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Paper No. IAEA-SM-310/41

Probabilistic Safety Assessment of the PLUTO Research Reactor

ABSTRACT

The preliminary finding of a probabilistic safety assessment (PSA) carried out in
support of a licensing submission are presented. The research reactor, a 25 MW
highly enriched thermal reactor moderated and cooled by D20, is housed in a
steel containment building equipped with an active extract system to mitigate
any possible release. A full PSA (to level 3) was performed based on the
current operational plant making as much use of the plant operational records
as possible. A medium sized event tree - fault tree approach was used to allow
realistic modelling of operator actions. For reasons of practicality only plant
damage states of core melt, fuel damage, and tritium release were defined; all
release accident sequences being assigned to one of these states. Prior to
discharge to the environment the releases were further sub-divided dependent
upon the success of the active extract system. The individual and societal risks
were calculated taking account of meterological and demographic conditions.
The provisional results indicate that the core melt frequency is in the region of 1
x 10 /yr, the most dominant contributor being a unisolatable gross leakage
beyond the capabilities of the recovery systems. The core melt frequency is
comparable with those of power reactors of a similar age however the core
inventory and hence release is much smaller therefore the consequences are
much reduced. The risk to an individual at any fixed location 100 m from the
plant being assessed as 1 x 10"6; the societal risk being estimated as 6 x 10^.
The main contributor to the dose received being from the released iodine.
Additional benefit is being obtained from the PSA in several ways; the insights
obtained into the function and operation are being incorporated into the
operational safety document, whilst the source term results are being used to
assist in the refurbishment/improvement of the active extract system.
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1. INTRODUCTION

The UK Nuclear Installation Act is now being applied to several civil
research reactor facilities which previously had been considered outside the
regulatory jurisdiction. These research facilities although well established
and in certain cases having operated for several decades or more, must
now obtain a site license by formally submitting to the licensing authority
justification of the safety of the research facility. This paper reports in
detail a probabilistic safety assessment (PSA) carried out in support of the
first such licensing submission and presents some preliminary results. In
addition the paper also demonstrates how the PSA is being used in the
formulation of other safety documentation.

2. PLUTO REACTOR

The PLUTO research facility, built in 1957, is a 3 loop thermal reactor
fuelled by highly enriched uranium which is moderated and cooled by
heavy water, its power output being 25.5 MW. A light water secondary
circuit is used to cool the reactor heavy water via heat exchangers and
cooling towers. The reactor and heat exchangers are enclosed within a
concrete biological shield which is itself housed in a steel containment
building. Under faulted conditions the containment shell is partially
sealed, air being discharged to the atmosphere via an active extract system.
A cutaway view of the reactor and primary circuit is shown in Figure 1.

In the event of an abnormal occurrence the reactor is automatically tripped
by the reactor protection system which causes the vertical control rods to
drop in under gravity and the coarse control arms to be either motored in
or fall in dependant upon the severity of the event. Should the incident
result in a loss of coolant (LOCA) the loss of heavy water in the reactor
vessel causes the primary circuit to be isolated and the emergency cooling
pumps to be started, assuming there is sufficient spilt coolant in the pump
sumps. Isolation of the primary circuit is achieved by stoppage of the main
heavy water circulating pumps and closure of the reactor vessel iniet valves
thus preventing total loss of coolant in the event of a LOCA with a flow
greater than that of the emergency cooling pumps. On establishment of an
adequate coolant 'make-up', the inlet valves are re-opened and the heavy
water shutdown pumps started so as to ensure decay heat removal. In the
event of either failure to return sufficient spilt heavy water or failure to
reestablish cooling, cold light water from the station mains water supply
can be injected directly into the core. This emergency light water injection
is initiated manually from the emergency control room outside of the
PLUTO reactor building.

3. PROBABILISTIC SAFETY ASSESSMENT (PSA)

A full PSA was performed in a manner similar to that of a commercial
power reactor, the PSA being subdivided into 3 levels; level 1 the fault
sequence analysis, level 2 the source terms derivation and level 3 the
radiological consequences.
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The PSA was based on the operational plant taking into account all
modifications, the existing safety documentation, operating instructions and
maintenance procedures, all of which have evolved over the operational
life of the reactor. Where possible as much use has been made of power
plant experience such as in the postulation of initiating events and the
categorisation of the faults according to their demand on the engineered
safety features; additional initiating events unique to the PLUTO reactor
were also assessed e.g. reactivity additions due to experimental rig
faults/mishaps.

3.1 Level 1 - Fault Sequence Analysis

Following the establishment of all radioactive sources for which accidental
releases could be postulated, such as the reactor core, the spent fuel
storage blocks, etc., a systematic exercise was performed to identify all
initiating faults which could lead to a significant release from any of the
identified sources. This process produced of the order of a hundred
initiating faults which were then grouped together according to the plant
and operator responses necessary to mitigate such faults. As a result a list
of 5 LOCA and 8 transient fault groupings were identified, see Table I.
The assignment of each initiating fault to a fault group eliminates the need
to analyse each initiating fault thus making the analysis practicable. For
each fault group, success criteria were derived for all systems available to
maintain the essential plant functions of: reactivity control, primary coolant
inventory control, and removal of reactor heat.

Havi'.ig established the success criteria for each fault group event trees
were developed to systematically delineate the possible accident
progression and thus identify those accident progression paths (accident
sequences) which result in a release from the radioactive source.

Although each accident sequence would be likely to result in a unique
amount of fission products released, again for practical reasons, the
outcome of each accident sequence was categorised or bound according to
whether the accident sequence could result in the plant being damaged
such that either: the complete core melted, a single fuel pin would be
damaged, or only tritium vapour would be released due to heavy water
boil-off.

The Level 1 approach was similar to that employed on commercial power
plant PSAs, an area in which the PLUTO PSA differed from the standard
power plant PSA was the use of medium sized event trees and fault trees
to model and quantify the potential accident sequences. This approach
rather than the more standard large fault trees, allowed the realistic
inclusion of human interactions; by their very nature research reactor
operator actions have far more significance in operation/recovery than in
power reactors. In addition this approach also reduces the analysis to a
tractable level, allowing ease of comprehension and detailed checking/QA



387

by analysts and facility staff. Fault trees were constructed to either model
an event or system failure within an event tree, or whole accident
sequences when interdependence between the events prohibited the
former.

Quantification of the accident sequences was performed with the aid of the
EPSAP Workstation [1] using data gathered from the operational records
of the plant, however in many cases specific equipment failure modes had
not been experienced even after 30 years of operation, thus plant specific
data was 'supported' with generic data to improve the validity.

A human reliability analysis was performed using the computerised
database method PHRASE [2] to quantify the human/hardware
interactions required by the event/fault trees.

The frequency of the individual accident sequences having been quantified
were assigned to the various plant damage states and then summated to
give the overall frequency for each state, these values are provisional:

Frequency of core melt - 1.05 x 10"Vyr
Frequency of fuel damage - 8.28 x 10 /yr
Frequency of H3 release - 1.94 x 10"2/yr

Table II shows the most dominant accident sequences which results in core
melt. The most dominant cause is a gross leakage in which the reactor
cannot be isolated (AD) - the emergency cooling system being of
insufficient capacity to adequately make-up. The transient initiated events
all require failure of one of the heat removal routes, primary or secondary,
combined with failure of the emergency mains water injection. The
principal weakness of the emergency injection system being failure of the
operator to initiate or correctly instate the :ystem.

Failures involving fuel damage are dominated by failure involving short
term criticality control following an initiating event, that is failure of the
vertical control rods to drop due to common mode failures of relays or
mechanical parts.

Leakages through the heat exchangers are the primary cause of tritiated
water vapour release.

3.2 Level 2 - Source Term Derivation

Another major area in which the PLUTO PSA differed from that of a
power plant PSA was in the treatment of source term assessment, in
particular the fission product release and transport, and severe accident
phenomenology.

The radioactive inventory was established using the FISPIN code, the
phenomenology associated with the release of radioactivity from its source
was then reviewed so as to derive the release fraction. However, unlike
power reactor analyses where severe accident computer codes have been
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developed from major international research programmes, severe accident
codes for highly enriched metallic fuel do not exist. As practical
considerations of time and cost ruled out development of such codes
reliance was placed on published literature and conservative simplifying
assumptions. For example, for core melt it was assumed that 70% of the
core melted and that the remainder of the fuel was subjected to
overheating. The behaviour of the releases in the reactor system, active
exhaust system and containment shell was assessed taking into account the
phenomena involved during migration and dispersion although in general
mechanisms which retain radionuclides within the plant environment were
not considered apart from condensation of tritium vapour. Containment
event trees (CETs) were constructed to model the progression of the
accidents from the point of the plant damage state up to fission product
release to the environment. The CETs allowed the performance or partial
failures of the active exhaust system to be modelled such that for each
plant damage state the release to the environment could be sub-divided
into states for which excesses of iodine, particulates or tritium were
released or combinations of these i.e. iodine and tritium. The CETs also
allowed various phenomenological processes such as hydrogen or steam
explosions to be considered. Quantification of the CETs, using fault trees
and expert judgement, combined with the release fractions associated with
the various subdivision of the plant damage states allows the source terms
to be derived. The source terms were expressed in terms of frequency of
release, form (approximately 120 radionuclides), magnitude, energy, timing
and position. For example, for the accident sequences involving core melt
and failure of the containment shell the activity release of I131 was assessed
as 1.68 x 104 TBq occurring over a period of 1 hour from a location at 1/3
of the containment height.

3.3 Level 3 - Radiological Consequences

The spread of the source terms, once released, was predicted using a
Gaussian dispersion model with site specific time variant meteorology.
The radiological impact was assessed by reference to the population
density of the surrounding area (reasonably dense) and the agricultural
practices. Both direct and indirect exposures were calculated, and in the
case of indirect exposure intervention measures were also considered. In
determining the effect on the individual both early and late effects were
considered. The absolute individual risk and the societal impact were
derived and expressed in terms of dose against frequency and risk of
fatality.

The dose to an individual at 100m, expressed in terms of release bands
(Sv) are presented in Table III. Releases in the higher bands are due to
core melt and fuel damage accidents, while releases in the lower bands are
due to tritiated water vapour release. It should be noted that there will be
accident sequences which result in releases in the range of 0.01 - lSv but
that due to the conservatism of this analysis those releases, and the
associated frequencies, have been assigned to the higher release bands.
These releases should therefore be considered as pessimistic.
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4. PSA RESULTS

The estimated PLUTO core melt frequency of 1 x 10"* per year is
comparable with the core melt frequencies of existing older nuclear power
plants as expressed in the Reactor Risk Reference Document [3] or the
German Risk Study [4]. The derived PLUTO frequency must be
considered pessimistic due to the conservatisms used in the analysis,
particularly in the grouping of the accident sequences, the categorisations
of plant damage states, and in the ability (inability) of the operator to
recover from mistakes or reinstate equipment.

However it should be borne in mind that although the PLUTO core melt
frequencies are comparable with, if not better than, many power reactors,
particularly the older plants, the inventory which could be released is much
lower due to the smaller core size. Compared with a 1200 MWe reactor
the noble gases and iodines released would be at least 2 orders of
magnitude lower whilst for the actinides 4 to 5 orders of magnitude lower
release would result.

The risk to an individual living permanently close to the site (100 m) is
summarised in Table IV. The risk to an individual at any fixed location is
taken as being one tenth of the risk to an individual 100 m directly
downwind in Pasquill category D weather conditions, summed over all
relevant accidents. The factor of ten arises from the need to average the
results over all possible weather categories and wind directions. Thus the

, overall fatality risk to an individual at a fixed location 100 m from the
plant is nearer 1 x 10"* per year. At a distance of 500 m this would be
reduced to around 1 x 10'7 per year. If measures such as sheltering or
evacuation are employed, the risk may be reduced by up to an order of
magnitude. Table V shows the societal risk due to the various accident
types. Tables IV and V show that the majority of the risk of the plant is
associated with core melt accidents as these contribute about 99% of the
risk to an individual at 100 m with only minor contributions from fuel
damage accidents and tritium release. Similarly, about 97% of the societal
risk is due to core melt, with most of the remainder contributed by
uncontrolled tritium release.

Analysis of the core melt releases, taking account of radioactive decay
before release, shows that overall the contributions of the four radionuclide
groups to the total risk are tritium 0.06%, noble gases 12.6%, iodine 55.6%
and particulates 31.8%. Therefore if it were desired to minimise the
releases further, particular benefit would be gained in reducing the iodine
and paniculate releases. However it should be noted that little
information was available on the performance of either the charcoal
absorbers or the particulate filters under accident conditions in which a
significant amount of water vapour is present, therefore it was necessary to
make conservative assumptions as to their performance. The contribution
of iodine and particulates to the total risk could therefore be much lower.
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For a given accident it is the plant failures of the active extract which
dictate the magnitude of the release. If the active extract system and
containment shell perform as designed the release to the environment,
following any accident sequence, would be low enough to prevent fatal
non-stochastic effects.

However the consequences of the provisional releases shown in these
tables must be described as significant although the frequencies of the
more serious accidents are relatively low. Further, it is likely that the tnie
risk will be lower than that implied because of conservative assumptions
used in the analysis.

5. BENEFITS

The PSA results were aimed at demonstrating to the licensing body the
overall safety of the reactor, confirmation of the adequacy of this
demonstration is awaited. Confirmation would verify the operational
philosophy and limits imposed in the Standing Orders, Operating
Procedures, and Operating Instructions as these formed the basis upon
which the PSA was constructed. Currently these documents are being
integrated into a single controlled Operational Safety Document to which
beneficial improvements highlighted by the PSA will be incorporated.

Should however the licensing body require further assurance as to the
reactor's safety, the insight gained during the PSA will help indicate in

i which areas safety could be most benefically improved. Although in the
first instance, following such a request, it would be more prudent to review
the PSA with a view to removing some of the inbuilt conservatisms.

The PLUTO PSA was performed in the main by a team of external
specialists working in unison with plant staff. This approach was beneficial
to all concerned in that it allowed a rapid understanding of the operation
of the plant by the specialists and new perceptions of how the plant
functioned by the operating staff. To this end the knowledge gained is
being put to direct use by the site staff in the redesign of the active extract
system which is due for refurbishment, the PSA results indicating that
greater emphasis be placed on the reliability of iodine and paniculate
filtration rather than on providing an additional Rimer drier to further
reduce the tritium.

The PSA has therefore not only served the purpose of supporting the
safety case but also of providing a greater understanding/insight of the
facility thus promoting safety.
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TABLE I Initiating Fault Groups

A
Si
s2s3
V

T,
T2
T3
T4
T5
T6
T7
T8

Gross LOCA (>7.5 1/s)
Large LOCA (7.5 - 2.7 1/s)
Medium LOCA (2.7 - 1.5 1/s)
Small LOCA (< 1.5 1/s)
Bypass LOCA

Loss of 11 kV electrical supplies
Loss of D20 circulation
Loss of H20 circulation
Reactivity Addition at Power
Reactivity Addition at Shutdown
Spurious Trip
Spurious Isolation of D20 Circuit
Blockage of a Fuel Channel

1.0 x lO^/yr
3.8 x lOVyr
3.4 x 10^/yr
7.5 x 10^/yr
7.7 x l(T3/yr

2.6 x lOVyr
7.2 x 10^/yr
3.5 x 10^/yr
1.3 x lO-'/yr
8.1 x 10"9/yr
10/yr
2.7 x 10"7yr
1.6 x 102/yr
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TABLE II Core Melt Dominant Accident Sequences

11 kV Available

Sequence

Total

AD
T3.W.EL
T P F
T W F
S3.X.EL
T7.P.EL

V.X.HXI

Frequency/yr

1.01 x Iff4

5.99 x 10"5

2.11 x lO"5

1.28 x 10"5

1.81 x Iff6

1.29 x Iff*
6.67 x 10"7

6.58 x lO"7

11 kV Unavailable

Sequence

Total

AD.L,,
TVW.EL

^ . I ^ W - E L

TrCL .EL

Frequency/yr

3.75 x Iff6

2.27 x KT6

1.95 x 10"7

1.34 x 10"7

9.72 x 10"8

8.32 x 10"*
4.72 x 10"8

2.14 x 10"8

1.93 x 10"8

Initiating Faults: Tj, T3, T6, T?, and V see Table I
AD is an unisolatable gross LOCA

Subsequent Faults:

CL - loss of long term sub-criticality
P - loss of primary circuit heat removal
W - loss of secondary circuit heat removal
L,| - loss of 11 kV supplies
EL - loss of emergency heat removal/injection
X - loss of primary circuit isolation
HXI - loss of heat exchanger isolation

TABLE III Release Bands

Release Band (SV)

103 - 102

102 - 101

101 - 10°
10° - Iff1

KT1 - 10-2

10"2 - 10"3

10"3 - 10-4

1er4 - io"5

10'5 - Iff6

10-* - 10"7

Frequency (yr"1)

1.05 x 10"5

9.47 x lO"5

_

3.78 x Iff4

9.40 x 10"3

2.84 x 10"3

6.77 x 10"3

-
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Table IV Individual Risk at 100 m From the Reactor

Accident Type

Core Melt

Fuel Damage

Tritium -
Release

TOTAL

Frequency
(F1)

1.05 x 10"4

8.28 x 10-7

1.94 x 10"2

1.95 x 102

Maximum Conditional
Fatality Risk

1.0

0.5

1.8 x 104

_

Abolsute

No Mitigation

1 x 10"5

3x 10*

4x 10*

1 x 1Q-S

Risk*

With Mitigation

1 x 10-6

3 x 10'9

4 x 10-9

1 x 10"6

• Results are given to only one significant figure to emphasis the uncertainties associated
with the assumptions.

TABLE V Societal Impact

Accident Type

Core Melt

Fuel Damage

Tritium Release

TOTAL

Maximum Number of
Serious Health Effects

500 - 50

1.4

0.02

-

Risk = Frequency x Number
(yr-1)

6.0 x 10"3

1.2 x 10"6

2.0 x 10-4

6.2 x 10'3
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