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ABSTRACT

Among KEPCO's 9 nuclear power units, Korea Nuclear
Unit No. 3, the Wolsung Nuclear Power Plant is the
only CANDU-PHWR Unit, while the rest of 8 others are
PWR units. The unit was designed by Atomic Energy
of Canada, Ltd (AECL) of Canada, who also performed
overall project management for the plant construct-
ion under the provisions and arrangement of the re-
levant contracts. The gross electrical output of the
plant is 678.7 MWe and thermal output of the reactor
is 2061 MWth. While these figures lead to lower pl-
ant efficiency than LWR counterparts, unit energy
cost for fuel is more favorable than LWRs because
natural uranium is utilized for the fuel bundles,
some of which are already being fabricated domesti-
cally. Annual capacity factors for 1983 and 1984
could have been improved, if two major planned out-
ages for the modification works on steam generator
internals and one major forced outage from the he-
avy water spill incident could be eliminated. The
heavy water spill incident in November, 1984 brought
plant staffs many lessons to learn and many things
to contemplate. Unique design concepts and features
such as on-power refuelling, poison prevent mode,
versatile plant control system built around digital
computers and power step back/set back logics may be
credited for these relatively good plant performan-
ces. Human related factors such as staff's technical
capabilities and strong will toward good performance
were other elements which could not be overlooked.

INTRODUCTION

Korea Electric Power Corporation (KEPCO) has
presently six units of the nuclear power plants in
operation and another three 950 MW units under
either commissioning or construction.

All the nuclear power plants in operation are
Westinghouse developed perssurized light water
reactors except Wolsung Nuclear Power Plant where
Canadian designed pressurized heavy water reactor,
frequently called CANDU PHWR or simply CANDU-600
for 600 MWe class is being operated.

The unit energy cost of nuclear power was

almost half of the figures for the oil-fired power
plants in recent years, and the nuclear share in the
corporate's total energy production has been increa-
sed remarkably. The share at the end of 1986 was
more than 433!, and to be expected to be more than •
50X the year of 1987.

Wolsung Nuclear Power Plant is one of the four
CANDU-600 units in commercial operation in the world
and the only unit in the Pacific Basin Region. The
unit contributed to the corporate's power production
by generating about 10? of Nation's total electrici-
ty in 1985, 7.3X in 1986.

PLANT DESCRIPTION

For the construction of the plant, first concr-
ete pouring for reactor building basement slabs was
taken place in March 1978 and the commercial operat-
ion commenced in April 1983.

Overall Project management was performed by
Atomic Energy of Canada, Ltd. (AECL) under turn-key
basis contract, and the unit construction cost excl-
uding the initial fuel cost was 1,592 US$/kW.

The gross electrical output of the plant is
678.7 MWe and thermal output of the reactor is 2061
MWth. The NSSS of the plant consists of two coolant
loops, with four steam generators and four coolant
pumps, and one reactor system. The reactor consists
of 380 horizontal pressure tubes, which hold 4,560
fuel bundles. These pressure tubes and other devices
and structures are assembled to a large cylindrical
tank called "Calandria", which holds the heavy water
as moderator.

Natural uranium is used for the fuel and the
total weight of the fuel charged in the core is abo-
ut 98 ton. Approximately, 500 tons of heavy water is
used as moderator and coolant, and the systems for
coolant and moderator are physically separated from
each other. The turbine is of tandem compound with
six flow designed and fabricated by NEI Parsons of
England. The main steam pressure is maintained at
46 Bar constantly for whole power range.
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The refuelling operation can be performed while
reactor is on-power and this feature is one of the
major contributing factors for the high availability
of the plant. Another unique feature of the plant
is the extensive use of computerized control for the
overall plant control and operation. For comparison
purpose, major differences between KORI Unit $2 and
Wolsung Plant, both of which started commercial
operation in 1985 are shown on Table 1.

Table 1. PWR / PHWR COMPARISON

ITEM

OUTPUT
ELECTRIC

THERMAL

RSACTOR

COOLANT FLOW
INSIDE REACTOR

DESIGN PRESSURE

MODERATOR &
COOLANT

FUEL

STEAM PRESSURE &
TEMPERATURE

PLANT CONTROL

LOAD FOLLOWING
CAPABILITY

COMMERCIAL
OPERATION

PWRCKORI «2)

650 MW

1876 MV

Pressure Vessel

Vertical

153 Bar

H20
Single System

Enriched Uran-
ium (30

64 - 67 3ar
282 - 300 ü

Conventional

Limited

July 1983

PHWR(WOLSl)NG)

678.7 MW

2061 MW

Pressure Tube

Horizontal

99 Bar

D20
Separate System

Natural Urani-
um (0.72)

46 Bar
2601;

Extensively
Computerized

Much Flexible

April 1983

OPERATING EXPERIENCE

A. Plant Performance

1.Avai1 abiIitv/Capaci tv Factor. The avaiI -
ability factors of the first two years as shown on
the Figure 1, is relatively low compared to those of
the later two years.

In the first year of commercial operation
the Wolsung Nuclear Power Plant had a long planned
outage for the steam generator internal modification
to resolve the problem of high moisture content in
main steam. The modification work was performed by
the supplier under their warranty. But the result
was not successful to satisfy the design require-
ment, and the plant was operated at low power
throughout the year to protect turbine from possible

damage of blades due to high moisture content in
main steam.

Figure 1. ANNUAL PLANT PERFORMANCE
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In 1984, 60 days of the first annual plan-
ned maintenance outage including the final steam
generator modification work by the supplier was
allocated from the months of March to lay.

Since that time on, as the supplier's mod-
ification work was effective, the plant was operat-
ed quite normally at the full power, experiencing a
couple of scrams, up until November 25 when a rath-
er significant heavy water spill incident occurred
to the plant.

As the plant equipment and components were
exposed to rather severe transients during the
incident, extensive inspection as well as repair
work had to be performed, thus another 48 days of
outage were initiated and the plant remained shut
down for tne rest of the year.

Those two long term outages and the reduced
power operation for the first three months due to
the steam quality problem were the major reasons for
the lesser satisfactory capacity factor of the year.

After recovery from the Nov. incident, the
plant was running very well and eventually was
ranked one of the world top ten power reactors as
a resuit of the excel!ent capacity factor achieved
in 1985. Specially it was -98.4% during the period
of April 1, 1985 to March 31, 1986, marking top rank
among the all of power reactors in some countries.

The capacity factor of 1986 was not compar-
able to the 1985's. This was resulted from the fact
that the plant had a lengthy annual maintenance
outage, and this extended outage was required io
perform the replacement works of all coolant pumps
bearing journals with new ones and to perform the
modification works to the plant aux, cooling system
called "RCWS (Recirmlated Cooling Water System)",
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which can only be performed when the reactor core
residual heat is sufficiently decayed because of the
safety reason. These two major activities could not
be performed in parallel.

2.Scrant Rate. As shown in Figure 2, the
number of forced scrams of each year was more or
less same but the forced outage rates has been
decreased gradually. This observation strongly
reflects that the time spent to identify a problem
has been shortened and operators' skill to overcome
a transient has been improved.

SCRAM KATE

MO. OF B/EKlT

10

•1966

And it is contemplated that this was possi-
ble as a result of extensive efforts on the job tr-
aining, whose program contains activities such as
review on sequence of events and operator actions
taken.*

Majority of the scrams were initiated from
BOP systems rather than from NSSS by factor of four.
And this may be explained by the pre-emptive action
performed by the plant control system through the
automatic reactor power setback/stepback functions,
one of the CANDU unique design concepts, which
reduces and stabilizes the major systems' transient,
before the major parameters reach the trip set
points.

B.Radiological Management

1.Waste Disposal. Solid wastes disposed
from Wolsung was 217 Drums in 1984 and 135 Drums in
1985, respectively. The reduction of solid waste in
1985, is due to no plant overhaul in that year. For
Kori unit #2, it was 677 Drums in 1984 and 388
Druais in 1985, respectively.

Solid waste generated from Wolsung is much
less than that of released from Kori Unit #2 because
CANDU Unit does not evaporate liquid waste generally
in order to collect all the drains and leaked water
from the primary system containing expensive heavy
water which is for maximum reuse.

2.Gaseous and Liquid waste Release. Noble
gas released from Wolsung was 945 Curies in 1984 and
912 Curies in 1985, and airborne tritium release was
about 270 Curies in 1984 and 2, 424 Curies in 1985,
respectively.

Liquid tri tu im release from the plant was
177 Curies in 1984 and 324 Curies in 1985, and other
liquid waste release was 148 mCi in 1S84 and 26 nCi,
in 1985, respectively.

Dose. Total radiation exposure
dose was 101 man-rem in 1984 and So man-re«! in 1985.

Considering that Wolsung carried out the steam ge-
nerator modification works in 1984, and coolant pump
repair works in 1984 and 1985, radiation exposure at
Wolsung was much lower than that of KORI unit #2.

C.Plant Economics

As shown in Figure 3, unit energy costs (UEC)
of Wolsung Nuclear Power Plant were 38.03 millsAWh
in 1984 and 26.69 mills/kWh in 1985, respectively.
The UEC in 1985 was only 55% of Corporate's average
and 13? less than the Nuclear Average because of •
high capacity factor achieved. The relationship
between the unit energy cost and the plant capacity
factor was well verified. In fact, 32% improvement
of capacity factor in 1985 led to the reduction of
UEC by 24%. The above figures incorporate all the
cost elements such as fuel cost, 0 & M, interests,
repayment o* principal, and corporate's deposits
for plant decommissioning, spent fuel handling
and ultimate disposal of radioactive waste. For
comparison, unit energy costs of Kori Unit #2 are
also presented in Figure 4.

Figure 3. UNIT ENERGY COST & FUEL COST
COMPARISON IN 1985
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Figure 4. COST COMARI SON BETWEEN WOLSUNG & KORI-2
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D.Heavy Water SpiII Incident

On November 25, 1984, during a safety system
surveillance test, one of the pressure relief
valves on primary coolant loop was inadvertently
opened, resulting in the loss of coolant inventory,
and consequentially primary coolant loops lost its
normal pressure thus a considerable fraction of
steam void was developed inside the reactor and
coolant loops experiencing severe cavitation of all
the coolant pumps.

The loss of coolant inventory situation was
terminated by closing the opened relief valve.
About 1/4 of total coolant inventory (50 ton out of
200 ton) was discharged through the rupture disk on
storage tank. High vibration of all the coolant
pumps forced operator to terminate the pump operat-
ion and shutdown cooling system was put into service
for core cool ing.

Later, during the inspection and subsequent
repair works, cracks on pump bearing journals were
observed in two pumps and the journals had to be
replaced with spares. No fuel damage was identified.

This significant incident deteriorated all the
plant staff's morale, and annual plant performance
of that year was obviously not satisfactory as exp-
lained previously.

One of the lessons learned from the incident
was that all safety scenario and the related emerg-
ency operating manual should be reassessed on the
continuous basis to reflect not only the system
modifications or design changes associated but also
the systems currently in operating conditions.

E.Plant Modification and Major Design Changes

1.Control Logic Change. As follow-up action
of the heavy water spill incident, the two design
changes have been implemented to prevent spurious
opening of the coolant pressure relief valve and
heavy water spill via the storage tank.

Additional multiplying relays were instal-
led so that the routine surveillance testing for
the relief valves would be simpler to perform and
possible human error could be precluded.

Another design change was made on the con-
trol system which had not properly responded to cut
off the outflow from the coolant circuit during the
incident.

2.Steam Generator Modification. Steam gene-
rator internal modification was implemented twice
by manufacturer as mentioned earlier to resolve the
steam quality problem. The initial moisture content
in main steam was more than several percent whereas
design specifies less than 0.253!.

The major modifications were done on cyclo-
ne moisture separators and chevron driers. As a
result of the first modification, the steam quaility
was improved slightly but still failed to satisfy
the design requirement. The manufacturer had to rede-
sign and fabricate new moisture separators and drie-
rs, and old component had to be replaced. The final
modification in 1984 was successful and the measured
moisture content of the main steam was less than
0.25%

3.Main Steam Piping Supports Change. The
main steam piping supports were modified and reinfo-
rced to reduce the vibration levels of the control
equipment room and turbine operating floor. Because
the plant suffered from frequent terminal and wiring
connection faults and sometimes tripping the reactor
although the vibration level was measured within
code requirement. The reason is ail main steam lines
of Wolsung Nuclear Power Plant pass building roof
above the control room.

UNIQUE FEATURES AND DESIGN CONCEPTS OF THE PLANT

A.On-power Refuel Ii ng CapabiIi ty

As CANDU reactor uses natural uranium for
nuclear fuel, excess reactivity of the core is very
small, which can diminish very rapidly. Therefore,
reactivity make up through refuelling on daily
basis is required to maintain appropriate reactivity
level, and for this purpose the plant is equipped
with remote computer controlled fuelling machines
and associated system and equipment. For daily fuel-
ling, two machines are in operation, while third
one being maintained as spare machine. Therefore
maintaining fuelling machines in good condition is
very crucial task for plant operation. As the ma-
chine and associated system are very complicated and
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elaborate, routine maintenance activity should be
continuously performed in parallel with daily oper-
ation.

Under the event that fuelling machines are
unavailable for extended period, the reactor power
should be reducd and/or mechanical shins have to be
withdrawn from the core to slow down reactivity
reduction. In an extreme case where on-power mainte-
nance work on the fuelling machine can not be per-
formed, then the reactor has to be shutdown. The
plant.experienced one such occasion and it is reco-
gnized that other CANOU plants have similar experi-
ences.

While the refuelling facility has both sides
of coin, they evidently contribute to the perfor-
mances of CANDU reactors by making the on power re-
fuelling operation possible. Thanks to the on-power
refuelling feature, the Corporate and plant manag-
ement staff could have much flexibility on main-
tenance outage scheduling.

B.Poison Prevent Mode

As the excess reactivity of CANOU reactor is
inherently small, Xenon build-up after relatively
short period trip can introduce huge amount of
negative reactivity into the core, thus poison
prevent mode is adopted for reactor operation,
whose basic scheme is to maintain the reactor
power to 60? of full power level under the event
that turbine generator is tripped due to a fault
or a problem from secondary side. This mode is
selected and controlled automatically by the plant
control computer system, and steam from NSSS is
dumped to condenser through 12 condenser steam
dump valves.

By this feature on many occasions, the plant
couid be resynchronized to the grid system within
30 minutes from T-G trips caused by spurious
signals, grid system disturbance, component/equip-
ment malfunction or human error.

C.Motor ing of Turbine Generator

As the plant design does tolerate the motor-
ing of T-G unit as far as exhaust hood temperatures
are maintained in an acceptable range, reactor
trips and/or disturbances are normally not accompan-
ied with or propagate to T-G trips.

Therefore, on several occasions, where reactor
was tripped as a result of spurious signal or human
error,.the plant could restore its electrical out-
put within single digit minutes from the upsets and
/or trips-

These two features, i.e., poison prevent mode
and tolerance of T-G motoring contributed to the
plant performance by simplifying the operators
recovery actions from the plant trips or transients,
thus lowering the forced outage rate.

D.Reactor Power Stephack and Setback

The plant control system has unique functions
called reactor power "stepback" and "setback",
whose basic scheme is to reduce reactor power
automatically to the appropriate and safe level
upon detection of any significant transients on
various plant operating parameters such as steam
generator level (low), steam generator pressure
(high), de-aerator level (low), neutron power
(high) aiid flux tilt (large). These control funct-
ions are performed by very responsive and versatile
control computer systems, which initiate such
action before the reactor trip and protection
systems respond to the transient.

By this feature, the pi ant could survive from
many transients and disturbances avoiding reactor
trips. After the reactor system get stabilized at
the reduced power, the plant could restore its
output to the previuously operated level.

E.Dynamic Characteristics of Plant Control
Systems.

As explained already, while many features are
built into the plant control system, the dynamic
characteristics of the plant control system may be
regarded to be second to none. Even though the plant
experienced a few turbine trips caused by high steam
generator level, the plant control system is quite
responsive and reliable.

As the control system is built and duplicated
on digital computers, all the control functions,
logics and control parameters are implemented by
control softwares. This approach rendered much flex-
ibility to control and instrumentation engineering
and maintenance staffs.

As the plant is normally controlled by one
master computer, while the other computer runs as a
slave, engineers and technicians were able to
improve and refine the control schemes and paramete-
rs they devised on slave computer.

Both master control computer and slave control
computer run together and plant control is normally
undertaken by master control computer, while slave
control computer performs exactly same functions
except for generating control signals to final
control devices.

In the event that master control computer
system detected any abnormality on its systems,
plant control task is automatically transferred to
the slave computer. With this arrangement, the plant
has an elegant redundancy feature for the plant
control system.

Another element which contributes to the good
dynamic characteristics is adoption of multiple
control valves for major control system. For example
for steam generator level control, two differently
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si2ed control valves are employed for each steam
generator. The small valve is selected for the con-
trol device by the computer at low load, while one
of two large valves is selected during high power
operation. This practically and technically moderate
approach get rewarded the designer with good control
performance. Also, to facilitate on-power isaintenan-
ce works on the contol valves, the control valve
trains are duplicated for each steam generators.

HUMAN RESOURES-AN ESSENTIAL ELEMENT OF THE PLANT
OPERATIONS.

One of the factors which contributed to the
enhanced plant performance was the plant staff or
the human resources.

Most of technical key staff of the plant have
been trained in Canada, and have participated in
com iss ion ing of the plant. Al&o.. as KEPCO has no
other CANDU reactor unit, dilution of experienced
staff could be held to minimal. Consequently, the
plant staff could accumulate their own experience,
develop their technical expertise as well as their
insights on CANDU reactor details.

Plant management continuously exerts pressure
to motivate plant staffs buiid their own technical
expertise as well as to boost working morale for
excellence of performance.

Through the highly motivated and technically
competent manpower resources, the plant systems
and facilities could be refined and maintained in
better conditions, thus the plant performance
could be improved ultimately.

All the plant equipment and component were
the sane ones since construction work finished,
but it was the plant staff with strong wills
toward better performance who made many refinements
to the plant facility and made the plant more
reliable. In fact, behind the innovative plant
performance in 1985 were full of dramatic stories
of the corporate management, plant management and
many of plant staff who took the plant facilities
as their personal wealth.

DESIGN INADEQUACY AND ANTICIPATED PROBLEMS

While unique features of the plant as ment-
ioned above were fully utilized through the four
years' operation of CANDU unit, the features
which need improvement or reinforcement were also
recognized.

A.Inadequacy of Main Steam Piping Supports

As the main steam pipings ran over the roof
of nain control room where all the instrumentation
and control wirings are terminated and connected,
vibrations induced by the pipings develop the
deterioration of various electrical connection
thus inducing is occasional transients initiated

fro* the loss of control power and signals.

As re-routing of the piping is not feasible
to implement in practical sense, piping supports
were relocated and modified to reduce the vibrat-
ion level.

B.Redundancy in Component Cooling Water System.

By the original design, the cooling source of
all the plant equipment including residual heat
removal of core and spent fuel depends on the single
channel of sea water system. However, operating
experience shows that the reliability of the
system has not been perfect and the system once had
to be taken out of service for repair of equipment
and piping. Alternate heat sink measure was required
to provide against the outage of sea service water
system. A plan to provide alternate heat sink for
the redundancy of the residual iteat removal was
already launched and is in progress.

C.Integrity of Pressure Tubes

Even though the cause of the pressure tube
failures experienced by Pickering and Bruce NGS in
Canada are claimed to be irrelevant to the CANDU-600
reactors, it is KEPCO's position that the plant must
be well prepared to cope with such event by securing
the emergency response capability. Another anticip-
ated implication is the dimensional changes of pre-
ssure tubes caused by material growth and creep
initiated from neutron bombardment.

As the designer-recommended resolution calls
for, the plant have to perform the assessment on the
dimensional changes of 380 pressure tubes periodica-
lly, and also will have to take corrective actions
when further dimensional change can not be toleratd.

CONCLUSION

In spite of limited operating experience on
CANDU-PHWR, KEPCO have been convinced that the good
performance can be realized through the maximum uti-
lization of CANDU's unique features and advantages.

Despite of some inadequacies in plant design
which were recognized through the operation of the
plant, general operating condition of CANDU plant
was rather satisfactory.

It is envisaged that the plant will maintain
good performance by the skillful management of the
plant. For the excel lance of performance, best
efforts must be exercised to preventive and on-power
maintenance activity and human resource management.
The objective of human resource management is to
motivate and encourage all the plant staff to have
strong will toward better performance.
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