplitudes than TRAC-G. This suggests that the EPA
is more likely to under-predict than to over-predict the fission power amplitude.

1.2H

0 0 1 0 2 .0 3 0 4 0 5 0 6 0 7 0 8-0 9 0

Figure 9. Superposition of TRAC-G and EPA Predictions of Fission
Power Amplitude Growth, during first four minutes after
onset of oscillations.
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6. CONCLUSIONS

No computing or modeling errors in the EPA could be identified as causes responsible
for the discrepancy by a factor of seven or more between TRAC-G and EPA predictions for the
amplitude of limit-cycle power oscillations.

The omission in TRAC-G of dynamically simulating the BOP feedback effects, and the
premature termination of the TRAC-G calculations account for a difference by the factor of 4.7
in the predicted amplitude of limit-cycle power oscillations. The major contribution to the
discrepancy between TRAC-G and EPA predictions arises from the omission of BOP feedback
effects in TRAC-G.
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6 .6

CAUSES OF INSTABILITY AT LASALLE
AND CONSEQUENCES FROM POSTULATED SCRAM FAILURE*

W. Wulff, H. S. Cheng and A. N. Malien
Brookhaven National Laboratory

Upton, NY 11973 USA

ABSTRACT

The March 9, 1988 instability event at the LaSalle County-2 BWR power plant was
simulated on the BNL Engineering Plant Analyzer (EPA) in order to assess its ability to simulate
oscillatory transients, to identify the causes of the instability, to determine the maximum power
amplitude of limit-cycle oscillations after postulated scram failure and to rank leading modeling
parameters which affect instability.

The EPA was found capable of simulating the LaSalle instability, which was found to
have been caused by the combination of low core flow, moderately high power, low feedwater
temperature and strong bottom power peaking. After postulated scram failure, the power was
found to peak at 1,300% of normal full power. Void reactivity, power peaking and core exit
flow impedance were found to be the leading phenomena affecting thermohydraulic instability.

This work was performed under the auspices of the U.S. Nuclear Regulatory Commission.
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1. INTRODUCTION

The power and flow instability which had occurred on March 9, 1988 at the LaSalle
Ccunty-2 BWR power plant in Seneca, IL has been simulated on the BNL Engineering Plant
Analyzer (EPA) [1] for these four reasons: (i) to assess, for the first time, the simulation
fidelity of the EPA for oscillatory transients, using LaSalle plant data, (ii) to identify the causes
of the instability at LaSalle, (iii) to determine the maximum fission power amplitude for the
LaSalle instability with postulated scram failure and (iv) to rank the modeling parameters relative
to their importance for instability.

The EPA combines five advanced modeling principles [2] with the technology of Applied
Dynamics International's special-purpose minicomputer AD10, which is designed specifically
for high-speed and low-cost simulations of complex systems. The EPA performs efficiently and
quickly a large number of scoping simulations for BWR transients, involving component failures
in the Nuclear Steam Supply System, the Balance of Plant, the control and plant protection
systems, and involving operator actions. More than ninety-two LaSalle-related transients have
been simulated recently, twenty-one of these in order to meet the above four objectives.

BNL carried out in March and June of 1988 preliminary EPA simulations of the March
9, 1988 event and related postulated transients, utilizing the then available, limited information
on plant conditions prior to, and during, the occurrence of the power oscillations. As more
detailed information became available at BNL, more definitive simulations of the LaSalle event
and related transients were performed in November of 1988 and reported to the NRC in
December 1988. This paper presents these results.

2. SIMULATION OF LASALLE INSTABILITY

Results from the EPA simulation of the March 9,1988 LaSalle instability were compared
with the plant data available from the STARTREC recorder, for the purpose of assessing the
EPA's ability to simulate transients with large power and flow oscillations.

Modeling of LaSalle. Figure 1 shows the schematic of the BWR thermohydraulic
system modeled in the EPA. Figures 2 and 3 present two of the three control systems which
are active during the large-amplitude oscillations, namely the control systems for feedwater flow
and pressure regulation.

Table I below compares key parameters which define the initial conditions before any
initiating events occurred, as obtained from the EPA, against plant data. The initial axial
fission power shape is shown in Figure 4.
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Figure 1. Schematic of BWR Simulation Model with Control Systems

Table I. Initial Calculations for EPA Simulation of LaSalle

1. Reactor Power, MWt
2. Core Inlet Flow Rate, Mg/s (Mlb/h)
3. System Pressure, MPa (psia)
4. Steam Flow Rate, Mg/s (Mlb/h)
5. Feedwater Flow Rate, Mg/s (Mlb/h)
6. Recirc. Flow Rate, Mg/s (Mlb/h)
7. Recirc. Pump speed, rpm
8. Core Avg. Void Fraction, %
9. Core Avg. Fuel Temp., °C (°F)
10. Core Avg. Coolant Temp., °C (°F)
11. Core Inlet Subcooling, °C (°F)
12. Feedwater Temp., °C (°F)

EPA

2,808 (85%)
10.20 (80.98) (75%)

6.947 (1007.8)
1.458(11.568)
1.459(11.581)
3.691 (28.9)

1,590
40.5

610(1130)
285 (545)

11.32 (20.37)
205.6(402.1)

Plant Data

2801 (84%)
10.33 (81.95) (76%)

6.878 (997.5)*
1.415 (11.233)
1.427(11.322)

205.8 (402.4)

*RPV-average pressure in EPA, steam dome pressure from plant data.
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Figure 4. Initial Axial Power Shape for LaSalle Instability Simulation

An inadvertent low level signal was introduced during routine maintenance and caused
both recirculation pumps to trip. As a result, the core flow and fission power fell sharply, and
the attendant reductions in flow of steam to the turbines and, consequently, of extraction steam
from the turbines to the feedwater preheaters caused the automatic isolation of some preheaters.
This in turn caused a drop in feedwater temperature, thereby a positive void nnd moderator
reactivity insertion and consequently a rise in fission power. The combination of low core flow
with moderately high power produced, at least in part, the instability at the LaSalle plant.

Table II lists the major events during the LaSalle transient, up to the time at which scram
occurred, i.e. when for the first time the fission power reached 118% of normal full power.

The transient variation of the axial power shape is known for the LaSalle plant from
STARTREC recordings at four instances during the time before scram occurred in the plant, as
shown below in Figure 5 by the discrete points. A first-order Taylor series expansion of the
axial power peaking factor, in terms of the local vapor void fraction, local moderator and local
fuel temperatures, is being used in the EPA [3, App. A & B] to match the plant data, as shown
by the curves in Figure 5, and to accommodate the time-dependent axial power shape. The
radial power shape is being approximated by radial weight factors for void, Doppler and
moderator temperature feedback coefficients [3, Sect. 2.4.1].



Table II. List of Events During LaSalle Instability Event, up to Scram and Shutdown

Eventy Action

1. Steady state at 85 % power and 75 % flow
2. Recirculation pumps tripped and heaters isolated
3. Reactor power dropped to 40%
4. Core flow reached natural circulation (29%)
5. Power recovered to 45% & small oscillations began
6. Power reached 54% & oscillations started
7. Modulated limit cycle oscillations started
8. Reactor power reached 118% and reactor tripped
9. End of transient
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Figure 5. Time-Dependent Axial Power Shape for LaSalle Instability Simulation

Results of the LaSalle Instability Simulation. Figures 6 through 12 show the
comparison of EPA simulation results with plant data for those thermohydraulic parameters
which were recorded by the STARTREC system, namely for the reactor vessel pressure, the
average fission power, the reactor core flow, the coolant level in the downcomer, the feedwater
temperature and flow rate, and the steam flow rate.
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The comparisons show agreement between EPA simulation results and plant data for the
system pressure, the core flow, the coolant level in the downcomer and for the feedwater
temperature. It can be seen, however, that the level in the plant decreased for three minutes,
even though the measured steam flow is less than the measured feedwater flow, indicating some
uncertainty in the plant data.

The EPA-predicted steam and feedwater flow rates match each other, but they are about
20% and 12%, respectively, higher than the plant data just before the time when scram occurs.
The fission power comparison shows that the plant data are about 16% lower approximately four
minutes before scram, but then increase to match the nearly constant EPA-predicted fission
power just before scram. The differences between measured and simulated steam and feedwater
flows are caused, at least in part, by differences between EPA's BWR/4 control system
parameters and the actual but unknown LaSalle control parameters. The LaSalle feedwater
turbine control valve failed during the LaSalle instability event, but the information needed to
simulate that valve failure is not available.

Figure 13 shows the EPA-predicted fission power oscillations up to the time of scram,
which is predicted to occur at the same time as in the plant.

The LaSalle plant data from the STARTREC recording system are invaluable for
assessing the simulation fidelity of computer codes used for predicting oscillatory transients.
The data were used here to show that the EPA can simulate the LaSalle instability with best-
estimate modeling parameters, that is, without the use of destabilizing modeling parameters.
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Figure 13. EPA-Predicted Fission Power for LaSalle

CAUSES OF LASALLE INSTABILITY

It has been known that combinations of low flow (natural circulation flow) and
moderately high power can lead to thermohydraulic instability. EPA simulations performed
under actual LaSalle conditions, with one condition varied at a time, showed that three reactor
destabilizing conditions were necessary for the instability to occur:

(i) low core flow at moderately high power,

(ii) low feedwater temperature, caused by feedwater preheater isolation and providing
positive reactivity insertion, and

(iii) strong power peaking near the bottom of the core.

The LaSalle instability would not have occurred, according to the EPA analyses, if any one of
these conditions had not been met.

4. LASALLE INSTABILITY WITH POSTULATED SCRAM FAILURE

The LaSalle reactor underwent thermohydraulic power and flow oscillations and then,
at 118% of full power, it scrammed and entered into a safe shutdown. A postulated scram
failure was simulated on the EPA, to determine, (i) whether or not the oscillations would be self-
limiting, (ii) what the maximum power amplitude would be and (iii) to what extent the time
average of the power oscillations would rise with growing power oscillation amplitudes. This
time average of fission power is important because it determines the rate of pressure suppression
pool temperature heating, when the reactor vessel becomes over-pressurized.
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Figures 14 through 17 show the simulated fission power, core flow, the Minimum
Critical Power Ratio and the fuel centerline and cladding temperatures at the core location where
the maximum power peaking occurs.

EPA predictions show that:

(i) the oscillations are self-limited by Doppler and void reactivity feedback,

(ii) a negative total reactivity bias of 6$ limits the growth of fission power
amplitudes,

(iii) prompt criticality is reached for less than 10 milliseconds during the 4.2 second
period of limit-cycle oscillations; Doppler reactivity causes return to
subcriticality,

(iv) the maximum fission power is 1,300% of normal full power,

(v) the time average power rises to 86% of normal full power,

(vi) fuel mean and peak temperatures reach 1110 K (1530°F) and 2090 K (3300°F),
respectively; the amplitude of center line temperature oscillations is 545 K
(980°F),

(vii) the cladding temperature varies between 563 K (554°F) and 569 K (564°F), peak
to peak,

(viii) the Minimum Critical Power Ratio (MCPR) dips temporarily below unity,
indicating that temporary dryout occurs; however rewet modeling in the EPA has
great uncertainties because of the lack of an experimental data base for rewetting
under oscillatory conditions,

(ix) large limit-cycle oscillations were obtained after period-doubling bifurcation.

15.& 1.2

e.e
o o

Figure 14. EPA-Simulated Fission Power for LaSalle with Postulated Scram Failure
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Figure 17. EPA-Simulated Fuel Centerline and Cladding Temperatures for LaSalle
with Postulated Scram Failure
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RANKING OF MODELING PARAMETERS

A parametric study was performed on the BNL EPA to quantify the sensitivities of
oscillation period, time mean power and time mean core flow on modeling parameters which
strongly affect the stability. ' "

Table III below presents the results. Vapor void reactivity, axial and radial peaking
factors and core exit pressure loss coefficient are the most important modeling parameters.

Table III. Sensitivities of BWR Stability on Modeling Parameters

Effect
Parameter

Void Coeff. (+34%)
(Less Negative)

Axial F (+50%)
Radial Fj, r (+2096)
Loss Coeff. Kex (+20%)

Kin
Wall Shear (+86%)

(HTFS1 to MNJ2)
Rod Radius (+11%)
Gap Cond. (+46%)
TFW Reduction (+40%)

(Subcooling)
Direct Heating ( + 63 % )
Drift Velocity ( + 86%)

(Ishii to Dix)

Period of
Oscillation

+0.36 s

-0.28 s
-0.28 s

—
-0.09 s
-0.01 s

+0.31 s
-0.07 s
+0.01 s

-0.17 s
-0.08 s

Mean Power

+6.0%

-7.0%
-2.2%

—
0.0%
-5.1%

+9.0%
-1.5%
+2.3%

-3.1%
+4.0%

Mean Flow

-0.46%

-2.60%
-1.30%

—
-0.50%
-3.4%

+0.9%
-0.08%
+0.26%

-1.30%
+ 1.20%

Stability
Impact

Stabilizing

Destabilizing
Destabilizing

Stabilizing
Destabilizing
Destabilizing

Stabilizing
Destabilizing
Destabilizing

Destabilizing
Destabilizing

1 Heat Transfer and Fluid Flow Service [Butterworth 1985]
2 Martinelli-Nelson-Jones Correlation [Jones 1962]

6. CONCLUSIONS

It has been demonstrated in Section 2 that the Engineering Plant Analyzer (EPA) can
simulate the LaSalle instability with best-estimate modeling parameters, i.e. no destabilizing
modeling techniques are needed to compensate for stabilizing numerical diffusion.

Low core flow with moderately high power, low feedwater temperature and strong
bottom power peaking have been recognized as the causes for the March 9, 1988 instability at
LaSalle. In the absence of any one of these causes, the instability would not have occurred.

The maximum fission power peak obtained with the BNL EPA for LaSalle with
postulated scram failure, is 1,300% of normal full power.
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Temporary dryout is predicted to occur during large-amplitude, limit-cycle oscillations.
Cladding temperature varies between 563 and 569 K.

Void reactivity, axial and radial power peaking and core exit impedance are the leading
phenomena affecting thermohydraulic stability.
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ABSTRACT

A joint R&D program aiming at systematically investigating BWR stability analysis
using RETRAN02/MOD3 code has been undertaken by National Tsing Hua University and
T si wan Power Company. The present study is a part of the program and the objective is
tt> investigate stability characteristics for Chinshan Nuclear Power Plant. This study
in* :udes three types of stability analysis, (1) total plant stability, (2) core reactivity
«'.ability, and (3) channel hydrodynanu'c stability. In all cases investigated, the calculated
decay ratios are less than 0.65 and demonstrate plant operations would be stable under
pressure perturbations.



1. INTRODUCTION

The analyses of thermal hydraulic stability in a BWR have been investigated since
the initial startups of early BWRs. However the LaSalle power oscillation event revealed
that past analyses were not reliable enough to tel! that a core will be stable under all
operating conditions during a fuel cycle and further studies are required. It is with this
cognizance in mind that National Tsing Hua University and Taiwan Power Company
(TPC) formed a joint R&D program in the middle of 1989 aiming at systematically
investigating BWR stability analysis using the RETRAN02/MOD3 code [1].

The present study is a part of the program and the objective is to investigate the
stability characteristics for Chinshan Nuclear Power Plant (CNPP), which has two units of
GE designed BWR/4 with rated core thermal power of 1775 MW and rated core flow of 53
Mlb/hr. This study includes three types of stability analysis: (1) total plant stability, (2)
core reactivity stability, and (3) channel hydrodynamic stability. Various plant specific
information, including design documentation, drawings, safety analysis reports, and other
information supplied by vendors, are collected for model development. In the approach.
RETRAN provides the capability for three types of stability analysis in the real-time
domain, and together with a simple method to calculate the decay ratios and nature
frequencies.

2. TOTAL PLANT ANALYSIS

2.1 Modeling and Analysis Method

Figure 1 shows the total plant nodalization of Chinshan RETRAN02/MOD3 base
model, which was verified against a series of power tests to assure the adequacy of the
model [2]. This nodalization, applied to a wide range of transient events, was essentially
the same as those used by other utilities for BWR transient analysis. In this model, a total
of 35 volumes, 47 junctions and 8 heat conductors were contained.

In the core region, 3 fluid volumes connected by 3 heat conductors, were used to
simulate the average behavior of coolant within the fuel channels. The bypass region was
also separately represented by 3 fluid volumes with 3 conductors. Flow from the lower
plenum went through both the core region and the bypass volume and entered the upper
plenum. Point kinetics was used to calculate reactivity feedback. The steam dome, the
steam dryer, the separator, the upper downcomer and standpipes were each represented by
a single fluid volume respectively. Furthermore, the bubble rise model was employed in
the separator and upper downcomer. A single feedwater fill junction was used to represent
the feedwater lines. The amount of feedwater injected into the vessel and the feedwater
temperature were determined by the control system. Two recirculation loops were each
modeled with 3 volumes - the generation-2 jet pump, the recirculation pump with suction
piping, and the discharge piping. The recirculation pumps were simulated with the
RETRAN pump model. To simplify the calculation, 4 main steam lines were lumped into
a single equivalent line, which was then simulated by 5 fluid volumes before the steam
header. Five safety relief valves with different setpoints were modeled between the first
volume of main steam line and a large "sink" volume of suppression pool. Only one MSIV
was used to simulate the isolation between inside and outside of the containment.
Following the steam header, two flow streams were simulated, one to turbine separated by
a control valve, the other to condenser separated by a bypass valve.

The objective of total plant stability analysis is to determine or verify control system
setpoints that assume stable performance over the entire operating map. Tests and
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previous analytical models have identified the high power/low flow corner of the
power/flow operating map as the region of least stability margin. Therefore, 105%
power/100% flow and 50% power/32% flow cases are selected as limiting cases in this
study. Two forms of step disturbances are considered. The first form is a step change
(+10 psi) in the pressure regulator setpoint of the pressure control system. The second
form is a step change (+6 inches) in the water level setpoint of the feedwater control
system. Both forms are similar to plant start up tests and provide a good test of the
control system and reactor system models.

2.2 Analysis Results

Figure 2 and 3 show the calculated normalized power for the pressure regulator
setpoint step analysis at 105% power/100% flow and 50% power/32% flow. The core power
initially increases due to the void collapse caused by the pressure increase. Both the final
power levels are re-established with no overshoot or oscillation. All of the major response
phenomena agree qualitatively with expectations.

Results of the water level setpoint step analysis show that the water level gradually
reaches it? new setpoint value with no overshoot or oscillation. As shown in Figures 4 and
5, the core power increase slightly due to the decreased core inlet temperature and core
void reduction but returns to its steady state value as the water level reaches its new
setpoint. All of the major results of the analysis agree qualitatively with expectations.

3. CORE REACTIVITY STABILITY

3.1 Modeling and Analysis Method

Core reactivity stability analysis, in response to changes in core flow, subcooling, or
pressure include nuclear feedback effects from changes in core voids and fuel temperature.
The responses of the control systems are not included but the recirculation flow paths are
considered. The RETRAN model used in this study exclude the steam lines and turbine
control system used in the total plant analysis. For this model, the steam dome is treated
as a time dependent volume (TDV) and pressure perturbations are intioduced directly in
the steam dome TDV time tables. In this model, a total of 24 volumes, 32 junctions and 8
heat conductors were contained.

Based on the same reasons as total plant analysis, 105% power/100% flow and 50%
power/32% flow cases are selected in this study. Stability characteristics from four forms
of pressure perturbation forcing functions have been investigated: (1) periodic pressure
cycles, (2) step pressure changes, (3) triangular pressure pulses, and (4) smoothed ramp
pressure changes. Moreover, sensitivity studies on void reactivity coefficients, feedwater
temperature, and power shape are also carried out.

3.2 Analysis Results and Sensitivity Studies

Figure 6 and 7 show the core responses to a 10-second, -6 psi square pressure wave in
both power/flow cases. Figure 8 and 9 show system responses to a -6 psi step change in
steam dome pressure, Figure 10 and 11 show the response to a two-second, 0.725 psi
triangular pressure perturbation to the steam dome TDV. The results to a smoothed ramp
1-second, 1 psi pressure perturbation, are shown in Figure 12 and 13. In both limiting
cases, minor oscillations in the core power are observed but return to steady state within 10
seconds. The major results of the analysis agree qualitatively with those reported in EPRI
[3] studies and with traditional perspectives.
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Sensitivity studies in core reactivity stability indicate that cases with large void
reactivity coefficient or with small feedwater enthalpy show large oscillations and,
therefore, destablizing. However, power shape is found to have little effect on stability.
Table I summarizes the items of sensitivity studies and Figure 14 shows the result of core
power.

4. CHANNEL HYDRODYNAMIC STABILITY

4.1 Modeling and Analysis Method

In this study, the channel model simulates the active fuel (12 volumes) and the
unheated core inlet and outlet regions of the fuel bundle with standard RETRAN Control
volumes and junctions. The lower plenum and upper plenum are treated as TDVs which
allow flexibility in the specification of boundary conditions and the imposed perturbations.
The actual geometry of CNPP fuel assembly is accurately modeled by the data derived
directly from fuel assembly specifications. Initial conditions of 100% power/100% flow and
50% power /32% flow are selected in this study. A 1 psi step reduction in lower plenum
pressure is introduced by input it to the RETRÀN lower plenum TDV.

4.2 Analysis Results and Sensitivity Studies

Comparisons of the calculated core exit flow rates indicate that the 50% power/32%
flow case demonstrates a larger oscillation than the 100% power/100% flow case, and both
cases reach new stable states eventually. Several sensitivity studies including fuel assembly
power levels, power shapes, spacer and inlet orifice loss coefficients, have been performed.
The results for the case of 100% power/100% flow indication that an increase in power level
increases the channel stability as is expected, see Figure 15. For the case of 50%
power/32%flow, Figure 16 and Table II show that the increasing power level from 1 to 1.2
times nominal increases the channel instability as is expected; however, when the power
level increases from 1.2 times nominal to 2.0 times nominal the situation is reversed and
which is under further investigation now. Furthermore, this phenomenon has also been
found in Kuosheng BWR/6 power plant stability analysis [4].

Sensitivity study on axial power shapes was performed with the base power shape
(cycle 6 bottom peaked), uniform power shape and the base shape rotated 180°, i.e. top
peaked, cases. Figure 17 indicates that the base power shape produces a largest oscillation
and the rotated one produces a smallest as is expected. Results of sensitivity studies on the
spacer and inlet orifice loss coefficients demonstrate that increasing the spacer loss
coefficient increases the decay ratio and increasing the inlet orifice loss coefficient decreases
the decay ratio as are expected and as shown in Figure IS and 19.

5. CONCLUSIONS

In this study, three types of stability analysis: (1) total plant stability, (2) core
reactivity stability, and (3) channel hydrodynamic stability using plant specific
RETRAN02-MOD3 models for the BWR/4 "plant, CNPP have been performed. Based on
the calculate^ results, the following conclusions can be drawn:

(a) In all cases investigated, the calculated decay ratios are less than 0.65 and have
demonstrated that Chinshan Nuclear Power Plant operations would be stable
under pressure perturbations.

(b) For total plant stability analysis, RETRAN has been demonstrated to be
adequate and assure stable performance in both limiting cases.
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(c) For core reactivity stability analysis, four types of pressure perturbations were
employed and used to demonstrate the allowable operating map at 105% power/
100% flow and 50% power/32% flow conditions.

(d) For channel hydrodynamic stability analysis, all of the major response
phenomena agree qualitatively with expectations. However, for the case of 50%
power/32% flow, our calculations show stablizing effects in coolant channel when
power level increases from 1.2 to 2.0 limes nominal.
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Figure 10- CNPP Core Reactivity Stability Analysis—105"
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Table I. CNPP Sensitivity Study Items in Core Reactivity Stability

Parameters Case 1

Void Reactivity Coef.

Feedwater Enthalpy

Axial Power Shape

CNPP Cycle 6 Base * 2

Constant Base

CNPP Cycle 6 Base

Base Base

-1 Btu/lbm-s Base

Base - Bottom Peaked

Table II. Sensitivity Study on Channel Hydrodynamic Stability
for Fuel Assembly Power Levels at 50% Power/32% Flow

Case

1

2

3

4

5

6

Power Leveli

1 x]

1.2 >

1.4 >

1.6 >

1.8 >

2.0 >

Nominal

< Nominal

< Nominal

« Nominal

< Nominal

< Nominal

Decav

0.33 ±

0.65 ±

0.54 ±

0.48 ±

0.38 ±

Ratio

0.01

0.04

0.05

0.03

0.05

0.089 ± 0.008

Natural Frequency

0.24 ± 0.01

0.2S ± 0.01

0.31 ± 0.00

0.33 ± 0.01

0.36 ± 0.01

0.35 ± 0.05

§ Power level at nominal = 2.163 M\V.
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Summary

The formal technical sessions were followed on the last day by a panel discussion with the chairmen of the
technical sessions, to consider the technical, regulatory, operational, and perceptual aspects of BWR in-
stability.

With regard to technical understanding of the phenomena, the participants agreed that the causes of in-
stability appear to be well understood, but there are many variables involved, and theircorrelation with in-
stability conditions is not always certain. Most codes claimed to be capable of predicting oscillations and
unstable conditions, based on post-test analyses of data from actual events, but there do not seem to be any
blind predictions available which accurately predict an instability event before the actual test results are
released. As a result, reactor owners have decided that the best course is to avoid, with sufficient margin,
certain regions in the power-flow map where regions of instability are known to exist, rather than try to
predict them very accurately.

The meeting concluded that the safety significance of BWR instability is rather limited, and current es-
timates of plant risk do not show it to be a dominant contributor. This is because the installed plant protec-
tion systems will shut a reactor down when the oscillations exceed power limits, and any fuel damage which
might occur will be localized and containable. However, it was also agreed that an instability event could in-
crease uncertainties in the human error rate, because operators who have never seen an unstable reactor
may take actions which are not necessarily the best for the particular situation. In addition, although an in-
stability event may not cause any harm to the public, it may cause some fuel failures, and these are certainly
a concern to a reactor owner, for economic and radiation protection reasons. Finally, it was also agreed that
BWR instability is certainly considered to be significant by the public, where acceptance of the technology
would erode if a plant is perceived to be in an uncontrolled state, regardless of the actual risk inherent in the
situation.

For the future, the participants agreed that some sort of blind international standard problem would be
worthwhile, and Italy tentatively offered a thermal-hydraulic test facility (PIPER-1) for a possible ISP.
Several commenters suggested that a test without actual interactions between the thermal-hydraulics and
neutronics would be of limited value, but it was pointed out that this would require a test in a real reactor,
and utilities were reluctant to even propose such an experiment. A bund experiment in an actual plant
would be the best test of the code performance, but no one offered a facility for such a test.



List of Participants

Mr. Ulvi Adalioglu
Head, Nuclear Engineering Department
Çekmece Nuclear Research Center
P.K. 1
Havaalani - Istanbul
Turkey

Telephone: (90) (1) 579-0734
Telex 21049 MOTA TR
Telefax: (90) (1) 579-0699

Dr. Nusret Aksan
Group Leader
Paul Scherrer Institut
Thermal-hydraulics Laboratory
Wiirenlingen and Villigen
CH-5232 Villigen PS1
Switzerland

Telephone: (41) (56) 99-27-10
Telex: 827417 PSICH
Telefax: (41) (56)98-23-27

Mr. Stig Andersson
ABB Atom AB
Reactor Division
Interdisciplinary Engineering
System Analysis
S-721 63 Vàsterâs
Sweden

Telephone: (46) (21) 107153
Telex: 40629 atomva s
Telefax: (46) (21) 182737

Mr. Fumimasa Araya
Research Engineer
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11
Japan

Telephone: (81) (292) 82-5273
Telex: 3632340 KTOKAIJ
Telefax: (81) (292) 82-5408

Mr. John Atchison
NUS Corporation
El Division
545 Shoup Avenue
P.O. Box 50736
Idaho Falls, ID 83405-0736
United States

Telephone: (1) (208) 524-9313
Telex:
Telefax: (1) (208) 524-9320

Mr. Robert A. Bari
Brookhaven National Laboratory
Building 197C
Upton, New York 11973
United Stales

Telephone: (1) (516) 282-2608
Telex: 6852516 BNL DOE
Telefax: (1) (516)282-261

Mr. Bengt -Goran Bergdahl
Eurosim AB
S-611 82 Nyôping
Sweden

Telephone: (46) (155) 22216
Telex:
Telefax: (46) (155) 21927

Mr. Juan B. Blazquez-Martincz
Researcher
CIEMAT
Avda. Complutense, 22
E-28040 Madrid
Spain

Telephone: (34) (1)346-6239
Telex: 23555 CIEMA-E
Telefax: (34) (1) 346-6005

Mr. Jan Blomstrand
Specialist, Core Dynamics
ABB Atom AB
Dept. URA
Fuel Division
S-721 63 Vàsterâs
Sweden

Telephone: (46) (0) 2110-7000
Telex: 40629 atomva s
Telefax: (46) (0)2118-2737

Ms. Parvaneh Borbani
Ph.D Student
University of California, Berkeley
Nuclear Engineering Department
Berkeley, CA 94720
United States

Telephone: (1) (415) 642-5010
Telex:
Telefax: (1) (415)



540

Dr. Lutz-Peter Brandes
Hamburgjsche Electricilàts-Werke AG
Betriebstechnik
Ûberseering 12
D-2000 Hamburg 60
Germany

Telephone: (49) (40) 6396-3730
Telex; 403068 hewag
Telefax: (49) (40) 6396-3760

Mr. Ralph Caruso
Administrator, NEA/OECD
OECD/NEA
38 Boulevard Suchet
75016 Paris
France

Telephone: (33) (1) 45.24.96.74
Telex: AENENA 630668 F
Telefax: (33) (1) 45.24.9624

Mr. Mark A. Chaiko
Project Engineer
Pennsylvania Power & Light Co.
Two North Ninth Street
Allentown, Pennsylvania 18101
United States

Telephone: (1) (215) 770-7979
Telex:
Telefax: (1) (215) 770-7337

Mr. H.S. Cheng
Brookhaven National Laboratory
Upton, N.Y. 11973
United States

Telephone: (1) (516)2611
Telex: 6852516 BNL DOE
Telefax: (1) (516)282-2613

Dr. F. D'Auria
Assistant Professor
University of Pisa
Dipartiment di Costruzioni Meccaniche e Nuclcari
Via Diolisalvi, 2
1-56100 Pisa
Italy

Telephone: (39) (50) 585253
Telex: 500104 F1NGP11
Telefax: (39) (50) 500987

Mr. Brian Damiano
Engineer
Oak Ridge National Laboraiory
Instrumentation and Controls Division
MS 6010
P.O. Box 2008, Bldg 3500
Oak Ridge. Tennessee 37831-6010
United States

Telephone: (1) (615)574-5541
Telex:
Telefax: (1) (615)574-4058

Mr. David Diamond
Nuclear Engineer
Brookhaven National Laboratory
Building 197C
Upton, New York 11973
United Stales

Telephone: (1) (516) 282-2608
Telex: 6852516 BNL DOE
Telefax: (1) (516) 282-2613

Dr. Dieter Eitner
TUEV Suedwest
Dudenstr. 28
D-6800 MMannheim
Germany

Telephone: (49) (621)395539
Telex: 4-63128
Telefax: (49) (621) 333928

Mr. Yousef M. Farawila
Engineer
Advanced Nuclear Fuels Corporation
P.O. Box 130
2101 Horn Rapids Road
Richland, Washington 99352-0130
United States

Telephone: (1) (509) 375-8720
Telex: 15-2878
Telefax: (1) (509) 375-8402

Mr. Istvan Frankl
T/H Engineer
S.M. Slollcr Corp.
485 Washington Ave.
Pleasantville, New York 10570
United States

Telephone: (1) (914) 741-1200
Telex: 510-601-3299
Telefax: (1) (914)741-2093

Dr. Willi Frisch
Division Head
Gesellschaft fur Reaktorsicherheit(GRS) - mbH
Forschungsge lande
D-8046 Garching
Germany

Telephone: (49) (89)32004-132
Telex: 521-5110 GRSMD
Telefax: (49) (89) 3204.914

Dr. Robin Galer
Project Manager
Electric Power Research Institute
3412 Hillview Avenue
Palo Alto, CA 94303
United States



V41

Telephone: (1) (415) 855-7932
Telex:
Telefax: (1) (415) 855-1082

Mr. Steve Ganthner
Senior Engineer
Carolina Power and Light
P.O. Box 1551, CPB2A3
Raleigh, North Carolina
United Slates

Telephone: (1) (919) 546-6018
Telex:
Telefax: (1) (919)546-4361

Mr. J.K. Garrett
Senior Engineer, Plant Analysis Services
General Electric Co.
Nuclear Energy Division
175 Curtner Ave, M/C 769
San Jose, CA 95125

United Slates

Telephone: (1) (408) 925-2084
Telex: GE NED SNJ B 357448
Telefax; (1) (408)925-5975

Mr. Ben Gitnick
Principal Engineer
Scientec, Inc.
11821 Parklawn Dr.
Rockville. MD 20852
United States

Telephone: (1) (301)468-6425
Telex:
Telefax: (1) (301) 468-0083

Mr. Lester Goldstein
Mgr. Nuclear and Thermalhydraulics
S.M. Stoller Corp.
485 Washington Ave.
PleasantvUle, New York 10570
United States

Telephone: (1) (914) 741-1200
Telex: 510-601-3299
Telefax: ( i) (914) 741-2093

Mr. George S. Grochowski
Director of Reactor Engineering
New York Power Authority
123 Main Street
White Plains, New York 10601
United States

Telephone: (1) (914) 681-6838
Telex:
Telefax: (1) (914)

Dr. James G. Guppy
Division Head
Brookhaven National Laboratory
Department of Nuclear Energy

Reactor Analysis Division
Building 475B
Upton, New York 11973
United States

Telephone: (1) (516) 282-2698
Telex: 6852516 BNL DOE
Telefax: (1) (516) 282-2613

Mr. Tohru Haga
Head, BWR Safety Analysis Division
Japan Institute of Nuclear Safety/NUPEC
3-17-1, Toranomon, Minato-Ku
Tokyo 105
Japan

Telephone: (81) (3) 5470-5470
Telex-
Telefax: (81) (3)5470-5454

Dipl.-Ing. Horst Heckermann
RWE Energie AG

Kruppstr. 5
D-4300 Essen 1
Germany

Telephone: (49) (201) 185-2576
Telex: 857-851 energ
Telefax: (49) (201) 185-4313

Dipl.-Phys. Manfred Henschel
TUV-Norddeutschlande.V
Gr. Bahnstr. 31.
D-2000 Hamburg 54
Germany

Telephone: (49) (40) 8557-639
Telex: 215063
Telefax: (49) (40) 8557-429

Mr. Per Hoglind
Fuel Project Engineer
ABB Atom Inc.
777 Penn Center Blvd.
Pittsburgh, PA 15235
United States

Telephone: (1) (412) 825-9356
Telex:
Telefax: (1). (412) 825-9337

Mr. Tsing-Tung Huang
Associate Researcher
Atomic Energy Council of Taiwan
67, Lane 144
Keelung Rd., Section A
Taipei, Taiwan ROC
Taiwan

Telephone: (886) (2) 363-4180 Extension 265
Telex: 785-26554 SINOATOM
Telefax: (886) (2)363-5377

Mr. Robert L. Huang
Principal Engineer



General Electric Co.
Nuclear Energy Division
175 Curtner Ave, M/C 754
San Jose, CA 95125
United States

Telephone: (1) (408) 925-5399
Telex: GE NED SNJ B 357448
Telefax: (1) (408)925-1687

Mr. Peter Jensen
Engineer
Computer Simulation and Analysis
450 D Street
P.O. Box 51596
Idaho Falls, ID 83405
United States

Telephone: (1) (208)529-1700
Telex:
Telefax: (1) (208) 529-1723

Dr. Gary W. Johnsen
Unit Manager
EG&G Idaho, Inc.
P.O. Box 1625
Idaho Falls, ID 83415-2404
United States

Telephone: (1) (208) 526-9854
Telex: 910-977-5915 USDOE IDAH
Telefax: (1) (208) 526-6470

Mr. Muzaffer Karasulu
Supervisory Nuclear Engineer
New York Power Authority
123 Main Street
White Plains, New York 10601
United States

Telephone: (1) (914) 681-6842
Telex:
Telefax: (1) (914) 681-6536

Mr. Sergey Katsenelenbogen
Consultant
Scandpower Inc.
101 Lake Forect Blvd., Suite 340
Gaithersburg, MD 20877
United States

Telephone: (1) (301) 330-1100
Telex:
Telefax: (1) (301)1102

Mr. Yeong-Chan Kim
Technical Manager
The Japan Research Institute, Ltd.
Nuclear Engineering Division
5-12, Kita-Aoyama 3-Chomc
Minato-Ku, Tokyo 107
Japan

Telephone: (81) (3) 423-3240
Telex:
Telefax: (81) (3) 423-8966

Dr. Ernst Knoglinger
Deputy Head, Laboratory for Reactor Physics and
Systems Engineering
Paui Scherrer Institut
Thermal-hydraulics Laboratory
Wurenlingen and Vdligen
CH-5232 Villigen PS I,
Switzerland

Telephone: (41) (56) 99-27-31
Telex: 827417 PSI CH
Telefax: (41) (56) 98-23-27

Mrs. Yoko Kobayashi
Asst. Mgr. for Core Management
Toden Software, Inc.
2-2-30 Kansa-Jinbocho Chiyoda-Ku
Tokyo 101
Japan

Telephone: (81) (3) 596-7680
Telex:

Telefax: (81) (3)596-7670

Mr. Per Landsâker
Swedish State Power Board
Statens Vatlenfailsverk
Forsmarksverket
S-742 00 Ôsthammar
Sweden

Telephone: (46) (173)81543
Telex: 760 65 SWKF S
Telefax: (46) (173)55116

Dr. Siegfried Langenbuch
Gesellschaft fur Reaktorsicherheit(GRS) - mbH
Forschungsgelànde
D-8046 G arching
Germany

Telephone: (49) (89) 32004-124
Telex: 521-5110 GRS MD
Telefax: (49) (89) 3204.914

Mr. George Lanik
Section Chief
United States Nuclear Regulatory Commission
AEOD
Washington, D.C. 20555
United States

Telephone: (1) (301) 492-4433
Telex:
Telefax: (1) (301)

Mr. Tony LaRosa
Manager, Special Projects
NUS Corporation
El Division



r> 'i 3

545 Shoup Avenue
P.O. Box 50736
Idaho Falls, ID 83405-0736
United States

MS 6010
P.O. Box 2008
Oak Ridge, Tennessee 37831-6010
United States

Telephone: (1) (208) 524-9227
Telex:
Telefax: (1) (208)524-9372

Mr. Tomas Lefvert
Senior Scientific Advisor
Swedish State Power Board
S-16287 Vallingby
Sweden

Telephone: (46) (8) 739-5000
Telex: 11914
Telefax: (46) (8) 877879

Mr. Gerald S. Lellouche
President
TDS, Inc.
6252 N. Lakewood
Chicago, IL 60660
United States

Telephone: (1) (312) 743-6740
Telex:
Telefax: (1) (312)

Dr. Joachim Lorenzen
Eurosim AB
S-61182Nykôping
Sweden

Telephone: (46) (155) 21929
Telex: 50993 nucl s
Telefax- (46) (155) 21927

Mr. Alexander N. Malien
Brookhaven National Laboratory
Bldg. 475B
Upton, N.Y. 11973
United States

Telephone: (1) (516) 282-2230
Telex: 6S52516 BNL DOE
Telefax: (1) (516) 282-2613

Mr. L. Mansani
Ansaldo, SpA
Core Design and Safety Analysis
Via dei Pescatnri 35
1-16129 Genoa
Italy

Telephone: (39) (10) 550-2814
Telex: 281048 ANSALDO 1
Telefax: (39) (10)550-2031

Dr. Jose March-Leuha
Engineer
Oak Ridge National Laboratory •
Instrumentation and Controls Division

Telephone: (1) (615) 574-55"1!
Telex:
Telefax: (1) (615) 574-4058

Mr. Jan Matlson
Swedish Nuclear Power Inspectorate
P.O. Box 27 106
S-1Û2 5? Stockholm
Sweden

Telephone: (46) (8) 655-4459
Telex: 11961 SWEATOM S
Telefax: (46) (8) 661-9086

Mr. Bengt Melkerson
Vatlenfall
Ringhalsvsrkel
S-43022 Varobacke
Sweden

Telephone: (46) (340)67609
Telex: 3495 S WKPR S
Telefax: (46) (340)67606

Dr. Isabel Mellado
Jefe de Unidad Sisttmas Nucleares BWR
Consejo de Seguridad Nuclear
c/Justo Dorado 11
E-28040Madiid
Spain

Telephone: (34) (1) •'46-0250
Telex: 49051 CSNM E
Telefax: (34) (1) 346-0588

Mr. Josephs. Miller
Director - Engineering Analysis
Gulf States Utilities Company
P.O. Box 220
St. Francisville, LA 70775
United Stales

Telephone: (1) (504) 381-4862
Telex:
Telefax: (1) (504; 381-487]

Dr. Lars Moberg
Manager
Scandpower A/S
P.O. Box 3
N-2007 Kjeller
Norway

Telephone: (47) (6)81.49.20
Telex: 79937 SCP N
Telefax: (47) (6) 81.88.22

Mr. Jaime Morales
Project Manager



Instil uto de Investigaciones Electricas
Interior Internado Palmira
Apartado Postal 475,62000
Cueraavaca, Morelos
Mexico

Telephone: (52) (73) 12-19-23
Telex: 17-3380 inieme
Telefax: (52) (73) 143034

Mr. Hideo Nakamura
Research Engineer
Japan Atomic Energy Research Institute
2-4 Shirakata-Shirane
Tokai-mu/a, Ibaraki 319-11
Japan

Telephone: (81) (292) 82-5265
Telex: 36-32340 J TOKAI J
Telefax: (81) (292) 82-5408

Mr. Larry A. Nielsen
Senior Engineer, Reload Licensing
Advanced Nuclear Fuels Corporation
P.O. Box 130
2101 Horn Rapids Road
Richland, Washington 99352-0130
United States

Telephone: (1) (509) 375-8358
Telex: 15-2878
Telefax: (1) (509)375-8402

Mr. Israel Nir
Lead Nuclear Engineer
Entergy Operations
P.O. Box 31995
Jackson, MS 39286
United States

Telephone: (1) (601) 984-9443
Telex:
Telefax: (1) (601) 984-9817

Mr. A. Orazi
Safety Analyst
Ente Nazionale Energie Alternative (ENEA)
Via Vitaliano Brancati 48
1-00144 Poma
Italy

Telephone: (39) (6) 5007-2170
Telex: 612167 ENEUR1
Telefax: (39) (6) 5007-2916

Mr. Shie-Jeng Peng
Engineer
Detroit Edison
270 TAC, Fermi-2
6400 N. Dix:.; Highway
Newport, MI 48166
United States

Telephone: (1) (313) 586-1317
Telex.
Telefax: (1) (313)

Mr. Juan J. Pena
Manager, BWR Core Design
ENUSA
Santiago Rusinol, 12
E-28040 Madrid
Spain

Telephone: (34) (1) 347-4228
Telex: 43042 URAN E
Telefax: (34) (1)347-4215

Dr. Laurence E. Phillips
Section Chief
United States Nuclear Regulatory Commission
Reactor Systems Branch 8E-23
Washington, D.C. 20555
United States

Telephone: (1) (301) 492-3232
Telex:
Telefax: (1) (301) 492-0259

Prof. Michael Z. Podowski
Rensselear Polytechnic Institute
Department of Nuclear Engineering and Engineer-
ing Physics
NES Bldg.
Tibbits Ave.
Troy, NY 12180-3590

United States

Telephone: (1) (518) 276-4007
Telex:
Telefax: (1) (518) 276-4832

Mr. Douglas W. Pruitt
Senior Engineer
Advanced Nuclear Fuels Corporation
P.O. Box 130
2101 Horn Rapids Road
Richland, Washington 99352-0130
United States

Telephone: (1) (509) 375-8382
Telex: 15-2878
Telefax: (1) (509) 375-8402

Mr. Thomas J. Rausch
Chairman, BWR Owners Group Stability Commit-
tee
Commonwealth Edison Company
Nuclear Fuel Services Dept., Room 922E
P.O. Box 767
Chicago, IL. 60690-0767
United States

Telephone: (1) (312) 294-3850
Telex:
Telefax: (1) (312) 294-4214



Mr. John P. Rea
General Manager
Scandpower Inc.
101 Lakeforest Blvd., Suite 340
Gaithersburg, MD 20877
United States

Telephone: (1) (301) 330-1100
Telex:
Telefax: (1) (301)330-1102

Mr. Peter Reibe
Process Analyst
Kraftkonsult AB
P.O. Box 1942
S-75149 Uppsala
Sweden

Telephone: (46) (18) 694565
Telex:
Telefax: (46) (18) 252727

Dr. Frigyes Reisch
Director, Division of Ringhals
Swedish Nuclear Power Inspectorate
Sehistedtsgatan 11
Box 27106
S-102 52 Stockholm
Sweden

Telephone: (46) (8) 665-4434
Telex: 11961 SWEATOM S
Telefax: ^46) (8) 661-9086

Mr. Alceste Rilli
System Engineer
ENEL
ViaJe Regjna Margherita 137
1-00199 Roma
Italy

Telephone: (39) (5) 8509-8775
Telex: 6 610518
Telefax: (39) (5) 8539-8601

Mr. Anthony J. Roscioli
Senior Project Engineer/Nuclear
Pennsylvania Power and Light Co.
Two North Ninth Street
AUentown, PA 18101
United States

Telephone: (1) (215) 770-7952
Telex:
Telefax: (1) (215) 770-7337

Mr. O. Sandervâg
Project Manager
Swedish Nuclear Power Inspectorate
P.O. Box 27 106
S-102 52 Stockholm
Sweden

Telephone: (46) (8) 655-4459
Telex: 11961 SWEATOM S
Telefax: (46) (8)661-9086

Mr. Jan-Eric Sandstrom
Sr. Program Engineer
ABB Aiom Inc.
777 Penn Center Blvd.
Pittsburgh, PA 15235
United States

Telephone: (1) (412) 825-9352
Telex:
Telefax: (1) (412)825-9337

Mr. Nicolaas Schuch
Senior Engineer
Swedish State Power Board
Eurosim AB
c/o Studsvik Nuclear
S-61182 Nykôping
Sweden

Telephone: (46) (155) 21983
Telex: 50993 NUCL S
Telefax: (46) (155)21927

Dr. Harold H. Scott
Reactor Engineer
United States Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Washington, D.C. 20555
United States

Telephone: (1) (301) 492-3563
Telex: 7108240412 NRC BHD WSH
Telefax: (1) (301) 492-7617

Dipl.-Ing. Reinhard W. Seepolt
Hauptabteilungsleiter
Kernkraftwcrke Gundemmingen
Betriebsgesellschaft mbH
Postfach 300
D-8871 Gundremmingen
Germany

Telephone: (49) (8224) 78-2171
Telex:
Telefax: (49) (8224) 78-2900

Mr. Juan M. Serra
Engineer
HIDROLA
c/Hermosilla 3
E-28001 Madrid
Spain

Telephone: (34) (1) 577-6500
Telex: 23786 HEMD E
Telefax: (34) (1) 576-6762

Mr. Taketomi Shakudo
Assistant Manager
Nuclear Fuel Industries Ltd. (NFI)
23-5 Nishi-Shinbashi 3 Chôme



Minato-Ku, Tokyo 105
Japan

Telephone: (81) (3) 433-3115
Telex:
Telefax: (81) (3) 433-3937

Mr. James C. Shaug
Principal Engineer
General Electric Co.
Nuclear Energy Division
175 Curtner Ave, M/C 186
San Jose, CA 95125
United States

Telephone: (1) (408) 925-6696
Telex: GE NED SNJ B 357448
Telefax: (1) (408) 925-5064

Dr. Brian Sheron
Director, Division of Systems Research
United States Nuclear Regulatory Commission
Office of Nuclear Regulatory Research, MS NL/N
369
Washington, D.C. 20555
United States

Telephone: (1) (301) 492-3500
Telex: 7108240412 NRC BHD WSH
Telefax: (1) (301) 492-7617

Mr. Chunkuan Shih
Professor of Nuclear Engineering
National Tsing Hua University
Department of Nuclear Engineering
101, Section 2, Kuang Fu Road, Hsinchu
Taiwan, 30043
Taiwan

Telephone: (886) (35) 710524
Telex:
Telefax: (886) (35) 720724

Dr. Bharat S. Shiralkar
Manager, Core Safety Methods
General Electric Co.
Nuclear Energy Systems Division
175 Curtner Ave.
San Jose, CA 95125
United States

Telephone: (1) (408) 925-6889
Telex: GE NED SNJ B 357448
Telefax: (1) (408) 925-5064

Mr. John Sorensen
Consulting Engineer
S. Levy, Inc.
3425 South Bascom Ave.
Campbell, CA 95008
United States

Telephone: (1) (408) 377-4870
Telex:
Telefax: (1) (408) 371-6804

Mr. Marek Stepniewski
Engineer
ABB Atom AB
Box 53
S-721 63 Vasterâs
Sweden

Telephone: (46) (21) 107226
Telex: 40629 atomva s
Telefax: (46) (21) 189471

Mr. Tjeri Surjanlo
Engineer
SCS
P.O. Box 1295
Birmingham, AL 35202
United States

Telephone: (1) (205) 877-7244
Telex:
Telefax: (1) (205)

Mr. Robert Sutler
Vice President
SAIC
2220 Northwest Parkway, Ste 200
Marietta GA 30067
United States

Telephone: (1) (404) 952-2002
Telex:
Telefax: (1) (404) 952-6920

Mr. Kjell Svanholm
Head, In-Core Experiments
OECD Halden Reactor Project
Os allé 13
Postboxl73
N-1750 Halden

Norway

Telephone: (47) (09) 183100
Telex: 76335 ENERG N
Telefax: (47) (09) 186144

Mr. Harukuni Tanaka
Project Manager, Core Fuel Management
Toden Software, Inc.
2-2-30 Kanda-Jinbocho Chiyoda-ku
Tokyo 101
Japan

Telephone: (81) (3) 596-7680
Telex:
Telefax: (81) (3) 596-7670

Mr. Kalsuhiro Tsuda
Section Manager
Nuclear Fuel Industries. Inc.
23-5 Nishi-Shinbashi 3 Chôme
Minato-Ku, Tokyo 105
Japan



547

Telephone: (81) (3)433-3115
Telex-
Telefax: (81) (3) 433-3937

Mr. Shigeaki Tsunoyama
Senior Manager
Toshiba Corporation
Nuclear Engineering Laboratory
4-1, Ukishima-cho, Kawasaki-ku
Kawasaki, 210
Japan

Telephone: (81) (44) 288-8169
Telex:
Telefax: (81) (44) 299-2853

Mr. Keijo Valtonen
Reactor Physicist
Finnish Centre for Radiation and Nuclear Safety
PL/P.O. Box 268
SF-00101 Helsinki
Finland

Telephone: (358) (0) 70821
Telex: 124956 STUKV SF
Telefax: (358) (0) 7082-392

Dr. T.HJJ. Van der Hagen
Researcher
Delft University of Technology
Interfaculty Reactor Institute
Mekelweg 15
2629 JB Delft
Netherlands

Telephone: (31) (15) 78.69.52
Telex:
Telefax; (31) (15) 786422

Mr. Jaap Van der Voct
Nuclear Engineer

N.V. GKN
Waalbandijk 112A
6669 MG Dodewaard
Netherlands

Telephone: (31) (8) 885-246
Telex: -
Telefax: (31) (8) 885-2128

Mr. George Vayssier
Nuclear Safety Inspector
Ministry of Social Affairs
Nuclear Safety Department
2270 MA Voorburg
Netherlands

Telephone: (31) (70) 362-4611
Telex:
Telefax: (31) (70) 363-9920S

Mr. Song-Feng Wang
Head, Nuclear Engineering Division
Institute of Nuclear Energy Research

P.O. Box 3-3, Lung-Tan
Taiwan 32500
Taiwan

Telephone: (886) (3) 471-1404
Telex:
Telefax: (886) (3)471-1064

Mr. Jong-Rong Wang
Assistant Researcher
National Tsing Hua University
Department of Nuclear Engineering
101, Section 2, Kuang Fu Road, Hrinchu
Taiwan , 30043
Taiwan

Telephone: (886) (35) 715131
Telex:
Telefax: (886) (35) 720724

Dr. Wolfgang Waschull
Reactor Core Supervisor
Kernkraftwerk Krummel
Elbuferslrasse 82
D-2054 Geesthacht
Germany

Telephone: (49) (4152) 15-2560
Telex: 415210
Telefax: (49) (4152) 15-2099

Mr. Glen A. Watford
Principal Engineer
General Electric Co.
Nuclear Energy Division
175 Curtner Ave, M/C 740
San Jose, CA 95125
United States

Telephone: (1) (408) 925-6136
Telex: GE NED SNJ B 35744S
Telefax: (1) (408) 925-4438

Dr. Wolfgang Wulff
Group Leader
Brookhaven National Laboratory
Building 475B
Upton, New York 11973
United States

Telephone: <1) (516) 282-2608
Telex: 6852516 BNL DOE
Telefax: (1) (516) 282-2613

Mr. Osamu Yokomizo
Unit Manager
Hitachi Ltd.
Energy Research Laboratory
1168 Moriyama-cho, Hitachi-shi
fbaraki-ken
Japan

Telephone: (81) (294) 53-1111 Ext. 2658
Telex: 3645-518 ENEKEN J
Telefax: (81) (294) 53-7661



Mr. Yuichiro Yoshimolo Dr. Novak Zuber
Manager, Nuclear Reactor Engineering Section Assistant to the Director
Hitachi Ltd. United States Nuclear Regulatory Commission
Hitachi Works Division of Systems Research
3-1-1, Saiwai-cho, Hitachi-shi Office of Nuclear Regulatory Research
Ibaraki-ken 317 Washington, D.C. 20555
Japan United States

Telephone: (81) (294) 23-5373 Telephone: (1) (301) 492-3508

, r : , v ,™ N , -, c Telex: 7108240412 NRC BHD WSH
Telefax: (81) (294) 23-6617,6618 T e l e f a x ; ( 1 ) {m> 4 9 2 . 3 5 8 5


