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Abstract

The main results of the seventeen-year operation of the BN600 Nuclear Power Plant are
considered. The principal backfittings of the main BN600 Power Plant equipment are
presented and summarised.

Introduction

In 1997 BN600 has accumulated 17 years of power generation. Connection to
grid took place on April 8, 1980. The design electrical power as high as 600 MW
was achieved in December 1981.

The experience from BN600 power generation shows BN600 to be reliable in
control, safe and highly valuable for further commercial deployment of large
fast reactor power plants at the current stage of nuclear power development.

During operation the following objectives set out at the design phase were
achieved:

- demonstration of sustained, reliable and safe operation of a sodium
cooled fast reactor power plant,

- long lifetime testing of the large components operating in sodium
environment in high neutron and gamma fields,

- mastering of the sodium technology, optimization and improvement of
the operating plant procedures, mastering of the sodium equipment
replacement and maintenance technology,

Summary of Power Plant Operation

At present time the BN600 power plant is in steady operation under electrical
capacity ranging from 580 to 610 MW.
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During a number of recent years beginning from 1983 the load factor of the
operating power plant has been in the range of 72 to 80% (the overall load
factor is 73.5%) and outages are mainly made for reloads. During 77% of time
the power plant generated electrical power as planned, 21% of time were spent
for the planned maintenance and reload outages, the unplanned losses
accounted for less than 2% of time.

Totally (as of 1/11/97) 36 reactor core reloads have been carried out at peak
discharge burnup of 10% h.a. and experimental fuel burnup of 11.8% h.a.

Short-term objectives in respect of the core are further tests of various
plutonium fuel sub-assemblies and the activities on the third modification of the
11% h.a. burnup core.

17 years of the BN600 power plant operation showed good agreement of the
design and actual performance of the main components. The following
technical and economical indicators were achieved:

Table 1

No

1.
2.
3.
4.
5.
6.
7.

8.

9.

Indicator

Electrical generation
Auxiliary power
Load factor
Availability factor
Gross efficiency
Net efficiency
Number of plant
outages
Number of loop
disconnections
Average output

Unit

mln kW-h
%
%
%
%
%

unity

unity

MW

Total value as of 1/11/97

64459,1
7,5

73,5
75,3
41,5
38,5
67

19V26M7

—

Steady, reliable and safe operation of the power plant and its high technical and
economical performance could be provided only due to the large scope of the
integrated research and development activities resulting in modification of some
units and systems.

Besides it was required to develop and modify core components (fuel sub-
assemblies, control rod guide tubes and control rods), to explore and modify
electrical drives of sodium pumps, to modify a reactor refuelling system, to
construct advanced failed fuel detection systems, to design and construct
advanced reactor vessel integrity inspection systems, reactor vessel and auxiliary
primary sodium pipeline displacement measurement systems, to remarkably
improve water-sodium reaction detection systems of the water-sodium steam
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generators, to construct technical diagnostic systems of the reactor and steam
generator components, to determine and extend equipment lifetime and to carry
out many other activities; even this rather incomplete scope of the objectives
shows a novelty and variety of the problems which have been successfully
solved by the Beloyarsk NPP team in cooperation with OKBM, IPPE,
GIDROPRESS design company.

During operation a high degree of the radiation safety of the BN600 power
plant under the sustained operating conditions at the rated generation
parameters was provided for. The results of the measurements of the radiation
environment and process medium activity have shown their values to be within
the design limits. The radiation levels in the attended and semi-attended areas of
the reactor building have been within the authorized limits, the gamma
radiation levels of the secondary circuit components have been within the
natural background limits.

Atmospheric discharges have been well within the limits and within the range of
2 to 10 Ci/day (522 Ci/year in average) and they tend to decrease; there have
actually been no liqiud radioactive effluents from the plant while it being
operated. The average release of the solid radioactive waste is 22 mVyear. The
average collective dose of the plant personnel is 84 rem/year.

Results of 17-year Operation of Power Plant

Reactor Core

Since 1980 till 1986 the BN600 reactor operated with the core of the firstload
type with the peak burnup of lowly enriched fuel being as high as 6.1% h.a. and
that of highly enriched fuel 8.3% h.a.

During operation of the first type core the fuel failure occurences have been
observed by the end of nearly each interval between reloads. As a result of
examination of the irradiated fuel sub-assemblies it was found that the fuel
failures had been generally caused by the strained operational fuel conditions
(due to peak linear ratings as high as 54 kW/m and reshuffling of highly
enriched fuel sub-assemblies from the outer towards the inner core locations) as
well as by poor fuel cladding structural materials. It should be noted that it was
the highly enriched fuel that mostly failed in the core.

During 1986 and 1987 the reactor was changed over to the modified core (01M)
with the peak burnup as high as 8.3% h.a. to improve fuel performance and to
increase BN600 reactor fuel burnup. The new peak burnup values were 6.5%
h.a. for the lowly enriched fuel, 6.9% h.a. for the intermediately enriched fuel
and 8.3% h.a. for the highly enriched fuel. The principal difference between the
first load type core and the modified core was an increase in the height of a fuel
fissile section from 750 to 1000 mm and utilization of three uranium 235 fuel
enrichments, i.e. 17%, 21% and 26% instead of 21% and 33%.
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Just after the change-over to the first modification core (the beginning of the
20th cycle) all the fuel failure causes were actually corrected, namely:

- the core: the peak linear rating was decreased down to 47.2 kW/m and
the advanced structural materials more resistant to radiation were started
to be used as well as the reshuffling of highly enriched fuel sub-assemblies
from the outer towards the inner core locations was removed out of
practice,

- the radial blanket: the fuel pin gas plenum height was increased from
160 to 310 mm and the band spacing of fuel pins was introduced.

Over a period of 1988 to 1990 the reactor operated with the first modification
core.

Over a period of 1991 to 1993 the reactor was changed over to the second
modification core with the new peak burnup values being 9.0% h.a. for the
lowly enriched fuel, 9.5% h.a. for the intermediately enriched fuel and 10% h.a.
for the highly enriched fuel.

This was enabled by the utilization of the advanced fuel cladding and wrapper
materials resistant to a damage dose as high as 100 dpa.

The fissile height was increased from 1000 to 1030 mm and the effective fuel
density from 8.5 to 8.6 g/cm3 to provide for the necessary reactivity margin in
the second modification core by means of the 4% increase in the fuel load.
The outer radial blanket was extended by 16 fuel sub-assemblies and the in-
reactor storage became respectively less by 16 fuel assemblies.

The first (01M) and the second (01 Ml) modification cores themselves have the
same configuration, i.e. 136 lowly enriched fuel sub-assemblies of 17%
enrichment, 94 intermediately enriched fuel sub-assemblies of 21% enrichment
and 139 highly enriched fuel sub-assemblies of 26% enrichment.

The radiation-resistant fuel structural materials, i.e. the 3FI-450 steel as
wrapper material and the HC-68 steel as cladding material, are used.

Table 2 shows the main characteristics of the cores and the operating fuel
conditions.

319 experimental fuel sub-assemblies were tested in the BN600 reactor.

In support of the BN800 reactor core design validation 6 vibro-packed and 8
pelletized MOX fueled sub-assemblies have been tested in the reactor and 4
more sub-assemblies are being tested.
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By present time the 11.3% h.a. peak fuel burnup BN600 reactor core design has
been elaborated and is at the stage of approval and finalization. The activities
on development of the 12% h.a. peak burnup core have been started.

Table 2 The main characteristics of the BN600 reactor cores

No

I.

2.

3.

4.

Characteristic
identification

Number of fuel
sub-assemblies,
pcs.:
- Low enriched
fuel S/As
- Intermediately
enriched
fuel S/As
- Highly enriched
fuel S/As
-Depleted
uranium dioxide
control rods
Weight of
enriched
uranium, kg (%
of enrichment):
- Low enriched
fuel S/As
- Intermediately
enriched fuel S/As
- Highly enriched
fuel S/As
Core
height, mm
Peak local
burnup, % h.a.:
- Low enriched
fuel S/As
- Intermediately
enriched
Juel S/As
- Highly enriched
fuel S/As

First type of the
core (01)

217

—

144

8

20,0 (21)

—

20,0 (33)

750

6,1

—

8,3

First
modernization

(01M)

136

94

139

—

27,6(17)

27,6 (21)

27,6 (26)

1000

6,5

6,9

8,3

Second
modernization

(02M)

136

94

139

—

28,9(17)

28,9 (21)

28,9 (26)

1030

9,0

9,5

10,0
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TABLE 2 (cont.)

5.

6.

7.

8.

9.

10.

11.

12.

Peak damage
dose, dpa:
- Low enriched
fuel S/As
- Intermediately
enriched fuel S/As
- Highly enriched
fuel S/As
Fuel residence
time, efpd:
- Low enriched
fuel S/As
- Intermediately
enriched fuel S/As
- Highly enriched
fuel S/As
Height of axial
blankets, mm:
- upper axial
blanket height
-lower axial
blanket height
Height of pin gas
plenum, mm
Effective fuel
density, g/cm3

Hot spot fuel
cladding
temperature, ° C
Peak fuel
sub-assembly
power, MW:
- Low enriched
fuel S/As
- Intermediately
enriched fuel S/As
- Highly enriched
fuel S/As
Peak linear
rating, MW/m:
- Low enriched
fuel S/As
- Intermediately
enriched fuel S/As
- Highly enriched
fuel S/As

49,1

—

42,5

200

—

300

400

400
800

8,2

706

4,5

—

4,7

53

—

54

53,3

51,0

54,0

330

330

330\495

300

380
660

8,5

697

4,4

4,5

4,6

43

45

48

75,0

72,0

69,0

480

480

480

300

350
660

8,6

696

4,4

4,6

4,7

43

44

47
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Fuel Handling Systems

Operating Experience from Reactor Refuelling System

As it is mentioned above 36 reactor reloads have been carried out since the
power unit has been put into operation. In general the refuelling system
performance during this period of time was sufficiently reliable - in fact no
failures which would have caused the delay of making the reactor critical
occurred. It is the refuelling system mechanism position indication and control
system that has mostly been a trouble contributor. As far as the mechanical part
is concerned the following operating results can be noted:

A. The fresh fuel argon-filled and the irradiated fuel sodium-filled storage
drums

Since the start of operation neither failures nor faults have occurred. On the
basis of the initial operation a number of the irradiated fuel storage sodium-
filled drum cells have been bored to provide for the unloading of the irradiated
fuel sub-assemblies with the considerably distorted hexagonal wrappers.

B. The gas gate valves of the irradiated fuel sodium-filled storage drum

At the initial stage we had to replace the sealing elements (made of
fluoroplastic). After they had been replaced with the rubber ones (specific
rubber) no problems emerged.

C. The sub-assembly transfer mechanism of the transfer chamber

During operation a number of the mechanism design faults have been found.
For example, the strip counterbalance rope lifetime is short, indication of the
strip position and the gripper directly from the function element is required,
fixing of the vertical shaft of the gripper drive is insufficient. By present time the
documentation has been elaborated and fabrication of the mechanism
backfitting parts is under way.

D. The rotating plugs

The plugs have caused no problems during initial 2 or 3 years of operation. On
the basis of the feedback from BN350 and taking into account the experience
gained at the BN600 reactor from the monitoring of the protective liquid and
hydraulic seal eutectic the former was decided to be periodically replaced and
cleaned to remove mechanical impurities.

At present time the protective liquid is replaced once a year in accordance with
the reactor maintenance schedule. Up to 1994 pre-operation driving of the
rotating plugs caused no major problems - it used to take a number of hours
and the time was spent mostly to better heat up the eutectic. Since the autumn
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outage held in 1994 the rubbing of the large rotating plug and since May 1995
the rubbing of the small rotating plug have been observed and as for the
rubbing of the large rotating plug it has never been observed any longer. The
rubbing consisted in higher force on the handwheel of the hand drive and
respectively in higher drive motor current with the largest increase related to
one particular sector. The recurrence of this situation takes place up to now and
the level of the rubbing is somehow higher. At present time different options to
mitigate and correct the rubbing are being tested. The most likely reason is
deposition of sodium in the gaps between the plugs due to violation of the their
cooling conditions.

E. The refuelling mechanisms

Over a total period of operation the refuelling mechanisms have caused no
major problems.

Operating Experience from Sub-Assembly Cleaning System

Over a total period of operation the core sub-assembly cleaning system
performance was sufficiently reliable. Like with the fuel handling system it is the
mechanism position indication and control system that has mostly been a
trouble contributor with an impact from the process control and monitoring
system. The process configuration itself is unsatisfactory since the manifold
of the steam-water cleaning cells is combined with the equipment cleaning
system (large capacities, risk of overflows and leaks, etc.) .

As far as the mechanical part is concerned the following operation results can
be noted:

A. The gas gate valves of the irradiated fuel sodium-filled storage drum and
irradiated fuel discharge pit

Since the accumulated running time of these gate valves is much more than that
of the similar gate valves located on the side of the transfer chamber the
intervals between replacements of the gate element rubber sealing rings and
between inspections of the gate valve drives are shorter.

B. The cleaning cell wedge gate valves

So far these valves have caused no serious problems.

C. The irradiated fuel discharge pit mechanisms

Of all the mechanisms the conveyor has naturally accumulated the longest
running time. All the irradiated fuel discharge pit mechanisms have their design
faults (each mechanism has its own design faults) although up to recent time
their performance has caused no serious troubles (to provide for this the
necessary measures on the periodicity and scope of the maintenance and
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technical inspection have been taken just after the beginning of operation). Now
fabrication of new drives for all the irradiated fuel discharge pit mechanisms is
in hand.

Reactor and Primary Heat Tramsfer Systems

In general the performance of the reactor and its in-vessel components is
successful.

Control Rod Drives

The control rod drives and the ion chamber hangers are under normal operating
conditions. There are 27 control rod drives installed in the reactor.

The specified lifetime of the control rod drives is set up to be 120000 hours. At
present time a complex of the material tests in support of the extension of the
lifetime is under way.

Sodium-Sodium Intermediate Heat Exchangers

Intermediate heat exchangers are filled with sodium on primary and secondary
sides and provide for the necessary heat removal at nominal power.

The performance of the intermediate heat exchangers has been trouble-free.
Their lifetime was specified to be 20 years.

In support of IHX replacement a complex of activities including correction of
exsisting technical documentation and elaboration of new technical
documentation, inspection of a spare IHX and fabrication of new IHXs has
been planned. The first IHX has been planned to be replaced not later than
1999.

Primary Sodium Pumps

The primary sodium pumps at the BN600 reactor are of the centrifugal vertical
type with a lower hydraulic bearing.

During the power unit commissioning period until March 1981 the pump
performance has been trouble-free but during a routine increase in pump speed
when reactor power was built up the pump shaft - motor engagement element
failures causing trips of the pumps have been observed.

Over period of 1982 to 1984 higher vibration of the pupms, cracking of the
shafts, damages to the half-couplings and unreliable performance of the electric
drives have been observed.
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The damages of the half-couplings were of the fatigue nature. In order to
provide for the normal primary pump performance the following activities have
been carried out:

- shaft strain measurements that allowed torsional shaft fluctuations
within the operating speed range and the coincidence of the drive power
output fluctuations with the natural frequency of the torsional shaft
fluctuations to be detected,

- replacement of the shafts with the modified ones less in diameter and
differing in design from the old shafts,

- redesign of the motor rotor - pump shaft engagement half-couplings,

- introduction of the primary and the secondary pump vibration
monitoring systems,

- change-over to the non-controllable operation of the motor (cage rotor)
after achievement of the nominal power of the reactor.

The shaft seals preventing gas leaks, the brush-contact unit and the electric drive
tachometer generator attachment unit have been also modified. Owing to the
actions taken the failures of the pumps causing the abnormal operating
conditions have been avoided since the 15th cycle (since December, 1985).

The lifetime of the removable components of the pumps after modification of
the impeller was specified to be 50000 hours.

Primary Sodium and Irradiated Fuel Storage
Drum Sodium Purification Systems

During operation the purification systems were used to provide for the
sufficiently effective cleaning of sodium up to the required standards both on-
load and off-load.

As of 1/11/97 accumulation of the sodium oxides in the cold traps has amounted
to the following:

coldtrap30JI-lA: Okg
cold trap 3OJT-IB: 1264 kg
cold trap 3OJ1-1B: 214 kg
cold trap 3OJI-IT: 907 kg
cold trap 30JI-BOC: 696 kg

while the rated capacity of each cold trap is 1830 kg.
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The cold trap 3<J>J1-1A installed in the primary sodium purification is not filled
with sodium and is stored under standby conditions while the cold trap 3OJT-1F
is temporally removed out of service after a sodium leak event occurred on
October 7, 1993.

Irradiated Fuel Sodium-Filled Storage Drum Cooling System

The cooling system is used to remove the decay heat from the fuel sub-
assemblies being located in the irradiated fuel sodium-filled storage drum.

In order to comply with the regulations the backfitting activities including
installation of the additional valves and outfitting of the pipelines with guard
jackets up to the second gate valves inclusive have been completed on the
system.

Steam Generators and Secondary Heat Transfer System

Steam Generators

Over a total period of BN600 operation 12 water-sodium reaction events have
been observed in the steam generator modules: 1 in the evaporator module, 5 in
the superheater modules and 6 in the reheater modules.

In all the events irrespective of a leak size no increase in pressure in the
expansion tank up to the alarm setting has been observed and the operational
power plant safety has remained within the limits.

The precised design concept of a 'Large leak' event and the steam generator
emergency protection system operation algorythms were validated by the
analysis of the leak behaviour. In 10 events the failed modules have been
replaced with new ones and in 2 events the failed modules have been restored
and put into operation again. The restored evaporator module 5H-A3 has
accumulated 7280 trouble-free running hours after the intervention and has
been replaced with the new one for material testing.
The restored reheater module 5nri-E3 has accumulated 53854 running hours
after the intervention and has been removed out of service on indications of
water-sodium reaction having totally accumulated 68366 running hours.

Thus the design concept of the maintainability of the steam generator modules
if they have been disconnected at the early phase of the 'Small leak1 event
development has been also validated.

By now the steam generators have accumulated about 115000 running hours
each. During the spring outage the planned replacement of all the evaporator
modules with the expired lifetime was completed. The lifetime of the replaced
modules was extended from 50000 running hours as forseen by the design up to
105000 running hours.
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The operating experience from the power plant shows the sectional modular
steam generators in use to have high operational reliability. The feasibility of
the steam generator operation at the rated power with 7 sections connected has
been experimentally validated. Owing to this among 12 water-sodium reaction
events occurred only two events have required a loop disconnection and one
event necessitated power plant shutdown.

Examination of the failed modules has shown that the most likely reason of a
sodium-water reaction is a manufacturing fault failed to be found during
anufacturer's tests using applicable inspection methods.Over a total period of
operation a series of the following activities on the steam generators has been
fulfilled aiming at improvement of their reliability:

- optimization of pre-start and re-agent cleaning procedures,
- correction of the design faults of the main sodium valves,
- modification of the reheater module cover seal units,
- backfitting of the drain and blow-off pipelines,
- modification of the module sodium-water reaction detection systems.

Description of Secondary Circuit Equipment Performance

Over a total period of operation the secondary circuit equipment performance
has been sufficiently reliable. The planned scope of work in accordance with
the maintenance and in-service metal inspection schedules has been fulfilled
on the secondary circuit components and pipelines. During 1995 and 1996 the
sodium feeding units of all the cold traps have been repaired.

The overhaul of the main steam generator sodium gate valves has been carried
out following the developed procedures.

The work on regeneration of the secondary cold traps in accordance with the
procedure developed by the nuclear reactor research centre is in hand.

Table 3 shows the data on the impurity accumulation by the cold traps.

Table 3

Cold trap in-house
identification

4OJI-2A
4OJ1-2B
5OJ1-2A
5OJI-2E
6OJI-2A
6OJ1-2B

Accumulated impurity weight,
kg

447,1
733
849
888
604
698

The design capacity of each cold trap is 1830 kg of impurities.
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Secondary Sodium Plants

Over a total period of power plant operation 2 failures of the pumps have
occurred both leading to the power reduction of the plant with a loop
disconnection, i.e. in 1980 the motor and tachometer generator shaft coupling
failed and in 1985 the electric motor brush unit failed.

The lifetime of the removable components of the pumps was specified to be
100000 hours.

Turbines and Water-Steam Heat Transfer System

In general the turbine performance is successful.

The main pipelines have brought no serious troubles throughout the entire
operation period.

The electrical generators are commercially manufactured and proven
components.

However over a total period of their operation the events involving the loss of
integrity of the stator water cooling system have been observed. Several times
these events caused unplanned generator trips. The reason is an imperfect design
of the stator rod seals.

Instrumentation and Control System

This system has caused the largest number of the plant generation losses this
being accounted for by incomplete applicability of the typical designs used by
the designer of the fast reactor power unit. This system had been remarkably
modified before it stopped to be a source of the troubles.

Analysis of Power Plant Equipment and System Failures
Categorization of Failures

For the analysis the abnormal operation events related to the reduced and
limited power have been selected. The failures of the following eqipment and
systems of the plant has been scrutinized:

-the reactor,
-the fuel sub-assemblies,
-the primary and secondary pumps,
-the primary circuit equipment including the intermediate heat
exchangers,
-the steam generators,
-the water-steam circuit equipment,
-the turbines,
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-the electical equipment,
-the monitoring, control and protection systems of the reactor, sodium
pumps and turbine.

Besides equipment the errors of operators and maintenance staff have been
taken into account.

The largest percentages of the abnormal plant operation events due to
equipment failures are as follows:

- 22.1% (of the total number of events): failures of the monitoring, control
and protection systems,
- 12.8%: the electrical equipment failures,
- 12.7%: failures of the primary and the secondary sodium pumps,
- 11.6%: failures of the water-steam circuit equipment,
- 10.4%: failures of the fuel cladding and wrappers.

Consequences of Failures

Totally 104 failures have occurred over a total operation period. The abnormal
operation events due to equipment and system failures resulted in 28 plant
shutdowns of which 18 shutdowns involved reactor scrams (5 events involved
manual reactor emergency shutdowns). In the remainder the plant power
reductions took place.

Sodium Leaks

Over a total operation period 27 leaks into the environment of which 5 events
involved radioactive sodium leaks have occurred. 14 events have involved active
burning of sodium. Five leaks have been caused by the personnel errors.

The main causes of the leaks have been the following:

- insufficient thermal compensation and manufacturing faults of
pipelines,
- imperfect valve designs,
- loss of leaktightness of the flange joints of the system of sodium
reception from tank cars.

The most serious leak occured in the primary sodium purification system
pipeline on October 7, 1993. The volume of the spilled sodium was about 1000
litres but owing to sufficiently effective performanceof the leak suppression
system the release of radioactivity outside the plantwas only 10 Ci. The
increased exposure of the plant and public did not occur.

The description of the sodium leaks is as follows:
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Table 4

No

1.
2.

2.1.

2.2.

2.3.
3.

3.1.
4.

5.
5.1.
5.2.
5.3.

5.4.
5.5.

System

Reactor
Primary citcuit

Gas purification
system

Sodium purification
system

Sodium storage system
Steam generator

Leak detection system
Sodium reception

system
Secondary circuit

Main pipelines
Main valves

Drain and blow-off
lines

Drain line valves
Sodium storage system

TOTAL:

Number

—
5
1

4

—
1
1
3

17
—
4
9

1
3
27

Sizes,1
(sodium

burning events

underlined)
,

0,1

0,3-3,0-
0,2-1000

—

2
10-50-10

—
1-300-30-10
0.2-1-10-600-
300-100-0-1

0
1-0-0
• • • • - 2 5 0 0

Number
of

sodium
burning
events

—

—

1

—

1
3

—
3
6

—
—
15

Radioactivity
release, Ci

—

—

0-0,2-0,5-10

—

—
—

—
—
—

—
—
10,7

Abnomal Operation Event Causes

The abnormal plant operation events can be divided into 2 categories:

- due to personnel errors,
- due to process equipment failures.

Percentages of these two groups for a total period are as follows:

- events due to staff errors 20.8% of which 12.5% are operator errors,
8.3% are maintenance staff errors;
- 79.2% are equipment failures.

The failures observed in the plant have not caused the operational safety limits
to be exceeded and are of level 0 or 1 on international nuclear event scale.
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