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1 . INTRODUCTION

The fundamental requirement of nuclear safety Is to avoid unacceptable
radiological risk to members of the public and to station operating staff
during both normal and fault conditions. The radiological criteria for the
design of the SGHWR are the responsibility of the UK.Generating Boards. The
basis for these criteria are discussed in a companion paper IAEA-CN-36/72(IV.l).
High safety standards are required in the UK as elsewhere and these have a
major impact on reactor design. The following sections of this paper review
briefly the influence of safety on the design of the SGHWR proposed for
construction in the UK for Sizewell В and Torness.

2. RADIOLOGICAL PROTECTION DURING NORMAL OPERATION AND MAINTENANCE

In paper IAEA-CN-36/72(lV.l) it is stated that the target maximum whole
body annual dose to a member of the public is 0.1 rem, i.e. 20$ of the limit
recommended by the International Commission for Radiological Protection (ICRP).
The target maximum internal annual dose to a member of the public, due for
example to discharge of radioactive iodine, has been set at 5% of the ICRP
limit. For design purposes, merrbers of the public are considered -to occupy
continuously a location at the site boundary, so that the maximum average
dose rate there is restricted to 0.01 millirerrs/hr. The main contributions
to off-site radiation levels are from the noble fission gases from any leak-
ing fuel pins which are discharged from the stack, and from direct radiation
from the coolant circuit, turbine and steam piping. In general, shielding



requirements are set to achieve the on-site radiation levels permitted for
plant operation (sec below) and little additional shielding is required to
meet the off-site criterion. The main implication of the latter is therefore
the provision of an off-gas treatment plant which includes activated carbon
delay beds to allow the short half-life isotopes of Xenon and Krypton to
decay away before being discharged from the stack. The off-gas plant is
designed to permit operation with up to 0.25$ leaking pins without exceeding
the radiation limits.

The design target for the maximum whole body annual dose to operators
is 1.0 rem, also 20# of the ICRP limit. The individual and implied cumula-
tive targets could become even пюге onerous by requirements for more
comprehensive inspection of the coolant circuit and other reactor components
which tend to increase the expected man dose.

The designers response to these criteria has been to increase shield
thickness, to provide more space for access to plant so as to reduce
maintenance times, and to provide special equipment for remote inspection
end maintenance. For example, the SGHWR steam drums are located in a hot
box with internal galleries to provide easy access for ultrasonic inspection
of all welds. This is to avoid the radiation dose which would be incurred jf
in stripping insulation prior to inspection. Nozzle welds will be inspected I
by an automatic traversing ultrasonic probe in the form of a bracelet which \
can be rapidly clamped in position. The exterior of the drum is machined to
provide a smooth surface for the probes, and the nozzles are suitably
profiled to facilitate such inspections.

The primary source of radiation when the reactor is shutdown for
main+.enance is irradiated corrosion products deposited around the plant.
This process has been carefully studied in the prototype SGHWR at VJinfrith,
and chemical decontamination methods have been developed to reduce the crud
burden. A series of surveys at Winfrith has established sources of cobalt,
which is the major component of the activity giving rise to radiation
problems during maintenance. This information is being applied to the
design of the commercial plant in the following ways:

(i) Specification of low cobalt steels for the coolant and
moderator circuits and feed train, and the prohibition
of stellite and other high cobalt-bearing alloys for
valve seats, wearing rings or erosion shields.

(ii) Control or iron and cobalt levels in the feed water and ^
circuit by use of full flow condensate polishing and
clean-up of the coolant circuit water.

(iii) Development of improved decontamination techniques.



3, RADIOLOGICAL PROTECTION AGAINST FAULTS

The target in paper IAEA-CN-36/72(lV.l) requires that the level of
radioactivity released from any credible accident should not exceed the
Emergency Reference Level (ERL) of dose. The reliability of shutdown ar.d
post-trip cooling systems should therefore be such that the probability of
a sequence of credible faults leading to the release of more than one ERL
must be extremely low.

The design approach to this safety objective is to avoid fuel melting
in all credible faults, by providing highly reliable shutdown and post trip
cooling systems. A coolable fuel geometry is maintained by imposing a clad
temperature limit of 1200°C during any fault transient. In addition the
time at temperature transient following a loss of coolant accident is limited
to ensure that the clad strain does not exceed 57?» in order to avoid any
possibility of a significant reduction in the effectiveness of the
emergency cooling provision. Compliance with these criteria means that
very few pin failures would occur, and that the actual release of radio-
activity to the environment from any credible accident would be a very
small fraction of one ERL.

In order to demonstrate an acceptably low risk from various fault
sequences which lead to core melting, extensive use of probability and
reliability analysis is made. Such an approach brings discipline and logic
into the design process, in ensuring that the safety related systems contain
appropriate levels of reliability and redundancy.

The safety evaluation of the reactor has two objectives. First to show
that if the shutdown and post trip cooling systems perform in accordance
with the design intent then the fuel temperature limits outlined above are
not exceeded in any fault sequence. This has required extensive fault studies
ar.d supporting research and development (R & D) work, discussion of which is
beyond the scope of this paper. Second, it is to show that the integrity and
reliability of the plant is such that the combined probability of the
ir.tiating fault associated with failure of the shutdown or post trip cooling
systems is adequately low. The remaining sections of this paper outline
briefly the design principles of the commercial SGHIVR in relation to the
integrity and reliability of protection against faults.

4. DESCRIPTION OF REACTOR

4.1 General features

The SGHWR is a direct cycle pressure tube reactor cooled by boiling
light water and moderated by unpressurised heavy water. The fuel is enriched
uranium oxide clad in Zircaloy. There are 576 fuel assemblies, each contained
in a Zircaloy pressure tube. Each pressure tube passes through a vertical
tube in an unpressurised stainless steel tank (the calandria). The annulus
uetareen the pressure tube and the calandria tube is purged with dry carbon
dioxide gas at atmospheric pressure.



The main features of the plant are illustrated in Pig 1. The pressure
tubes are connected to one of two steam drums each serving the channels of
one half of the core, and water from the drums is pumped upwards over the
fuel elements. The two coolant circuits comprising a steam drum and its
associated pressure tubes, pumps and pipework are not connected.

Reactor power is changed by adjusting the level of heavy water in the
calandria, and longer term reactivity changes are compensated by varying
the concentration of boric acid in the heavy water.

The reactor core and coolant circuits are enclosed in a lined concrete
primary containment vessel, designed to withstand the pressure rise result-
ing from the discharge of one steam drum and its associated pipework, which
is in turn surrounded by a secondary containment building.

4.2 Coolant circuit

Each half of ihe coolant circuit is divided into three separate loops,
consisting of a coolant pump with its associated downcomers connected to the
steam drum, and 96 of the fuel channels and riser pipes. The latter are
connected via б riser headers to the drum. The ieason for not interconnect-
ing the loops at

 J
-he pump outlets, and therefore accepting that the reactor

cannot run unless all six pumps are available, is to provide a reflooding
capability after a loss of coolant accident (LOCA) depressurisation due to a
breach below tho core. The two intact loops will reflood as a result of the
emergency cooling water injection. These loops then overflow into the riser
pipes of the breached loop, providing sufficient back-flow to maintain a
water film over the fuel pins in the breached loop. The overflow is via a
back-flooding manifold located below the drum.

The coolant circuit and the associated emergency cooling and clean-up
systems, which are fabricated in carbon steel, are designed and manufactured
to a very high standard so as to reduce the probability of failure to a low
level. However, failure of any pipe or component, other than a steam drum
or pressure tube, is assumed to be credible and shutdown and post trip cool-
ing systems are designed to cope with such accidents. Propagation of a pipe
rupture to neighbouring pipes or components is prevented by restraints and
barriers, and such propagation is therefore claimed to be incredible.

Disruptive failure of the steam drums or pressure tubes is also claimed
to be incredible, on the basis that there would be adequate forewarning of
such an occurrence and appropriate preventative measures taken. The stress
levels, material properties and manufacturing standard of these components
are such that there is a high degree of confidence that any partial thickness
defects, present when the components are put into service, are below the size
which would grow to critical size during their service life. In the very
unlikely event of a potentially dangerous defect escaping the manufacturers
inspection, it would be detected before it had grown to critical size by
periodic inservice inspection or by leak-before-break.

The pressure tube is potentially vulnerable to damage by contact, with
the fuel. Overheating or fretting would be likely to lead to lealc-before-
break failures, and to be preceded by fuel element damage which would be
detected by the fuel failure monitors and the reactor shutdown. Another
mode of pressure tube damage is through scoring during refuelling. This



could only cause a severe score if piecesof hard, sharp material (e.g. tool
steel) were trapped in the fuel element when it was loaded. The risk of such
an event is minimised by thorough inspection of the new fuel element before
it is inserted into the reactor. As a further assurance, the refuelling
machine hoist is fitted with an automatic stop and alarm if excessive load-
ing forces occur.

4.? Reactor shutdown systems

A safety system is provided to trip the reactor if any condition should
arise which might potentially damage the reactor fuel. The aystem is in
two parts, one dealing with loss of coolant accidents (X-trip) and the second
with intact circuit faults (Y-trip). Either type of trip actuates both shut-
down systems, but the post trip cooling logic differs as in 4., 4 discussed
below.

Two diverse reactor shutdown systems are provided. Either is capable on
its own of ensuring that the reactor is safely shutdown and cooled in the
great majority of faults, given normal performance of the post trip cooling
systems. For a few severe and unlikely faults, primarily the major LOCA,
the speed of operation of the second system may not be sufficient to prevent
a limited number of fuel pins exceeding the fuel temperature limits. However,
the assessed frequency of such faults is in the range 10"^ to 10"^ events/
year, which is considered sufficiently low for reliance on a single shutdown
system to be acceptable.

The first shutdown system is the liquid shutdown system (b3D) which makes
the reactor subcritical in less than 2 seconds. The system comprises J2 sub-
systems, each with a storage vessel containing lithium borate solution under
helium pressure. The trip signal actuates a fast acting valve and causes the
lithium borate to be injected into four interstitial tubes in the calandria.

The second shutdown system is the moderator fast dump. The system con-
sists of several low level outlet pipes of large diameter, connected to lutes
in which the hydraulic head of the moderator is balanced by an overpressure
of helium. The system is actuated by opening valves on the helium circuit
which permits rapid dumping of moderator into intermediate dump tanks situated
close to the calandria. The capacity of these intermediate tanks is equiva-
lent to about 1.5m drop in moderator level, which is estimated to occur in
about 15 seconds. This rapid initial fall is sufficient to make the reactor
subcritical at the operating conditions and cause a rapid drop in power level.
The moderator level continues to fall, but at a lower rate, as the calandria
drains into the main dump tank. The rate of draining is sufficient to main-
tain the reactor safely shutdown throughout the transient and in the long term,

4.4. Post trip cooling systems

These systems are required to cool the reactor in the shutdown state,
by removing heat from the fuel and other reactor components and rejecting
the heat to the environment. For all but the very remote accidents (e.g.
major LOCA or aircraft crash) at least two independent routes are required
for each cooling; function to obtain the necessary overall reliability.



The normal method of post trip cooling following a Y-trip (intact
circuit fault) relies on the same cooling and heat rejection systems as
perform these functions when the reactor is at power, except that the reactor
coolant pumps are tripped and the fuel cooled by natural circulation. Steam
produced by the fuel decay heat is dumped direct to the main condenser via
pressure relief valves.

In the event of either the loss of the electric grid connection or a
LOCA the normal method of post trip cooling will not be available or effect-
ive. To cover these comparatively rare, but nevertheless credible faults,
two independent groups of post trip cooling systems are provided.

Essential systems

The first of these groups consists of the essential systems which
are designed to cope vrith all faults including major LOCA. The
essential systems group rejects heat to the reactor sea water system,
and comprises three separate diesel trains, any one of which is capable
of meeting the post trip cooling requirements. The diesel generator
capacity of approximately 5T4W each is determined mainly by the major
LOCA and pressurised fault requirements. The major loads are the low
pressure emergency core cooling system (ECCS) pumps and the guaranteed
feed pumps. Other loads include the reactor auxiliary sea water cool-
ing pumps, and the pond cooling loop pumps.

Make-up feed to the reactor following a Y-trip when the circuit
remains pressurised, is provided either by the normal reactor feed
system (if the main electrics are available), or by small capacity
high pressure "guaranteed" feed pumps which are connected to the
essential system diesels.

Fuel element cooling following an X-trip is provided by spraying
water directly onto the fuel pins from small orifices in sparge pipes
which form an integral part of the fuel assembly. The main feed Is
diverted into the spray system by valves actuated by the essential
system logic. The system depends on the availability of the main
electrical system, which has a predicted unavailability for this
requirement of 10"2 failures/demand. This is inadequate on its own,
and the system is therefore supported by a system of steam turbine
driven feed pumps. During a LOCA these turbines are supplied from
the drum of the intact half of the coolant circuit.

To prevent the spray flow flooding the drum following a spurious
X-trip, a water blowdown into ths dump pond is also initiated. When
the coolant circuit has depressurised to 10 bar due to the combined
effects of the low enthalpy spray, the water blowdown and the LOCA,
the spray duty is taken over by low pressure spray pumps which are
connected to the essential system diesels. Reactor heat is rejected
to the dump pond either through the water blowdown system or through
the breach discharge via the containment sump. The pond is cooled by
the reactor auxiliary sea water cooling system which is connected to
the diesel generators of the essential systems.



Back-up systems

The second group, consisting of the back-up systems, rejects heat
to two back-up cooling tovrers, and also has the three diesel generator
trains. The back-up systems are initiated on every reactor trip. They
do not have to cope with a major LOCA, because the assessed frequency
of this fault is low enough for reliance on the essential systems alone
(see similar comment on shutdown provision under 4.5 above). The capa-
city of each back-up diesel generator is therefore only 250 kW.

The back-up high pressure spray system is provided by steam turbine
driven feed pumps initiated by an X-trip. Since spray cooling is not
required for a minor LOCA the function of this system is only to prevent
the drum emptying.

There is a low pressure back-up feed pump capable of maintaining
the reactor flooded following a minor LOCA. The back-up heat rejection
route is via a dump pond cooling loop and 2 x 100$ forced draught
cooling towers.

5. PERFORMANCE OP PLANT UNDER FAULT CONDITIONS

The performance of the plant under fault conditions is studied sys-
tematically by means of fault trees in which the probability of any fault
sequence leading to a release of radioactivity in excess of 1 ERL is assessed.
For this purpose faults are grouped into categories, the more important of
which are reviewed below.

5.1 Spurious reactor trips

These are the most frequent faults, and although of no significance
in themselves, they are important because they make maximum demands on
the reliability of the post-trip cooling systems.

In the case of a spurious Y-trip, for which the assessed frequency is
10 per year, the fuel is cooled by natural circulation. Excess steam is
dumped into either the main turbine condenser or the reactor dump pond via
pressure relief valves.

The limiting reliability for this fault is the high pressure feed make-
up provided by either the main or guaranteed feed pumps, whose combined
unreliability is assessed to be in the range 10~5 to 10"° failures/demand.
Thus there is a small probability of the drum emptying and this would
initiate an X-trip.

The assessed frequency of spurious X-trips is 1 per year. Water blow-
down from the steam drums will be initiated. Either the essential or the
back-up systems will maintain the coolant circuit flooded, and the fuel will
be cooled by natural convection. Heat rejection will be via the water blow-
down to the dump pond and thence to either the reactor sea water system or
the back-up cooling towers.

5.2 Intact circuit faults

These will in general lead to a Y-trip, and subsequent events will be
as described above. However, two classes of intact circuit faults are of
particular interest.
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Reactivity release rates in excess of those with which the reactor

protective systens can cope are prevented by appropriate plant design

features and interlocks having reliabilities consistent with the safety

criteria.

Sudden .and complete channel blockage would lead to fuel melting, but it
is claimed to be incredible because of strainers in the pump outlet pipework.
Monitoring of feed flow will give forewarning of any progressive blockage,
and this is supported by failed fuel monitoring.

5.3 Loss of coolant accidents

The plant behaviour during a minor LOCA (assessed frequency 10" ̂ events/
year) will be generally similar to that described for a spurious X-trip.
ТЫч is because, either the essential or back-up feed injection systems are
designed to prevent the drum emptying during a minor LOCA, which covers
breach sizes up to a complete severance of a single feeder or riser pipe.
In the depressurised state either the essential or back-up low pressure feed
systens have adequate capacity to reflood the coolant circuit and supply the
breach.

During a major LOCA (assessed frequency 10"^ events/year) the fuel will
be cooled by the spray system and also by blowdown cooling. For faults of
this low frequency only the essential post trip cooling systems are needed
to achieve the reliability criteria and the соте spray systems will keep the
fuel cooled. If the breach is above the core the circuit will reflood, and
the heat rejection route will be via the low pressure core coolers to the
reactor sea water system. For large breaches below the core, only the intact
loops of the breached circuit will reflood but the fuel in the breached loop
will be cooled by the spray system. Because of eventual risk of the small
holes in the fuel element sparge pipes becoming blocked by particles recircu-
lated with the low pressure spray system, the coolant circuit includes a
back-flooding manifold connecting the riser pipes below the drum- After the
intact loops reflood, the feed injection will overflow into the back-flooding
manifold and thence into the risers connected to the channels in the breached
loop. This will provide sufficient back-flow through these channels to
maintain a water film on the pins and remove the decay heat.

5A Internal and external hazards

The design intent with respect to all internal and external hazards is
that no hazard shall lead to a LOCA, and that after the incident the reactor
can be safely shutdown and cooled. It is also the intention that no hazard
shall cause damage to any reactor support system, e.g. the irradiated fuel
storage pond, which could lead to an unacceptable release of radioactivity.

Internal hazards

Internal hazards include fires, flooding, explosions, disruptive

failure of pressure parts, dropped loads and the disintegration of

rotating machinery.

The basic objective is to prevent these eventualities from arising
by high standards of design, reduction to a minimum of combustible
materials in areas containing essential plant together with the provi-
sions of fire fighting equipment» and avoiding, whenever practicable.



movement of heavy loads over essential plant. However, it is recognised
that the probabilities of such effects arising are high enough to
warrant further protective measures.

The main protection against widespread escalation is to segregate
by barriers, or separate by distance, plant comprising the shutdown
and post trip cooling systems. This is effected by extending the
diversity provided by the back-up systems to include the separation
and segregation. The objective is to layout the essential systems and
their alternative back-up systems so that it is physically impossible
for the above effects to affect both groups of systems simultaneously,
and in most cases to ensure that the consequences of the fault are
confined to part of a system, leaving the remaining part available to
perform its function at a reduced but still adequate level of perfor-
mance.

External hazards

External hazards include aircraft crashes, earth tremors, gas cloud
explosions, wind loadings, sea water blockage. These are comparatively
low frequency faults for which a single system for reactor shutdown and
post-trip cooling gives adequate reliability.

The design basis aircraft crash is a multi-role combat aircraft
(MRCA) at 78Okm/hr. The primary containment will protect the reactor
from damage and the independent shutdown and post-trip cooling systems
are generally segregated to prevent both systems being damaged. Where
such segregation is not practicable, e.g. the safety circuits and
certain cabling and containment penetrations, the plant is bunkered.
The irradiated fuel store is also bunkered because of its large fission
product inventory.

The design basis safe shutdoi«i earth tremors can be typified as a
horizontal ground acceleration in the range 0.2 to O.kg. The main require-
ment is to design the reactor and plant within the primary containment
building, the building itself and the back-up cooling systems to withstand
the design basis tremor without impairment of their capability to per-
form their design functions.

The blockage of the main Ш screens by, for example, seaweed has the
highest assessed frequency of occurrence in the external hazards category.
This postulated fault has necessitated the provision of a highly re-
liable back-up heat rejection system based on 2 x 100$ cooling towers.

6. CONCLUSION

The commercial SGHWR has been designed to meet a comprehensive set of
safety criteria, making extensive use of probability and reliability analysis
to quantify risk. This has happened in an environment of increasing public
concern v;ith nuclear safety with the result that the designers have been under
greater pressure to increase safety than ever before. The process has been
a difficult one for those involved and has led to increases in the estimated
cost of the plant. The result is a design in which all features contributing
to safety have been carefully optimised to meet the requirements in a
balanced manner.
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ELEVATION THROUGH COOLANT CIRCUIT FIG 1


