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1 Summary

During almost two decenniums, the recurrence of power oscillations in domestic
and foreign BWRs has represented a challenge to one important design safety
criterion, even if the occurred power oscillations have not resulted in conditions
exceeding the specified fuel design limits.

Several reasons may explain the recurrence. One reason has been a worldwide
trend for an aggressive fuel economy optimisation, which from time to another
has resulted in reduced core stability margins. Another reason relates to the
analytical tools for prediction of core stability. These tools were scarce during
many years. A third aspect is that adequate and reliable core monitors were not
early available for installation at the plants.

Issues related to power oscillations have during many years received attention
from both the regulatory body and utilities, and from the fuel manufacturers. The
present report provides examples of important corrective actions which support
this conclusion. However, recent events indicate that the complex issue of BWR
power oscillations has not been suitably solved, at least domestically.

2 Introduction

In the frame of this report, a recurring event is an event which exhibits common
factors with event(s) having previously occurred at the same unit, or at some
unit(s) in the same country or in different countries.

The common factors can be related to the phenomenology of the transient
sequence involved, to the behaviour of systems and/or operators, to the root
causes behind the event, or to a combination of several of these factors.

The present report discusses BWR power oscillations. In this context the design of
the BWR-technology is based on strongly negative void and fuel temperature
reactivity coefficients which ensure self-regulating operational characteristics.
The thermo-hydraulical instability due to the presence of two water phases in the
primary coolant system can be acceptably minimized through suitable design
criteria.

General Design Criterion 12 is relevant in the present issue: "The reactor core
and associated coolant, control, and protection systems shall be designed to
assure that power oscillations which can result in conditions exceeding specified
acceptable fuel design limits are not possible or can be reliably and readily
detected and suppressed".
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3 International perspective

The first internationally reported BWR reactor power oscillation event occurred at
Caorso during power startup in 1982 (IRS 200). During the following years
several power oscillation events were reported (Caorso in 1984 and TVO1 in
1987). These events revealed a generic weakness of the stability of BWR which,
at that time, was mostly considered as a limited issue at reduced power level and
low recirculation flow.

The issue received considerable international attention after the June 1988 event
in Lasalle 2. One of the reasons behind the international focus on this event was
the fact that the in-phase, or global, core oscillations occurred during power
operation. One remembers hereby that the Lasalle 2 event was initiated by the
automatic trip of two recirculation pumps in response to a false low water level
signal. The reactor power was about 85% of full power. The oscillatory transient
was terminated by a scram at 118% of full power.

The Lasalle incident prompted the USNRC to issue additional guidance to the
General Design Criteria #12.

During subsequent years, power oscillations in BWRs were internationally
reported from plants in six different countries (Cofrentes, Isar 1 and TVO 1 in
1991, WNP 2 in 1992, Laguna Verde in 1995, and Oskarshamn 3 in 1998).

This short chronology of recurring events is not intended to be exhaustive and
additional events of similar character have probably occurred without being
reported to the international nuclear community. The next chapter describes the
Swedish experience.

4 Power oscillations in Swedish BWRs

Some of the Swedish BWRs have, during a time span of twelve years,
experienced power oscillations. The first one reported to SKI, the Swedish
Nuclear Power Inspectorate, was in 1989 and the latest one in the present year. A
chronological summary of these events, except two, is provided below.

4.1 Forsmark 1, January 1989

After a series of tests to determine margins to core oscillations, the reactor was in
a stable state. In preparation of the next test, the power regulating system acting
on the main recirculation pumps was changed from "rotational speed regulation
mode" to "power regulation mode" with constant rotational speed. In connection
with the change-over, a reduction in the recirculation flow initiated global power
oscillations with increasing amplitude (up to 25%). These oscillations were
terminated by an automatic reactor scram. The automatic partial scram function
(insertion of one control rod group), which is normally activated at low
recirculation flows and power levels > 60% , was not activated because it had
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been disconnected prior to the test series in order to enable the test to be
performed.

4.2 Ringhals 1, October 1989

About two weeks after the annual refuelling outage, an automatic runback from
80% to 70% of full power was activated. After this power reduction the operating
point was outside the recommended operating power/flow region. The core power
started to locally oscillate 16% "peak to peak". Some control rods were inserted
manually without achieving the intended response of terminating the oscillations.
The operators activated a partial scram and the reactor power stabilized at 68% of
full power.

4.3 Oskarshamn 2, January 1990

Reactor power oscillations occurred at 69% of full power, in conjunction with
manual power reduction for control rod mobility test. Control room operators
activated a partial scram after having noticed global oscillations up to 20%
amplitude. The reactor power stabilized at 50% of full power.

4.4 Oskarshamn 2, March 1991

During reactor power reduction to less than 60% of full power, for periodic test of
containment isolation valves, the warning limit for power oscillation was reached.
During subsequent insertion of control rods for further reduction of the reactor
power with constant recirculation flow, the wrong control rod group was
activated. The correct control rod pattern was restored under the supervision of
the core physicist present in the control room, and the reactor power stabilized.

4.5 Oskarshamn 3, February 1998 (IRS7330)

After a short maintenance shutdown, an automatic reactor scram occurred during
power increase. The reactor power had been increased to 60%, in accordance to
instruction, by pulling control rods and with constant recirculation flow (34% of
nominal flow). A second feedwater pump had been started just before the scram
occurrence.

The scram data review indicated that the APRM-flow started to oscillate with
increasing amplitude some two minutes before the reactor scram. Further analysis
concluded that the core experienced global oscillations with about 0,5 Hz
frequency and that the scram occurred at 96% reactor power. The analysis also
concluded that no indication had been noticed in the control room which could
reveal the occurrence of core oscillations. The partial scram function was thus not
manually activated.

The analysis indicated further that a combination of relative high core decay ratio,
low recirculation flow together with a relatively high reactor power level, low
feedwater temperature, and a highly bottom peaked power distribution were
causes behind the core oscillations.

R0029-SKI



5(10)

4.6 Oskarshamn 2, February 1999

The plant was at full power with 5500 kg/s recirculation flow. During a re-
alignment of the electrical supply in the plant switchyard, a short (150 ms) power
interruption occurred which the protection logic sensed as a load rejection signal.
Due to a deficient relay circuitry, the signal was transmitted to the turbine but not
to the reactor. The reactor power was bypassed to the turbine condenser as the
generator power decreased to 40 MWe (house load operation).

Because of the relay deficiency, some expected automatic actions after a load
rejection did not take place (for example insertion of a control rod group and stop
of one main recirculation pump). In addition, some malfunction in one preheater
train resulted in an excessively high and cold feedwater flow.

About two minutes after the start of the transient, the reactor operator activated a
partial scram. The core power decreased to 60% meanwhile the recirculation flow
automatically decreased to 2600 kg/s. The feedwater temperature decreased to
120 °C which resulted in increased reactor power. The operating point moved
toward the allowed operational limit. About 20 seconds after the partial scram, an
alarm was received indicating the departure from the allowed operational
power/flow region and global power oscillations started with increasing
amplitude. Some 34 seconds after the alarm an automatic reactor scram occurred
at 132% power and 2600 kg/s recirculation flow, thus terminating the event.

4.7 Oskarshamn 3, January 2000

The reactor was at full power and the recirculation flow was 12 100 kg/s. During
maintenance work, a 380/220 V AC busbar lost voltage during 26 minutes due to
confusion error. When the voltage was restored to the busbar, the generator and
unit breakers received a "disconnect" order from the logic. Subsequently and
according to design, turbine scram was activated, two out of eight recirculation
pumps tripped, automatic partial scram occurred as well as automatic reduction of
the recirculation flow. The reactor power was 44% and the recirculation flow
4100 kg/s. The calculated core decay ratio was 0,7.

Nine minutes after the turbine scram, the power reached 52% due to cold
feedwater. The core decay ratio increased to 0,9 and the control room operators
then initiated a manual reactor scram. The APRM-readings exhibited small global
oscillations with 2% amplitude at the highest. The small value of the amplitude
makes it questionable as to whether or not the actual transient was an instability
occurrence.

This transient had been accounted for in the design of the core reload. The
difference being that the feedwater had a temperature about 60 °C lower in the
actual case.
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5 Consequences of power oscillations

Analyses of the power oscillations experienced at Swedish BWRs indicate that no
dry-out has taken place, and that the fuel integrity design limits have not been
exceeded.

An "ATWS-analysis" related to the global oscillations in Oskarshamn 2, in
January 1999, was performed by the licensee. The objectives of the analysis were,
postulating a reactor scram failure, to determine whether or not the oscillations
would be self-limiting, and which reactor power level could be reached.

The results of the analysis indicate that:

S The oscillations would be self-limiting within less than one minute.
S The average power (APRM) level would reach about 250% of rated power.
S The average fuel temperature would increase less than 100 °C.
S Dry-out would not take place (in the case the feedwater flow decreases as per

design. Postulating constant feedwater flow could result in some dry-out).
S The fuel integrity limits would not be exceeded.

Taken as a whole, the results from the above mentioned analysis and from similar
analyses performed elsewhere indicate that the contribution from power oscillations to
the core damage probability is low. However such analyses do not cover specific
aspects, for example the consequences of a transition from global to local power
oscillations. Notwithstanding the seriousness of the occurred power oscillation events,
these indisputably challenge one important safety criterion for light water reactors.

6 Corrective actions

The Lasalle 2 event prompted SKI to ask the Swedish BWR owners, in 1988,
about the issue of core stability. SKI underlined that the Swedish BWR owners
had to take due consideration to the questions the USNRC had formulated to the
US utilities. SKI expected to obtain answers before the end of 1988 about
corrective actions which could be relevant for the domestic BWRs.

A review of operating experiences since that time indicates that several successful
corrective actions for the prevention of power oscillations have been implemented at the
majority of the Swedish BWRs. However, the recurrence of power oscillation events at
some Swedish units denotes that taken corrective actions have not been timely or
efficient enough at these units.

Some of the actions taken in Sweden during the years are discussed below.

6.1 Stability measurements

Initially core stability measurements were performed exhaustively prior to the
start of the unit(s) commercial operation, and also after the yearly core reload.
Presently, core stability measurements are performed at several occasions during
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the yearly operational cycle, and especially at the time when the core decay ratio
is assessed to be the highest.

Comment
Performed stability measurements indicate that the core decay ratio at some units
has exhibited an increasing trend over the years. This trend has apparently been
broken down during the most recent years.

After the occurrence of the latest power oscillation events, the core stability is
continuously monitored when the reactor is operated at reduced power.

6.2 Core design

A worldwide aggressive fuel economy optimisation, mainly driven by fuel
manufacturers, has existed since almost two decenniums. Examples of issues
which have been at focus during a long time, more than some potential side
factors, are mixed fuel cores, optimisation of core power distribution with low
leakage loading, fuel design allowing high bottom peaked power without
exceeding the thermal limits (fuel dry-out performance), and optimised control
rod pattern with spectrum shift and without shallow control rods. This
development has with time undoubtedly resulted in reduced core stability
margins.

During the latest years, the fuel manufacturers and their customers have realized
the risk associated with continued fuel economy optimisation. The insertion of
part length fuel rods in fuel assemblies is one example of a change which has
contributed to the restoration of a better balance between fuel dry-out
performance and core stability.

Comment
One problem for the utilities has been the fact that the development of available
tools for the analysis of the consequences of modern core design has earlier not
kept pace with the fuel economy optimisation. For several years, some utilities
had to rely on the knowledge of the fuel manufacturer(s), and had only limited
possibilities to challenge their assessments and verify the correctness of their
analyses. Regarding core design and calculations, a much better balance generally
exists today between fuel manufacturer(s) and customer(s).

6.3 Operational limitations

The Nordic BWR owners constituted a common core stability group in 1991 to
assess risks related to power oscillations, to identify potential initiating events,
and to propose corrective actions for preventing such instabilities.

The group expressed its common view to SKI in 1992, and pointed out that, with
the current core designs, power oscillations could occur in the allowed
operational power/flow region (for example in case of loss of two recirculation
pumps with operation at low feedwater temperature). The group also pointed out
the importance to detect and suppress power oscillations, and to analyse them
with respect to acceptance design criteria.
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The work of the group resulted at some units in the early implementation of
corrective actions. One major action was the decision to limit the operational
range at reduced power and low recirculation flow by the insertion of additional
limiting lines at the so called knee of the operational region. In addition to
existing runback limits and reactor scram limits, the new limiting lines represent
boundary conditions at which partial reactor scram is automatically activated.
Partial reactor scram can also be activated manually from the control room.

Furthermore, a limiting line corresponding to a minimum allowable recirculation
flow for power levels higher than a given value (for example 50% of nominal
power at some units) has been calculated.

The implementation of the mentioned limits in the power/flow operational map
have subsequently been reflected in administrative rules and operating
instructions.

Comments
The view expressed by the common group represented a departure from an earlier
standpoint that the core should exhibit such margins which would prevent power
oscillations from occurring in the allowed operational region.

The insertion of limiting lines in the operational power/flow map was made early
at some units, while other units awaited several years before taking a similar
action. One reason behind such a delay has been that priority was put on
alternative actions, like the development of analytical tools and core stability
monitor. Another reason valid for some organisation(s) was the judgment, based
on early stability measurements, that ample margins existed which ensured core
stability within the operational region. As mentioned above, boundary conditions
for core stability have evolved continuously, a fact upon which some
organisations should have reacted more efficiently.

Another comment is that at some units, the limiting lines represented initially
filtered signals (delayed logic conditions). Today, the logic conditions are no
longer filtered, which results in a faster activation of the partial reactor scram.

Finally, at some units, due to deficient communications and responsibility
repartition, the relevant knowledge gained within the reactor physics department
has not been thoroughly communicated to the operation department. The latter has
thus not been timely aware of the risk for power oscillations within the allowed
operational region.

6.4 Core stability prediction

Analytical tools and models for core stability predictions have remained relatively
scarce during many years after the occurrence of the first power oscillation events.
Sustained efforts have resulted in the betterment of analytical tools and models
(core simulation programs), especially during the latest years. Today's predictions
of core stability in the Swedish BWRs are generally reliable and accurate. This
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fact represents one of the most important steps in the quest of preventing power
oscillations.

Comment
Core stability predictions are utilized for the accurate definition and adjustment of
the threshold line for activation of the partial reactor scram.

6.5 Core monitor

The need for a core monitor for the prompt identification of power oscillations
was observed soon after the first occurrences of power oscillation events. The
Swedish BWR owners responded differently to this need. At some units, a core
monitor was installed already in the early nineties, meanwhile at other units the
installation of this device awaited until the end of the same decennium.

Generally, alarm from the core monitor is set at a core decay ratio of about 0,8. A
core operating instruction provides control room operators with guidance on
subsequent actions which have to be taken.

Comments
The installation of a core monitor at the Swedish BWRs represents one of the
most valuable steps toward the detection and suppression of power oscillations.

One reason behind the time span elapsed between the installations of a core
monitor in the units is partly due to the judgment of some organisation(s) that
monitors earlier available had not enough suitable characteristics.

The ability of the installed core monitors to promptly react for fast oscillations is
limited. This weakness is behind the on-going efforts to develop a new generation
of core monitors aimed at the pro-active detection of imminent occurrence of
power oscillations. One objective is hereby to connect automatic partial scram
and/or complete reactor scram to such an early detection.

6.6 Training/competence

Power oscillations represent a highly complex phenomenon, which has been
handled and discussed within a relatively limited number of specialists.

MTO-analyses (Man-Technique-Organisation) of occurred power oscillations
have during the latest years put increased focus on operation personnel training
and competence related to core behaviour.

In these matters, a situation has existed at some units where the operation
department has been strongly dependent of the knowledge, judgment and
decisions of specialists from the reactor physics department. Such a situation has
resulted in a difficulty for the operation department to basically and independently
assess the correctness of proposed core designs and characteristics.

Furthermore and as indicated above, a situation has existed during several years at
some units where some staff of the operation department has not been aware of
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the possible occurrence of power oscillations within the allowed operational
region. Reason behind this situation has been deficient communication between
involved departments, and within some department.

This lack of knowledge within the operation department at some units has
influenced the quality and the focus of the training of control room operators in
these matters, both in theory (core physics and thermal-hydraulics) and during
simulator training/re-training.

Comment
Generally, the control room reactor operators are requested to practice at the
reactor physics department of the plant in order to gain increased knowledge in
core design and core behaviour issues. Some occurrences indicate that this request
has to be better enforced at some units.

Related to these issues, simulator training in Sweden provides only limited
possibilities to practice on simulated power oscillations. The main reason is
weaknesses in the core models presently implemented on the simulators.

7 Conclusions

In addition to internationally reported core instability events, the present report
indicates that recurring power oscillation events have been experienced in Sweden
during the last twelve years. Most of this valuable experience has however not
been timely communicated to the international nuclear community.

In the light of the Swedish experiences, it is probable that several similar power
oscillation events have occurred in other countries, but not been internationally
reported. The same conclusion applies obviously to implemented corrective
actions and on-going developments. These facts constitute a weakness, especially
considering the challenge power oscillations represent to one important design
safety criterion.

Issues related to power oscillations have during many years received attention
from both regulatory bodies and utilities, and fuel manufacturers. Examples
provided in the present report support this conclusion.

Some BWR units in Sweden have been successful in preventing the occurrence or
reoccurrence of power oscillations, while recent events indicate that this complex
issue has not been suitably solved at least at some domestic units.

The pace toward a robust solution would undoubtedly beneficiate from a
strengthened and focussed exchange of experiences within our community.
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