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ABSTRACT

Multi-Unit Shutdown due to Boiler Feedwater
Chemical Excursion

Ontario Hydro's Bruce Nuclear Generating Station 'B' consists
of four 935 W CANDU units located on the east shore of Lake
Huron in the province of Ontario, Canada. On July 25 and 26,
1989 three of the four operating units were shutdown due to
boiler feedwater chemical excursions initiated by a process
upset in the Water Treatment Plant that provides
demineralized make-up water to all four units. The chemicals
that escaped from an ion exchange vessel during a routine
regeneration very quickly spread through the condensate make-
up system and into the boiler feedwater systems. This
resulted in boiler sulfate levels exceeding shutdown limits.
A total of 260 GWH of electrical generation was unexpectedly
made unavailable to the grid at a time of peak seasonal
demand. This event exposed several unforeseen deficiencies
and vulnerabilities in the automatic demineralized water make-
up quality protection scheme, system designs, operating
procedures and the ability of operating personnel to
recognize and appropriately respond to such an event. The
combination of these factors contributed towards turning a
minor system upset into a major multi-unit shutdown.

This paper provides the details of the actual event
initiation in the Water Treatment Plant and describes the
sequence of events that led to the eventual shutdown of three
units and near shutdown of the fourth. The design
inadequacies, procedural deficiencies and operating personnel
responses and difficulties are described. The process of
recovering from this event, the flushing out of system
piping, boilers and the feedwater train is covered as well as
our experiences with setting UP upplemental demineralized
water supplies including trucking in water and the use of
rental trailer mounted demineralizing systems. System
design, procedural and operational changes that have been
made and that are still being worked on in response to this
event are described. The latest evidence of the effect of
this event on boiler tube integrity is briefly summarized.
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1. Introduction

Over the past 20 years Ontario Hydro's Nuclear Generation
Divisic'n has experienced a series of boiler feedwater
chemical excursions due to acid or caustic releases from our
water treatment plants into our boiler feedwater systems.
Table I shows a summary of these events. The most recent,
and most significant of these excursions, and the subject of
this paper, occurred at Bruce Nuclear Generating Station in
July of 1989.

2. System Description

The Bruce water treatment plant is a Degremont Infilco
design and was commissioned in 1981. It consists of a
pretreatment section to filter and disinfect the raw water
supply from Lake Huron followed by three parallel
demineralizing trains. The trains feed into one of the two
demineralized water storage tanks while the second tank is
kept full and isolated. Figure I shows a simplified
schematic of the system. This plant provides a continuous
flow of demineralized water to match the station demand which
is typically 55 litres/sec 870 gpm). The water treatment
plant is located in a building separate from the main power
house and has its own local control room that is manned
around the clock. The assigned operator is responsible for
matching demineralized water production to station demand by
keeping the storage tank topped up. He is also required to
monitor the status of the plant equipment and initiate the
regeneration of the ion exchange vessels. The automatic
regeneration logic consists of a series of steps during which
sulfuric acid and or sodium hydroxide solutions are passed
through the resin beds and then rinsed out.

The demineralized water storage tanks provide an on-line
reserve from which the station condensate make-up pumps take
their suction. These pumps provide make-up water to all 4
units through a common header. There is a pneumatic valve on
the condensate make-up system for each unit that opens and
closes automatically to maintain the level in the unit clean
condensate tank. This tank provides make-up water to the
unit feedwater system via an automatic inventory control
system. Figure II shows a simplified schematic of the
condensate make-up system.
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3. Event Description

Immediately prior to this event all four units at Bruce NGS B
were operating at near full power and no significant abnormal
conditions existed. The event began with the initiation of a
routine regeneration of one of our mixed bed ion exchange
columns which is the last vessel in each demineralizing
train. The other two trains remaineO in service supplying
water to the station. The operator was using the automatic
regeneration logic and had just started into the chemical
injection step of the regeneration when he experienced
several automatic trips due to one of the process parameters
being out of specification (flow, temperature or
concentration). This was not an unusual occurrence and the
normal practice was to use the "PLANT RESTART" button to
reset the time delayed trips and give the out of
specification parameter time to stabilize. After using this
button several times the logic seemed to hang up and the
operator was unable to get the regeneration to proceed. At
this point in time the mixed bed vessel was filled with the
regenerant acid and caustic solutions.

In order to proceed with the regeneration it was decided to
abandon the automatic logic and use manual handswitch
operations to complete the remaining steps. Shortly after
attempting the switch from automatic to manual control of the
regeneration, the common plant outlet high conductivity trip
logic was activated. This put the two in service trains into
recirculation mode, closed the common plant effluent
protection valve and brought in the local "PLANT EFFLUENT
CONDUCTIVITY HIGH" alarm. This indicated that some high
conductivity water had escaped from the mixed bed vessel into
the common plant outlet header. The automatic water quality
protection logic appeared to have operated properly and to
have contained the out of specification water. The operator
shutdown the regeneration and proceeded to follow the
prescribed procedure for such an event which called for
draining of the outlet header to dispose of the contaminated
water and then returning the plant to service.

The operator experienced considerable difficulty in draining
the header due to the plant automatic control logic which
kept restarting the plant as the trip condition appeared to
clear itself and then tripping it again when the trip
condition was repeated. Unknown to the water treatment plant
operator, the "CONDENSATE MAKE-UP HIGH CONDUCTIVITY" alarm
came in at Unit in the Main Control Room at this time but
was not acted upon for nearly an hour. This alarm indicated
that the out of specification water had escaped from the
plant, passed through the storage tank and had entered the
main condensate make-up header feeding all four units.
During this hour all four units continued to draw
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water as required by their automatic inventory make-up
systems.

The in-line storage tank provided very little hold-up time
for the contaminated water since the inlet and outlet nozzles
on the tank are quite close together. Unit make-up trends
show that the contaminated water had reached all 4 unit
condenser hotwells within 45 minutes of the event initiation.
The relative amount of contamination that each unit received
was dependent on its make-up rate in this time frame. The
boiler cation conductivity trends for all of the units
started to rise sharply at around 90 minutes into the event.

When the main control room "CONDENSATE MAKE-UP HIGH
CONDUCTIVITY" alarm was recognized, the potential
significance became clear and actions were initiated to
isolate, identify and ascertain the extent of the problem.
These actions included:

- Shutting down the condensate make-up pumps,
- Closing the unit make-up valves,
- Sampling the in service demineralized water storage tank,
- Sampling the unit condensate storage tanks,
- Switching the demineralized water make-up water supply to

the isolated standby tank,
- Terminating intermittent and continuous boiler blowdown on

all units so as to reduce demin water demand and limit make
up with contaminated water.

It took approximately one hour for the first chemical
analysis results to be reported and the conductivity readings
indicated significant contamination of one demin storage
tank, the condensate make-up line, and each of the four unit
condensate storage tanks. Actions were initiated to attempt
to flush the condensate make-up lines containing contaminated
water to drain. This proved very quickly to be futile due to
the large size of the pipes and the small size of the drain
lines. Approximately three hours into the event it was
decided that the only expedient way to clean up the make-up
lines was to flush the line from the water treatment plant
into the contaminated storage tank and flush the condensate
make-up header from the clean storage tank into the units.

The first set of boiler water sodium measurements were
available hours into the event and indicated elevated
sodium levels (Action Level 2 in two of the units. The
first set of boiler sulfate analyses were available about six
hours into the event and indicated that Units 7 and had
exceeded the Action Level 3 limit requiring shutdown within 4
hours. Units and 6 were at Action Level 2 requiring
shutdown within 24 hrs if their boiler chemistry did not
improve. At this point Units 7 and began their shutdowns.
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The water treatment plant was returned to service about 
hours into the event but experienced several more trips over
the next 12 hours as pockets of contamination continued to be
flushed from the piping. The contaminated storage tank was
kept isolated and full for emergency backup while the second
tank was fed from the water treatment plant and supplied the
station. Sampling of this in-service tank indicated that
some contamination had entered it but there was no option but
to use it. Over the next 24 hours all efforts were directed
at saving Units and 6 but the %hemistry conditions
continued to deteriorate and it became necessary to shut-down
Unit 5. Unit 6 remained in operation even though 2 of its 
boilers marginally exceeded the shutdown criteria. One of
the key considerations in the decision to keep Unit 6 in
service was to avoid further aggravating the sudden large
loss of generation to the grid during a period of near peak
seasonal demand.

4. Syst Desi and Procedural Inadequacie

One of the most interesting findings to come out of
investigation of this event was that all of the components in
the water quality protection system appeared to have
functioned correctly. There was no apparent failure of any
of the in-line instruments that monitor the water quality; or
the water quality protective trip control logic; or the
valves that are controlled by this logic. The water quality
protective system included the following components (Figure
III).

- Conductivity, sodium and silica meters monitoring each
train outlet, each of which will automatically take the
train out of service if their setpoint is exceeded.

- In line triplicated conductivity meters with two out of
three trip logic, as well as sodium and silica analysers
with automatic plant trips on the common water treatment
plant outlet header.

- A single high conductivity alarm on the condensate make-up
line feeding the four units.

Call-ups were in place to test this trip logic and at the
time of the event there were no known difficulties with it.

The incident investigation concluded that numerous unrelated
factors had contributed to, and magnified the severity of,
this event and no single root cause could be identified.
This event brought to light several unforeseen design and
procedural problems that when combined resulted in the
failure of this seemingly adequate protective system.
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These deficiencies are summarized in the following 7 items.
The corrective actions that we have since taken, and some
that we are still working on, are also outlined.

4.1 Lack.of Isolation Point Independent of Regeneration Logic

During the chemical injection steps of a regeneration the
logic calls for two valves to be closed between the vessel
and the plant outlet header. Normally these two valves would
only be open if the train was selected to service. In this
case it is not certain whether the opening of these valves
was the result of a spurious fault in the control logic or
due to improper handswitch selections as the operator
attempted to switch the regeneration from automatic to manual
control. Either of these causes is credible under the
circumstances. It was estimated that approximately 350
liters of process strength regenerant chemicals were released
from the mixed bed vessel which would have required the train
to be in service for about 10 seconds.

The first weakness apparent in our design and procedures was
that both of the isolation points between the vessel full of
chemicals and the plant outlet header were controlled by the
process logic. No isolation point independent of the process
logic was utilized.

We have since added a step to the regeneration procedure that
requires the operator to close the manual isolation valve on
the outlet of the train at the start of each regeneration and
not to open it again until the train is ready to be returned
to service (Figure III).

4.2 Train Protective Trips Inadequate for Fast Excursions

Each of the three trains has its own independent
conductivity, odium and silica analysers that can trip the
train. These meters are however located in a remote sample
panel such that there is a time delay between when the sample
leaves the train and reaches the analysers. There is also a
time delay in the trip logic, requiring the monitored
parameter to stay above the setpoint for a prescribed period
of time before the trip is initiated. This time delay is
intended to reduce the number of spurious trips resulting
from instrument noise. These time delays are acceptable
under the normal operating scenario where the water quality
deteriorates very slowly as the resins are exhausted during
their normal service runs. They do however render this trip
inadequate for protecting against a sudden and large step
change in water quality as we experienced in this situation.

We have marginally reduced the time delays on these trips but
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they are till inadequate for protecting against a fast
excursion. We now rely on the closing of the manual isolator
on the train outlet to protect us against fast chemical
excursions during regenerations which is the time when they
are most likely to occur.

4.3 Common Plant Trip Logic

The common water treatment plant water quality trip consists
of three in line conductivity cells, utilizing 2 out of 3
trip logic, that will respond immediately to any
contamination in the line. This conductivity trip is the
primary protection against fast excursions. This trip logic
did have a 30 sec time delay, but there is sufficient
separation between the location of the conductivity cells and
the isolation valve such that the valve has adequate time to
close before any contaminated water reaches it. There are
also sodium and silica analysers monitoring the common outlet
line but they are located in a remote sampling panel and have
time delays in their trip logic which make them inadequate
for catching fast excursions.

In this particular case the triplicated conductivity cells
did see the contaminated water and the trip logic closed the
outlet valve and the operating trains were all isolated to
contain the out of specification water. Our procedures then
called for the operator to open a manually operated drain
valve to drain the contaminated water from the outlet header
and return the plant to service (see Figure III). Shortly
after the draining of the outlet header began the trip
condition suddenly cleared and the automatic logic returned
the plant to service. The header still contained
contaminated water but the conductivity trip logic time delay
was reset so the plant ran for another 30 seconds before
tripping again. This automatic tripping and restarting of
the plant repeated itself numerous times and with each
repetition the contaminated water was pushed further along
the system. Eventually the chemicals passed through the
storage tank and into the condensate make up system.

The cycling of the trip condition believed to have been
caused by the fact that as the header was drained the three
conductivity cells became exposed to air which presented an
artificial, low conductivity indication. This caused the
trip logic to reset before the header was fully drained. As
the plant was automatically returned t ervice the cells
were then again exposed to contaminated water such that the
trip was reinitiated and stayed in until the draining again
exposed the conductivity cells and repeated the cycle.

This starting and stopping of the plant could also have been
caused by repeated use of the 'PLANT RESTART' button which
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acts to reset all process and protective trips. Repeated
use of this button is not believed to have occurred while
the line was being drained following the plant trip.

In the follow up investigation it became apparent that the
protective trip logic should be independent of the process
logic and that once a trip occurs it should lock in and
require manual reset to return the plant to service. To
achieve this, procedures were modified such that in the event
of a plant trip the operator now locks in the trip by
manually selecting two of the three conductivity meters to
the tripped state. He then drains and refills the header and
flushes through the drain valve until the instruments
indicate that the water in the line is again within
specification. He can then return all three of the
conductivity meters to service allowing the plant to return
to service automatically.

The time delay in the conductivity trip logic has also been
minimized to limit the volume of contaminated water that must
be drained and flushed from the line. The plant trip logic
has been separated from the influence of the process logic
and further changes are being worked on to have the trip
logic lock in automatically and require a manual override to
be reset.

4.4 Condensate Make Up Water Quality Protection

At the time of this event there was a single conductivity
cell in the common condensate make up line feeding the four
units. This cell was used only for trending and alarm
purposes. The associated alarm "CONDENSATE MAKE-UP
CONDUCTIVITY HIGH" did come in at Unit in the Main Control
Room but unfortunately was not acted upon for nearly an hour.
The investigation attributed this oversight to: the alarm
being masked by other more conspicuous alarms; the panel
operator being preoccupied with other activities; and the
generally heavy workload the operator was experiencing at the
time.

The fact that there was a significant delay in the time taken
to respond to this alarm undoubtedly contributed to the
severity of the incident. It became apparent in the
investigation however, that an event that can occur with such
speed and with such ramifications should not rely upon
operator response to a nondescript alarm. Recommendations
had in fact being previously made, following chemical
excursions at other Ontario Hydro stations, to install
automatic trip logic on the condensate make-up pumps. At the
time of the event these changes had not yet been implemented
at Bruce B.
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The condensate make-up high conductivity alarm has now been
converted to an automatic pump trip. Additional improvements
are planned to make this a 2 out of 3 trip for improved
reliability and to locate the new conductivity cells closer
to the pump discharge.

4.5 Inadequate Draining/Flushing Provisions and Procedures

This event demonstrated that for such extensive contamination
of our demineralized water supply and condensate make-up
systems, our ability to quickly drain and flush the systems
is not adequate. The drain valves provided are of the to 2
inch size while the lines are 12 inch diameter and up to
1,200 feet long. It was recognized that flushing is a much
more expedient way to clean out a line than draining and
filling. Flushing allows the instrumentation to give
continuous feedback as to the water quality and avoids the
complications associated with exposing the instruments to
air. It also eliminates the water hammer concerns associated
draining and filling the lines.

In order to better facilitate flushing it is planned to add a
new line with appropriate valving such that the full length
of the water treatment plant outlet header can be quickly
flushed out while the plant remains isolated. New flushing
lines are also to be added on each end of the main station
condensate make-up header. Larger drain valves are to be
added to the unit condensate storage tanks to speed their
draining should they become contaminated (see Figure IV).

Even after these improvements are implemented the cleaning up
of the condensate make-up lines and the unit condensate tanks
and piping following an event such as this will remain a very
awkward and time consuming task. It must be stressed that
every effort should be made to prevent the contamination from
getting so wide spread by ensuring that the out of
specification water is caught as near as possible to the
source before it leaves the water treatment plant.

4.6 Chemistry, Monitoring-and Actions

Such a large and unexpected common mode chemical excursion as
this, involving 4 operating units, put unprecedented demands
on the Chemistry Lab personnel available at the time. The
Shift Supervisor required immediate advice as to the extent
of the contamination, the relative status of the units and
how to best recover from the upset. The investigation found
that there were no formal procedures for handling such an
event and that no clear direction was formulated as to how to
best manage the chemistry related actions during the critical
early hours. This resulted in some inappropriate and
unnecessary actions being taken.
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The Chemical Technicians available were tasked with gathering
and analyzing a multitude of samples from the water treatment
plant, the condensate make-up system and from the four
operating units. The samples were not well prioritized and
it was several hours before the Shift Supervisor received
feedback as to the actual status of the systems and each
unit's boiler chemistry.

In the heat of the moment the immediate availability of on-
line chemistry trends seems to have been largely overlooked.
It was found that the availability of a newly acquired data
logger was not well known and that the historic tendency was
to not trust in-line instruments. In actual fact the in-line
instruments did show the relative status of the four units
and gave good indication of the spread of the contaminated
water through the station. Knowledge of this information
early in the incident would have aided operating staff in
prioritizing their actions and formulating a more appropriate
multi-unit response.

The Chemistry Unit is working on improving the reliability of
the in-line instruments and endeavoring to get staff to
utilize it more fully to monitor chemistry trends.
Procedures are also being developed to provide more details
on how to best respond to chemistry excursions.

4.7 Procedures, Staff Levels and Training

The investigation of this event found the documented
procedures available at the time to be inadequate to provide
an appropriate response. The information that was available
was spread throughout several different station system
Operating Manuals and it was very difficult to put it all
together into a coordinated response. The Chemistry Section
is working on developing a manual to cover the overall
station response to chemical excursions. The operating
manuals for the water treatment plant and the condensate
make-up systems have also been revised to include more
detailed procedures for such upsets. Well thought out,
detailed procedures, covering the multi-system and multi-unit
actions, are required to formulate an appropriate response
and minimize the consequences of chemical excursions.

The minimal number of shift personnel available at the time
of this event was identified as a significant constraint in
our ability to respond to it. It can be argued that
additional staff may have lessened the-severity of the event
but it is felt that the primary deficiencies were of a design
and procedural nature and the follow up actions have not
addressed the issue of staff levels.
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There was not at the time of the event, and still is no
formal training program specifically for the operators
assigned to the water treatment plant. It has long been felt
that due to the complexity of the process and its importance
to station operation that a formal operator training and
certification program should be developed. Such a training
program is being prepared but has not yet been implemented.

5. Recovery, Fromthe Event and Returning'The Units to Power

Twenty-four hours after the initiation of this event we were
left with Unit 6 operating with poor chemistry and Units 5 7
and shutdown with various levels of contaminated water
throughout their feedwater systems. The contamination was
most heavily concentrated in the boilers and it was decided
that the most expedient way to clean them up was to fill the
boilers using the normal high power flow path and then to
drain them using the intermittent blowdown path. This
filling and draining of the boilers was repeated about four
times on each of the shutdown units to get the boiler
chemistry down to less than 100 ppb of sodium and sulfate.
Once these levels were achieved each unit in turn began its
start up. 10% and 30% full power chemistry hold points were
utilized to allow extra boiler blowdown in order to keep the
chemistry in specification.

Prior to starting the units back up it was recognized that
the demineralized water supply rate might be the limiting
factor in how fast we could fill and drain the boilers and
eventually bring the units back on line. The water treatment
plant was again operating normally but a million liter
demineralized water shortfall was estimated if the units were
to be brought back on line at the desired rate ' In order to
help make up this anticipated shortfall of water we attempted
to truck in demineralized water from our neighboring sister
station Bruce A. The rate at which the water could be
trucked quickly proved to be inconsequential and this idea
was abandoned.

We experienced greater success with the use of rental trailer
mounted demineralizing systems. Three of these units were
ordered from the United States and arrived within 24 hours.
They were fed with hoses from a fire hydrant and discharged
via hoses directly into our demineralized water storage tank.
They permitted the contaminated storage tank to be drained
and refilled from the trailers while the water treatment
plant continued to feed the station (Figure V).

Four days after the start of the event three of the units
were back at power with normal chemistry. The fourth unit

_10-



was delayed in starting back up due to unrelated maintenance
activities. It was a full seven days from the start of the
event on July 25, 1989 until the last unit was again
synchronized to the grid on August 1, 1989. These unplanned
shutdowns resulted in 261,630 MW hours being made unavailable
to the grid with a replacement energy cost of 43 million
dollars.

6. Assessment of Damage to Steam Generator Tubes

This chemical excursion caused increased concerns over
corrosion of our Inconnel 600 boiler tubes. A tube was
removed from Unit 6 boiler 6 in November of 1989 By
comparison with another tube that had been removed in May
of 1989, from the same boiler, it was possible to assess the
contribution of the July chemical excursion to tube
corrosion.

Shallow non-uniform corrosion and pitting, up to 60 um deep,
was found beneath magnetite deposits on the tube surface.
Since this corrosion had not been evident on the tube removed
earlier it is believed to have been caused by aggressive
under deposit solutions formed during the chemical excursion.
It is deemed likely that the boiler tubes in the other three
units will have experienced similar corrosive attack.

Although the corrosion in evidence penetrates only to 5 of
the tube wall thickness and does not presently threaten the
integrity of the tubes it does show the intolerance of the
tubes to chemical excursions. It also serves to demonstrate
the need to optimize boiler chemistry and avoid conditions
that will lead to the further advancement of this corrosion.
Continued sampling and analysis of the condition of the
boiler tubes on all of our units is required to assess the
long term consequences of this event.

7. Summary

It is evident from the history of chemical excursions at our
nuclear stations that we have not always learned well enough
from each other's experience. Prior to this chemical
excursion at Bruce we had reasonable confidence that we
were adequately protected from such an event. We were proven
wrong. Table II lists a series of recommendations that if
rigorously adhered to would have eliminated virtually all of
the chemical excursions that have occurred at our stations.
Many of these recommendations are well known practices within
the nuclear industry but we have not consistently applied
them to some of our conventional systems.
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TABLE I

ONTARIO HYDRO N.G.D. CHEMICAL EXCURSIONS

STATION DATE TYPE

DOUGLAS POINT 1970 ACID

DOUGLAS POINT 1974 ACID

PICKERING 1972 ACID

PICKERING 1979 CAUSTIC

PICKERING 1987 CAUSTIC

BRUCE A 1977 CAUSTIC

BRUCE A 1978 ACID

BRUCE A 1979 CAUSTIC

BRUCE A 1986 ACID

BRUCE 1989 ACID/CAUSTIC
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TABLE II

RECOMMENDATIONS

1. Ensure that an isolation point independent of the process control logic
exists between regenerant chemicals and the water treatment plant
effluent line.

2. Ensure that automatic protective trips are adequate to protect against
fast excursions. Beware of time delayed trips and remote sample
stations.

3. Ensure independence of protective trip logic and process control logic.

4. Ensure adequate provisions for quickly flushing lines to remove
contaminants.

5. Have detailed procedures on how to recover from a chemical excursion.

6. Have an automatic water quality trip on the condensate make-P!p
pumps independent of the water treatment plant trips.

7. Routinely test and verify operation of the protective trips and the
integrity of isolation points.
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FIGURE I
BRUCE NGS-B WATER TREATMANT PLANT
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FIGURE 1

BRUCE NGS-B CONDENSATE MAKE-UP SYSTEM
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FIGURE III
MAKE-UP WATER QUALITY PROTECTION
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FIGURE IV

MAKE,-UP WATER QUALITY PROTECTION
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FIGURE V

SUPPLEMENTAL DEMIN WATER SUPPLY
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