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Abstract

Prototype Fast Breeder Reactor (PFBR) is a 500 MWe reactor
under design in India. The overall safety approach adopted is
based on the defence-in-depth principle. Design features have
been incorporated to minimise occurrence of unsafe conditions. A
plant protection system comprising reliable core monitoring to
detect the off-normal condition, a reliable shutdown system to
ensure safe shutdown and a passive decay heat removal system are
provided. Containment is provided to prevent any release of
radioactivity to the environment in case of failure of the
protective devices. This paper provides a brief outline of the
safety considerations in the design of PFBR.

1. INTRODUCTION

Prototype Fast Breeder Reactor (PFBR) is a 1250 MWt, 500 MWe
mixed oxide fuelled reactor under design in India. The overall
safety approach adopted for PFBR is based on the defence in depth
principle which incorporates safety provisions in three stages.
The first step is to provide inherent safety features in the
design of the core and components in the various systems of the
reactor. The second step is to incorporate a diverse and
redundant protection system which will ensure safety actions when
an off-normal event is detected by monitoring various parameters
like neutron flux, coolant flow, temperature and leak to prevent
any plant damage. Finally as a third step, adequate containment
is provided to prevent any leak of radioactivity to the
environment in case the protective devices provided as above
fail, resulting in a core power excursion. This paper provides a
brief outline of the various safety features in the design of
PFBR.

2. GENERAL SAFETY APPROACH

The following principles govern the general safety approach
adopted for PFBR:

Use principles of redundancy and diversity besides
segregation/independence of components wherever necessary to
achieve overall high reliability.

Incorporate fail safe design features wherever possible.

Minimise the occurrence of the incidents through sound
design, construction and inspection.

Take into account the operating experience of different
LMFBR especially with respect to sodium fire and sodium
water reaction.
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The components of NSSS have been classified into four groups
according to their influences on radiological safety and these
safety classes have been linked to four different classes of
design, construction and inspection.

The design basis initiating events have been identified and
divided into four categories based on the frequency of their
occurrence i.e. normal, upset, emergency and faulted. For each of
these categories, design limits have been proposed for fuel,
cladding and plant components. Single failure is considered in
the analysis of incidents and credit for manual action is taken
half-an-hour after the occurrence of the event.

3. FEED-BACK REACTIVITY COEFFICIENTS

In PFBR, both temperature coefficient (2.75 pcm/deg C) and
power coefficient (0.8 pcm/MW) of reactivity are negative so that
any increase in temperature or power leads to a reduction in
reactivity and the consequent reduction in power. The negative
reactivity comes from the expansion of fuel, radial expansion of
core and grid plate, control rod expansions and from the Doppler
effect of the fuel. The expansion of coolant sodium and
structural steel result in small positive reactivities which are
compensated by the former negative reactivity effects so that the
net reactivity coefficient is negative. The net negative
reactivity coefficients of temperature and power, thus provide
the intrinsic safety.

4. CORE MONITORING

The objective of core monitoring is to ensure that reactor
power and adequate cooling of all subassemblies is maintained
within their permissible limits during reactor operation. A
companion paper to this meeting [1] deals with the details of
core monitoring. It is essential to detect a fuel pin failure at
the earliest to prevent large scale propagation and minimise
contamination of the primary sodium. For this purpose, different
parameters both neutronic and thermal are monitored and actions
initiated in case of detection of off-normal conditions. The
safety actions are either lowering of all absorber rods (LOR) or
drop of all rods (SCRAM). Table I gives a list of parameters that
order reactor trip. For detection of failed fuel, the bulk
detection is based on assessing the presence of delayed neutrons
in the pool sodium drawn from behind the IHX. Localisation is
based on sampling sodium from individual fuel subassemblies using
selector valves and checking for presence of delayed neutron.
Temperature monitoring of all the fuel subassemblies is done and
processed by computer for ordering any trip action.

5. SUBASSEMBLY BLOCKAGE

To prevent total instantaneous blockage (TIB) at inlet of
the subassembly multiple openings are provided in the support
sleeves and subassembly feet . To minimise effect of total
blockage at outlet of the subassembly, an adaptor at the top of
the subassembly has been conceived. This adaptor provides a
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TABLE I. PARAMETERS CALLING FOR SAFETY ACTIONS

No. PARAMETER

1. High neutron flux in start-up range
2. Short period in start-up.range
3. High neutronic power (LOG P)
4. High neutronic power (LIN P)
5. Short period in power range
6. High reactivity in core
7. High individual S/A outlet temp.
8. High mean core outlet temp.
9. Difference in mean core outlet temp.

& inlet temp.
10. Fuel pin failure by DND
11. Power/primary flow rate
12. Primary pump trip/reduction in flow
13. Secondary pump trip
14. Feed water pump trip
15. Turbine trip
16. Water/steam leak into sodium in SG

radial flow path when blockage occurs. The flow during blocked
condition is approximately 3 0 % which is sufficient to avoid
sodium boiling. Studies have shown that instantaneous blockages
resulting in flow reduction of 32 % through the fuel
subassemblies can be detected and reactor tripped to limit clad
hotspot to 800 deg C, with 4 s time constant thermocouples. With
limiting condition on sodium boiling, 71 % step flow reduction
can be detected. In case of zero time constant thermocouples the
safe detectable flow reduction value is 37.5 % for clad hotspot
limit and 77.5 % for sodium boiling limit. Thus there is no
advantage to have a fast response thermocouple for this event.

6. SHUTDOWN SYSTEM

Reactor safety is assured by two independent, fast acting,
diverse shutdown systems each comprising sensors, logic circuits,
drive mechanisms and absorber rods. First system comprises of a
bank of 9 control and safety rods (CSR) while second system has 3
diverse safety rods (DSR) . CSR is for reactivity and power
control as well as shutdown while DSR is only for shutdown. The
scram release electromagnet of CSR drive mechanism is housed in
the upper part in argon atmosphere while for DSR it is at a lower
end of drive mechanism which is immersed in sodium. For DSR there
is a curie point magnetic switch which gets demagnetised on
reaching a temperature of 873 K under LOF or TOP and triggers
drop of the rods. In view of two shutdown systems with a high
reliability and passive feature like curie point magnet, shutdown
is assured for all design basis events.

7. DECAY HEAT REMOVAL

If offsite power is available, decay heat is removed through
the normal path through steam generator and steam water system.
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In order to have a high reliability of decay heat removal (DHR),
the DHR system must be closest to the heat source i.e. core as
this will involve minimum components between the heat source and
the sink. With this in view 4 DHR circuits each comprising a dip
heat exchanger (DHX) is provided in the hot pool of the reactor.
Each DHX is linked on the tube side to a intermediate sodium
circuit and ends in a sodium-air heat exchanger (AHX) . During
loss of off-site power, the sodium flow in the primary and
intermediate circuits and air flow over AHX is by natural
convection. The layout and relative elevations have been fixed to
ensure this passive feature. As a defence in depth measure,
battery power to drive the primary pumps at 20 % of the speed for
about 1 h is also provided. It is sufficient if 2 out of the 4
DHXs operate to assure fuel and clad integrity. The degree of
diversity to be provided amongst the DHR circuits to take care of
common cause and common mode failures is being studied.

8. SODIUM FIRES

Sodium fire is one of the important areas in safety which
needs to be tackled right from the design stage. Some of the
design features considered to prevent sodium fires are:

a) Material selection with sufficient ductility to assure leak
before break and eliminate the possibility of sudden
development of a large leak and sodium spray fire.

b) Adequate inspection of all main pipe welds.

c) Provision for dumping sodium wherever possible.

d) Provision for leak detection at important weld joints.

e) All sodium pipelines inside containment building have been
provided with double walled construction.

f) Provision of leak collection trays.

g) Development of high temperature concrete and liners.

In addition to the above, following measures will be
incorporated into the detailed design.

Providing partition walls to limit the effect of fire on the
other equipment.

Provision of proper vents in the different areas to relieve
pressure developed due to sodium fire.

9. SODIUM-WATER REACTION IN SG

The possibility of sodium water reaction in the steam
generator cannot be ruled out. With a good sensitivity of the
hydrogen leak detection system in secondary sodium, timely
detection is possible. There is, however, a finite probability
that an undetected leak may cause wastage of more than one tube.
The under-sodium leak event in PFR superheater in 1987 has
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indicated that overheating of tubes can result in multiple tube
failures. For PFBR, the design basis leak (DBL) which was double
ended guillotine (DEG) rupture of 1 tube in the initial design
has been modified to a value which will cause the rupture of both
top and bottom rupture discs on the sodium side. For the present
SG concept without cover gas, it is seen that DBL is 5 DEG
failure for a bottom leak or 3 DEG failure for a top leak.

10. SODIUM VOID REACTIVITY EFFECT

Sodium voiding can occur due to the temporary passage of
argon gas or fission gas from pins, through the core. It may also
occur due to boiling of sodium in the case of blockage in the
subassembly or loss of flow due to trip or seizure of both
primary pumps and transient over power event. Loss of coolant
which also may lead to voiding is not considered in view of
provision of a safety vessel around the main reactor vessel, the
gap between the two vessels being monitored. In all the cases,
protective action of reactor scram and consequent decay heat
removal will take place and no voiding of core is expected.
Nevertheless, the incidents of loss, of flow (LOFA) and transient
over power (TOPA) without reactor trip have been studied to
assess the propagation and energy release expected and to
estimate containment requirements to limit the radioactivity
release.

The total sodium void reactivity effect of PFBR is 1200 pcm
(3.5 $). The void worth of the central assembly is 0.066 $. Void
worth of central and surrounding 6 subassemblies is 0.4 $. In
order to have reactivity addition of 1 $ it is necessary for
voiding to take place in 18 fuel subassemblies.

The time dependent reactivity effects due to fuel axial
expansion and structural expansion of grid plate, control rod
etc. have been neglected in the analysis as a conservative
measure. For LOFA, two studies have been conducted with 2 s and
10 s flow halving times. The former refers to the seizure while
the later refers to the trip of the primary pumps due to loss of
off-site power.

For the 2 s flow halving time, the time taken to reach fuel
melting is 16 s for the reference core. When the upper axial
blanket in the core is replaced by sodium, the total void effect
is 706 pcm (2.06 $) and time taken • to reach fuel melting is 720
s. For the 10 s flow halving time, fuel melting starts at 79 s
for reference design and for the case of sodium in place of axial
blanket, no fuel slumping occurs upto 2500 s.

For other accidents like TOPA, reduction in void coefficient
has not much significance. It must be emphasised that unprotected
events are of a very low probability due to provision of diverse
shutdown systems. Removal of upper axial blanket is not favoured
from consideration of loss of breeding. Other methods of reducing
sodium void effect without affecting breeding like axial
heterogenous core are still being studied.
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11. PUMP TO DIAGRID PIPE CONNECTION

Each primary pump is linked to the diagrid by two pipes of
600 mm dia. With the use of stainless steel having high
ductility, leak before break concept can be applied to this pipe.
High quality of manufacturing will be maintained for this
component. Detailed analysis [2]. has been carried out with
conservative estimate on the loadings. It has indicated that for
the initial crack size of a/t (crack depth/thickness) 0.3, and
2c/t (crack length/thickness) 10, leakage less than 1 kg/s is
possible after many plant lifes. There exists large safety margin
between the critical crack length and the maximum crack length
attained at the time of leakage. This indicates that the LBB
argument can be applied to this critical component.

Nevertheless, the guillotine rupture of one of the pipes can
be managed by very fast detection through reactivity, primary
coolant flow measurements and high sensitive quick response
(approximately 1 s time constant) core outlet thermocouples for
some selected fuel subassemblies. It is also planned to have core
flow monitored by 4 eddy current flowmeters in the control plug
and these would provide one more signal for core flow decrease.

12. CORE CATCHER

Whole core meltdown is considered a residual risk event in
the state-of-art design of LMFBR. However, local accidents like
gross blockage are considered credible and safeguards against
such accidents are essential. It is very difficult to quantify
the magnitude and rate of blockage. The studies carried out in
France regarding such an accident lead to a conclusion that the
reactor can be safely shutdown before the accident progresses
beyond the adjacent ring of 6 subassemblies. A provision for post
accident cooling of fuel debris from 7 subassemblies is thus
considered adequate [3, 4] . With the fuel melt down from 7
subassemblies, there is no fear of criticality as the K effective
is only 0.87. For criticality to occur, calculations have shown
that about 25 subassemblies need to melt down. A core catcher
located below the core support structure covering the area of
entire grid plate has been provided to safely contain the molten
debris and cool them by natural convection.

13. REACTOR CONTAINMENT

With the various design provisions, core meltdown can be
considered as an event of extremely low probability and can be
classified as beyond the design basis. Yet this has been
considered in determining the containment capability of the
system. Detailed analysis of LOFA with seizure of both primary
pumps gives a mechanical energy release of 23 MJ. For TOPA
represented by hypothetical continuous addition of 4 pcm/s, the
total energy release comes to 135 MJ. Hence the energy release
for containment has been taken as 200 MJ as a conservative
measure. It has also been checked that the energy release of this
magnitude can be absorbed without failure of the main vessel and
the roof slab [5] . Though no sodium is envisaged to be released
into the containment building during such an accident, it has
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been assumed that about 500 kg of sodium may be ejected into the
containment building. This ejected sodium can catch fire and give
rise to an overpressure of 25 KPa.

The containment building has been designed to withstand such
pressure build-up and limit the release of the products to less
than 0.1 % of the building volume per hour. The resulting dose
due to this release at the site boundary of 1.6 km from the
reactor building is found to be within the permissible levels.

14. SITE RELATED EVENTS

Following site related external events are considered in the
design:

Aircraft impact: considering the distance from airport and
frequency of flights, a fall of commercial aircraft is a
very very low probability event, hence not a DBE.

Flood: There is no flowing river in the vicinity of the site
and hence no risk of flooding due to river water.

Cyclone: Every year 4 to 5 cyclones visit the coast of
Kalpakkam. Under extremely severe cyclonic conditions, the
maximum tidal wave may inundate portion of land about 5 m
above mean sea level. It is therefore proposed to protect
building complex by means of peripheral roads with an
elevation > 5 m above mean sea level. The maximum possible
wind speed which must be considered in the design is 280
km/h at 10 m level.

Chemical explosion: No chemical industry exists nor any
transportation of explosives takes place near the site and
hence chemical explosion is not considered in design.

Seismicity: The seismicity values of the site are as
follows:

0.078g(Sl) and 0.156g(S2) for peak horizontal ground
acceleration.

The peak acceleration in vertical direction is 2/3 of the
peak acceleration in the horizontal direction.

15. SUMMARY

This paper has brought out the important safety approaches
adopted in the design of PFBR. It is seen, that with the
application of the defence in depth principle, the reactor can be
adequately designed to cater to incidental and accidental
conditions. The operating experience of the different LMFBRs have
been used in the design and specific design features for
protection against sodium fires and sodium water reaction
incorporated. Core melt down which is a very low probability
event has been considered and a core catcher and containment have
been provided. In summary, considerable progress has been made in
the safety case for PFBR.
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