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Abstract

A method has been developed for displaying the outcome of systematic accident
identification studies for the ITER design. It consists of a matrix that shows the potential
impact of every Postulated Initiating Event (PIE) identified in earlier studies by Failure
Modes and Effects Analysis (FMEA). This matrix is called the PIE-Potential Impacts
Table (PIE-PIT).

By considering the significant inventories of radioactive material present in the ITER
tokamak, and the confinement barriers and functions that protect them, a set of twelve
Plant States are defined that characterise all conditions in which some release to the
environment is in principle possible. These form the columns of the PIE-PIT, there being
one row for every PIE. The table cells are then filled with sequences of codes
representing the aggravating failures that would have to occur for the PIE to result in the
defined Plant State. A blank cell means no sequence is possible.

Although developed as a presentational tool, the PIE-PIT has value in its own right. The
selection of twelve Plant States is in itself of interest, and a further set of Plant States are
identified in which one or more confinement barriers remains intact, so that there is no
release. A total of 32 Plant States characterise all possible conditions in the ITER
tokamak. Further, the PIE-PIT can be used as a basis for the selection of bounding event
sequences, to be the study of more detailed analysis. A probabilistic ranking scheme is
proposed for this, although an initial selection has been made based on purely
deterministic considerations.

It is argued that of the twelve Plant States, six can be identified as Bounding Plant States,
characterising all types of release from the plant and all significant pathways for this
release. From these, a set of six Bounding Events have been selected. Although selected
by this independent approach, these six correspond to the scenarios of six of the 25
Reference Events previously analysed in ITER safety studies, including all but one of the
events which result in non-trivial releases (the other is considered enveloped by those that
have been included).

Thus the PIE-PIT provides not only a useful presentational tool for the result of event
identification studies, but has also yielded a new limited set of Bounding Events proposed
as the basis for future event analyses. The correspondence with earlier event selections
gives confidence in the justification of the selection.



ITER PIE-PIT Development

Contents
1 INtroduction........coemssseiesnnsnsseesasssssssassassenne e
Lol AOEEINS coussummmmsrvmsasenimisss s on ossssiae it s oo ks s mmennassmnnsmsasivaatmsesassmtans
1.2 OBJECHIVES..c.cemieiriitsacsisccscet ettt snes e e se s s s s sseses e s s fensensres s enensmns
2 History e e T ersrsrnenr e nesasanes
2.Y DBABRBROURE crcrovmssvssmsssmsiismvsssssssvmmsvessom mrssss s A A RS
2.2 Development of the first PIE-PIT .....ccccccovmiiiveeeececereeessesesceeeseesssssvesessesseseenns
23 Top-down/bottormn-up HNkams, . .. msssismiiiissisrassssmamasssmorsonsasnsosed
2.4 Improving the column headings.......covcivcememrceririreieeece et ess s e
3 Source Terms........cceerurecansee AR ER 5404 S B onex A RS RO SRRSO BRSPS RN .
3.1y IRANCHON «vsarnrssesmi s A R
3.2 DBaSIC SOUICE OIS .cueeuerreuiriesierareterreireesesessssssssstessessesstessessassssessreseseesessens
3.3 Inventories af Risle.comaemmmmnismsimmminmsiomommmmmmmsmmsnassmsso
3.4 In-vessel INVENLOIY SrOUPING.......cverrererermrreiririesreseeseesessesiessosesreseesessrissesssnssaes 10
3.5 Inventories at risk for PIE-PIT column headings..........c.ccevreeererresmreeereennenns 11
4  Confinement barriers..... i eececeeeresseraens —— ........................................... 13
4.1 Barriers to be represented..........c.vvvivererierrrincniee e 13
4.1.1 Full list of confinement Barriers...........cococururivesvcrireneesererenmsessssesssessressennes 13
4.1.2 Reduced list-0f DAITIES ..cccocceveeiiiereiiirectc et ene s 15
4.2 CombInations OF BAITIETE .c.ccimuisiisssrsssssssmmmassassesmansasssesssnssnsersssasssssprassnonss 16
4.3 PIE-PIT Column headings ......c..ceeeuereerieeeereeeiereeesisinecsesiese e neesesemseensesesesans 18
-5 Plant States.. ST frsnsnssssesensnerassenansserarsrnerassansesIass 20
3.1 Fabelling el Plant States..cunmmmwnmmmimssmsinsis s 20
5.2 Plant States leading t0 @ releaSe .....ccoveereererirmrririeseeireceeecc e 20
33 Confinement ChElENBER v i smiisisissamarnsassamssssmsssasonss cearee 24
6 Ranking schemes...... NS 30
6.1 Requirements of @ ranking SCEIME ............e..eeeeeemeemereeeeeesreeeseseesessseessss e 30
6.2 Faclersio be incloded in the Beheme: i siauimummisamsmsseitimmmssmm 30
6.3 Assignment of ranks......... e o A R B T R IS SRV 31
6.3:1 PIE Freuienedt Filbuus st ssmpmnrsimrame s asms 32
G232 DIE SEHOREE BB cvusssseroonecsessnasvesonsinss i s s i S 32
6.3.3 Confinement reliability, Re..ccvceverierieereerieriieseee e eeeseeeee e eeeeaieeeneeseenns 33
634 Multiple bardierzelighility: B, sommsmssmnioiia oo idismmsmm 34
6.3.5 Plant State SEVETILY, SPS.ccueereerrerrreriesrinteeeseerennereressessesesssssrsssssassessassees 34
6.4 Overall Risk Ranking of @ SEqUENCE .....cccoveveveeerreereeieceeeeeeees s 34
7 ThélTER fdlamak PIEPEL csamsomommopomsiiansaeoviunss 36
Tl IO s i aa A 4455455 0 A RSP TS R B AR A P BRSPS 36
7.2 Agpravating Failure Cotes...aummusssimminsssisns arensisnnisissisisisssasiiieisiomtassn Ly g
7.3 Construction of the PTE-PIT ........ccoriiiiiieeieeieec et ereeseesseaenas 38
T Ordering ol the bl oW o mmunmsmmmimimmiim smissaismmismnioms s resmestamrmress 38

UKAEA Fusion



ITER PIE-PIT Development

8  Selection of bounding events R S———— 46
8.1 Approach............ o T rernene 46
832 Bounding Plant Btates:..cumwsammmsiimsssis S A R 47

- 8.2.1 In-vessel tritium and activation products ........ceccevvereceenveersenienrecseesiieniannd7
8.2.2 In-vessel tritium and activation products plus tritium and activation
products in primary coolant.........oeueeinesininiinie e 47
8.2.3 Tritium and activation products in primary cooling water...........ceecerune. 48
8.2.4 Tritium in the vacuum pumping system Tritium in the fuelling system..48
8.2.5 Tritium and activation products in the vacuum vessel coolant ................ 49
8.2.6 Summary of selected bounding Plant Btates......cwmammmssssssssns 49

8.3 Selection of bounding event SEQUENCES........oererereevrrerseranns S 49
Bidul  ATDTOBEIY ocsuusumssswssmmunyoniio s oo s R e S Sa R 49
8.3.2 PS-T1: Vacuum vessel and cryostat bypass........... reereeeernessennes e ranennane 50
8.3.3 PS-T4 :In-vessel and coolant inventory leakage from VVPSS............... 50
8.3.4 PS-T5 : Ex-vessel and in-vessel cooling system leakage.......c.ccccoceuneneee. 50
8.3.5 PS-T7 : Release of coolant tritium and activation into cryostat............... 51
8.3.6 PS-T9 : Release of tritium from a fuelling system......cc.cccoeereverrirnrrrnnnne. 51
8.3.7 PS-T10 : Release from vacuum vessel coolant heat exchanger................ 52
8.3.8 Summary of bounding event SEQUENCES .........ceeeeeveereeierrrerreriererseeneeenens 52

D' CoNCIUSTONS uscosummusinasimsssrsssosssesssssyessmessysssysss e sassssssssss saisasssisssensssuomasnsissssons 53

10 Acknowledgements.....ccreniessesrsssanessssessissisrnnensesenss reesssasessesssnsnrsestssssanss st bassaias 55

11  Referentves msassmmnsssssasnmsomsisommssisos sssoss i sanms s sissass s assmssiss aasssinsagas 55

Tables

Table 1 Confinement volumes containing significant radiological source terms......... 9

Table 2 Grouping of in-vessel INVENTOTIES .....ccvurceiimiicieiiieiore et 11

Table 3 Significant inventories at risk in the tokamak........ccccevvvvvcvercncncrierenrcnncnn. 12

Table 4 List of functionally distinct confinement barriers.....ceceveveereenieeceiieeieecinnns 16

Table’s Proposed PIE-PIT eolutafi HEadites . coocnmnamammmimiamminiismetessin 19

Tablei§ Rankingof PTE Fregueness, Pt s osnnsmppmmammmsisasssasmmspsmass 32

Table 7 Ranking of PIE SEVETItY, SpIE . reueerrereererieerisinierieseresseesssisssessesasssasserassnsses 33

"~ Table 8 Guide to assignment of Confinement Reliabilty, Rc .cccveceeeieiieciciiciecrenee 33

Table 9 Ranking of Plant State SEVEIitY, Spg....cccrrrrrriemierieeirciressesseseeeesseesaessens 34

Table 10 Aggravating failure codes used in ITER tokamak PIE-PIT.......ccccccevennen. 37

Table: 11 The ITER Tokamak PIB-PIT i simspmin 40

Table 12 Bounding Plant States selected for ITER tokamak .........ccocceeveviecinccrucnnnnes 49

Table 13 Selected bounding events for the ITER tokamak..........coccceursenrenenninirineannns 52

UKAEA Fusion . i



1.1

1.2

ITER PIE-PIT Development

Introduction

Origins

The purpose of this document is to present the development of a new presentation of
information from ITER safety studies, related to the identification of potentially
hazardous events and event sequences. In the course of safety assessments of the
ITER designs during the Engineering Design Activities (EDA), a large number of
potential events were considered. Through comprehensive component-level studies

- of the main plant systems, using Failure Modes and Effects Analysis (FMEA), a

catalogue of Postulated Initiating Events (PIEs) was generated. Each PIE represented
a group of identified events that could initiate a similar sequence. The consequences
of these were assessed, with selected event sequences analysed in detail.

The volume of information generated by these studies was large and did not present a
transparent view of the main challenges to safety. Although a global top-down view
of potential hazards was presented by a master logic diagram (MLD), this had no link
to the component-level studies, and led to list of event initiators that was maybe
confusing. Thus there is a need for a new presentation of the identified event
sequences, giving a clear view of potential impacts of each identified initiating event.

This presentation is called the PIE Potential Impacts Table (PIE-PIT). It has the
possibility to be more than just a presentational tool, by assisting in the selection of
plant states and event sequences which characterise the complete set of potentially
hazardous states and the sequences that may lead to them. In this report it is shown
how the PIE-PIT for the ITER tokamak (i.e. excluding the tritium plant, hot cell and
ancillary buildings) can lead to the selection of a set of just six bounding event
sequences. |

Objectives
The principal objectives of the development of the PIE-PIT are:

e To link the PIEs identified in the FMEAs with unacceptable plant states that may
result (i.e. states that could lead to an excessive release of radioactive materials);

e To identify the challenges to confinement barriers and to enable the selection of a
bounding set of confinement challenges;

e To identify a limited set of bounding event sequences that could lead to an
excessive release of radioactive materials.

In satisfying these objectives, the PIE-PIT must also meet some requirements:

e The presentation must be transparent;

UKAEA Fusion ) 1
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e The table should be as compact as possible;

¢ The coverage of potential events should be comprehensive.

UKAEA Fusion
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History

Background

The origins of the Postulated Initiating Event Potential Impacts Table (PIE-PIT) was a
discussion at an ITER Safety Meeting in November 2000. It was considered desirable
to be able to see clearly the potential impact on the plant of every identified initiator.
The descriptive text of each PIE in GSSR Vol.X [1] already presents the potential
impact of each initiator. Event trees, if they were constructed for the current design,
would also provide a comprehensive assessment of the potential impact of each PIE.
But clearly this was not what was being requested. A simple transparent view was
needed of the poténtial for each initiator to lead to some kind of hazardous condition.

Development of the first PIE-PIT

The first attempt at satisfying the requirement was by a matrix that linked PIEs, from
the existing list, with hazardous outcomes — plant damdge states. A matrix was built
that had a row for every PIE, and a column for every plant damage state with the
intention of putting a check mark in the matrix cells everywhere that a PIE could
initiate an event sequence leading to the plant state.

But it was noted that information going into the table could be related qualitatively to
the information provided in event trees (ETs). Instead of just a check mark in the
relevant cells, a list of the aggravating failures in the sequence could be indicated.
This is what was done in the first version — the columns became the plant states
corresponding to those from the old (1998) ET analyses (i.e. not just damage states),
and the cells were populated with codes indicating the sequence of failures as
provided by the ET branching.

Because the old ET analyses were only for cooling water systems, and because of
design changes, it was necessary to introduce additional plant states and aggravating
failure codes, and modify some of the sequences. Some PIEs did not lead to any plant
states and conversely some plant states could not now be reached from any PIE, so
these were eliminated.

The resulting list of plant states that comprised the column headings were an
unstructured and incoherent list. So they were then grouped together according to the
inventory at risk and the confinement boundary being challenged, and also the release
pathway. The table was thus restructured, containing the same information as before.

The new column headings began to look like a top-down view of the hazards and their
release potential, i.e. like the Master Logic Diagram (MLD). However there was
some confusion between the boundary being challenged and the release pathway, and
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there was some duplication. So the column
structure was rationalised in the table that
finally appeared in GSSR Vol. X [1].

The column headings are shown in Figure 1.
There are three levels, the inventory (i.e. source
term), the confinement barriers challenged in
the event sequence, and the pathway postulated
for the release. -

Top-down/bottom-up linkage

As mentioned above, the column heading
structure has something of the flavour of the
MLD. Although the levels are different, the
idea of starting with the inventories at risk and
then breaking down by confinement challenges
is precisely what the MLD does. Roughly,
these are Level 4 (Release Species) and Level 5
(Loss of Confinement) in the present MLD.

There have long been problems with
interpretation of the lower levels of the MLD.
One of these is that some initiators appear in
more than one place in the boxes at the MLD
lowest level, and logically feed up the tree in
two or more branches simultaneously. For

- example, an in-vessel LOCA could give rise to

both failure of primary confinement and T
mobilisation through temperature rise, which
appear in different branches of the MLD.

This could possibly be resolved by constructing
a matrix that would connect initiating events (as
rows) with the bottom of all the branches in the
MLD (as columns), with check marks
indicating the connections. Such a matrix
would bear a close resemblance to the PIE-PIT
now being developed.

Another, related problem with the bottom levels
of the MLD is that not all the items listed in that
lower level are initiating events. While some of
them are initiators (e.g. “first wall loss of
flow”), others are actually sequences

themselves (e.g. “ex-vessel coolant leak and in-
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vessel breach”), while others are statements of .sor'nething undesirable without a

mechanism.for their occurrence (e.g. “excess tritium from walls?). The labelling of

“this level in subsequent versions of the MLD have shown this difficulty — the final

version in GSSR Vol.X calls the bottom level “Initial Failure Sequence”.

The PIE-PIT is capable of providing the linkage between the detailed initiating event
catalogue from bottom-up studies and the loss-of-function view of the top-down MLD
approach. The top-down view would not be developed down to the troublesome
“initiator” level, but would stop at the level that has identified all the confinement
functions that might be challenged. These become the column headings of the PIE-
PIT.

Improving the column headings

The column headings of the table in GSSR Vol.X (Figure 1) has a confusing structure
due to two problems:

The first is that a number of separate inventories are referred to, in various
combinations. So there is dust + tritium, ACPs + tritium, dust + ACPs, dust + tritium
+ some ACPs, and so on. In fact dust + tritium + ACPs appears in three separate
columns, meaning something different each time. All this needs rationalising, with
something that (a) makes it clear what inventory is being addressed and (b) ensures
that no feasible combinations are ignored.

The second problem with the existing column headings is confusion between
“confinement barriers challenged” and “pathways for release”. The first refers to
barriers that are challenged but remain intact, the second refers to the postulated
failures. Both are of importance, but are different aspects of the same thing. The
confusion is typified near the beginning by columns spanned by both “cryostat” and
“building + VDS” as confinement barriers challenged, which are then broken down
into “boundary leak” and “VDS failure” as release pathway, with or without “cryostat
or penetration failure/bypass”.

If the table only shows confinement barriers challenged, but not sequences in which
some barriers have failed, it may be hard to illustrate the challenging of secondary
barriers. One proposal is that two separate PIE-PIT tables are needed: one showing
confinement challenges, the other showing release pathways. But it is likely that
some rationalisation will allow this to be done in a single table — this remains to be
determined during the process of developing the PIE-PIT.

The requirement to be comprehensive and complete is satisfied by considering all
possible challenges while building the table and by including events even if they are
of very low frequency.

Seeing the column heading structure as a kind of top-down diagram of the plant
hazards is an important insight into its construction. But recalling that the original
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MLD ran to many pages, the requirement to keep the PIE-PIT compact demands some
careful rationalisation. It might be necessary to divide the table up into clearly
separable areas, for example a separate PIE-PIT for the tokamak, the tritium plant, hot

© cell, etc.

The development of this top-down column heading structure may lead directly to the
fulfilment of one of the objectives, the identification of the bounding challenges to
confinement barriers.

UKAEA Fusion
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Source Terms

Introduction

The column headings of the PIE-PIT start with the source terms, or “inventories at
risk™ for the challenges/sequences represented by the entries in the matrix, While it is
import to be comprehensive (as always), it is also desirable to have a relatively
compact table. This will keep it readable and present an easily-assimilated view of
the main challenges and sequences. It is also intended to use the PIE-PIT to identify a
limited set of event sequences that could be taken as characterising the complete set of
events. This might start with a limited set of plant states that characterise the range of
possibie states in ITER.

These requirements suggest that the list of inventories at risk should be kept as short
as possible. But, for the sake of completeness, let us begin with a complete list of

“source term types.

Basic source terms

Radiological source terms are basically tritium and activation products. These break
down in a number of ways:

Tritium

e Elemental T in the fuel cycle and plasma

e HTO and T20 where the potential for oxidation exists
e Surface contamination T on components

e Co-deposited T layer on PFCs

e T generated in materials through reactions sucﬁ as *Be(n,t)'Li
e T generated in test blanket modules.

Activation products

e Activated fixed solid materials

* Activated mobile solid materials (i.e. dust, flakes)

e Activated coolant fluids

¢ Activated corrosion products within coolants

e Activated gases (e.g. NB insulator gas, if any)

UKAEA Fusion 7
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Other, non-radiological, hazards could also be inéluded; bi.lt aré probably best left for
future development of the use of PIE-PIT. As examples, these include:

Toxic hazards

e Beryllium, particularly dust and flakes

e (Certain insulator fluids, if used

¢ Cryogenic fluids (possible asphyxiation hazard)
Flammable hazards

e Hydrogen gas (including deuterium a;nd tritium)

e Conventional fire hazards (building materials, insulators, transformer oils,
standby generator fuel, etc. etc.)

Some of these hazards (e.g. in-vessel beryllium) are protected by the same
confinement barriers as some radiological hazards, so the PIE-PIT may be readily
adapted. Others, e.g. fire hazards, are the subject of completely different safety
measures, although they need to also be considered as potential initiators of sequences
challenging confinement of the other source terms.

For the time being, it is proposed that the PIE-PIT will be developed for radiological
hazards only. '

Inventories at Risk

For the purposes of the PIE-PIT column headings, the source terms listed above need
to be grouped together into “inventories at risk”. Each such inventory comprises all
sources whose release could be enabled by the same sequence of confinement failures.
The term “confinement” here is in the most general sense, so that a failure that
promotes mobilisation, for example, is included as a confinement failure.

The first stage in forming this grouping of sources is to list those that are present in
each distinct confinement volume. This is done in Table 1.

UKAEA Fusion . 8
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Table 1 Confinement volumes containing significant radiological source terms

Volume

Source terms

Comments

Vacuum vessel and its
extensions

Un-burnt T in plasma -

T on PFC surfaces
including co-deposited

T within PFCs

Dust and flakes (APs and
absorbed T)

Solid APs in PFCs
T in cryo-pumps

T generated in blankets
and test blanket modules

Activated gases (e.g.
impurity gases injected

Small quantity.

May need temperature
transient and air or steam
ingress to mobilise.

Not readily mobilised.

Not readily mobilised.

for divertor operation)
Tokamak cooling water e ACPs
system — primary ;
FW/blanket/divertor loops | ° 110 eeolent

Activated water (i.e. 'N)

Very short-lived.

Tokamak cooling water

ACPs

] Much lower level than

i};zzzl;qlgoir;mary vacuum | o ot in PFC loops.
Vacuum pumps e T in roughing pumps

Activated gases (e.g.
impurity gases injected

for divertor operation)
Fuelling system including [e T
pellet injector
Tritium plant process e T

equipment and piping’

Activated gases (e.g.
impurity gases injected
for divertor operation)

Hot cell!

T
Solid APs in components
Dust and flakes

Radwaste store’

T
Solid APs in components
Dust and flakes

' These volumes should be subdivided later.
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The T plant, hot cell and radwaste store have each been left un-expanded in Table 1
because these could each be the subject of a separate PIE-PIT. This can only be done
if the events and challenges on each separate PIE-PIT are independent, i.e. events in
one system have no interaction with those in another. It is proposed that the initial
PIE-PIT focuses only on the tokamak itself, so only those inventories above the thick
line in the table are included. -

The first item in Table 1, “vacuum vessel and its extensions”, could be further
expanded. For examj)le “PFC surfaces” includes not only surfaces literally facing the
plasma, but all surfaces of the vessel and its extensions that might have tritium and
APs. For example, the surfaces of the NB system in its chamber, and the beam line
duct connecting it to the plasma chamber, are all included. When a NB cryopump is
being regenerated, the inventory in the volume é_ould be treated separately, as there
may be different challenges to its confinement. But for a NB in normal operation, the
inventory in the system that forms part of the vacuum vessel volume can logically be
considered a part of it, because it is vulnerable to the same challenges.

The “comments” column of Table 1 notes that some of the sources listed have lower
risk of mobilisation, or represent a source of smaller magnitude. But the PIE-PIT is
not quantitative: by nature it will only indicate possible sequences/challenges that
could lead to a release, but not the size of the release. Nevertheless, it is reasonable to
exclude from the PIE-PIT those sources that are too small or too immobile to be
capable of exceeding project release guidelines. In ignoring small source terms,
however, one must be certain that there are no combinations of multiple small sources
that could be mobilised together to constitute a significant hazard.

More important than the differing magnitude of source terms is their different
vulnerability to mobilisation. In particular, those inventories that require some
additional event to promote their mobilisation. Surface-implanted tritium, for
example, in plasma facing components, may only be mobilised in a temperature
transient resulting from the under-cooling of the component, or from an additional
heat input such as from steam interaction with beryllium after a coolant leak, and the
mobilisation could be promoted by the presence of air or steam in the vessel by
oxidation and isotopic exchange.

In-vessel inventory grouping

From the above discussion, the sources in the in-vessel inventory can be functionally
divided into the groups listed in Table 2.

UKAEA Fusion 10
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Table 2 Grouping of in-vessel inventories

Inventory group Contributing sources . : Comments
Mobile activation products | Dust and small flakes Confined only by physical
barrier
Mobile tritium Unburnt T in the plasma Confined only by physical
T within dust and flakes barrier
T on surfaces of hot
Plasma Facing
Components (PFCs)
T on cryopump panels
Vulnerable activation | APs in the surface layers Confined by physical
products (APs) of PFCs barrier and also needs

temperature transient or
chemical reaction to

liberate
Vulnerable tritium Co-deposited T | Confined by physical
T absorbed within PFC barrier and also n:ceds
materials temperature transient or
chemical reaction to
liberate
Fixed APs and tritium The bulk of shielding Assume these cannot be
blanket material mobilised in any event.

In the “mobile tritium” group, the term “hot PFCs” refers to those components from
which a significant quantity of adsorbed tritium can be expected to be liberated in
normal conditions. These include hot surfaces such as the divertor dome, for which,
during normal plasma operation, there is an equilibrium between tritium being
deposited on the surface and tritium being mobilised from it — when the plasma stops
there is a net outgassing of tritium for a period.

Inventories at risk for PIE-PIT column headings

The breakdown of in-vessel inventories in Table 2 makes a suitable categorisation of
the inventories at risk in that volume (omitting the benign final category, fixed APs
and T). But since the mobile tritium and activation products face identical challenges
to their confinement, in terms of physical barriers, the first two can be combined into

~ the same group. The two “vulnerable™ categories are protected by the same physical

barriers, but require additional failures, or different event sequences, to be available
for release. Whether or not this vulnerable inventory is involved in an event will lead
to a large quantitative difference in the material that could be released, but in all cases
the types of source term are the same: a mixture of tritium and activation products.
Thus for the PIE-PIT column headings, all four groups labelled “mobile” and
“vulnerable” in Table 2 can be combined into a single inventory at risk, namely
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mobile and vulnerable tritium and activation products. The differences in the
potential to mobilise these inventories will emerge in the confinement challenges
‘identified in the PIE-PIT.

Four other volumes containing inventories within the tokamak are listed in Table 1.
In each case, either there is only one type of source term is involved (tritium in
vacuum pumping system and tritium in fuelling system) or the mixture of source
terms are vulnerable to the same challenges (tritium and activation products in first
wall/blanket/divertor primary coolant and tritium and activation products in
vacuum vessel coolant). In previous accident sequence identification studies for
ITER, it has been normal to separate the first wall/blanket loops from the divertor
loops. But each of these loops faces the same types of challenge, even if the
component-level detail differs. We have ended up with, for example, a list of divertor
loop PIEs that duplicate the FWfblanket.Ioop PIEs. For the PIE-PIT, which attempts
to be compact, this can be avoided.

So we conclude with a list of five inventories at risk within the tokamak, identified in
bold type in the above discussion. To recap, they are listed in Table 3.

Table 3 Significant inventories at risk in the tokamak

1 | In-vessel mobile and vulnerable tritium and activation products

2 | Tritium and activation products in first wall, blanket and divertor
coolant

Tritium in the vacuum pumping system (ex-vessel parts)

4 | Tritium in the fuelling system

5 | Tritium and activation products in the vacuum vessel coolant

Note that the vacuum pumping system in no. 3 does not include the in-vessel part of
this system, the cryopump panels, which are in no. 1 (except, possibly, during
regeneration).

These five inventories are suitable as the top-level column headings in the PIE-PIT.
Note that there were eight (including one labelled “none™) in the impacts table in
GSSR Vol.X (Figure 1).
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Confinement barriers

Barriers to be represented

In the column headings for the PIE-PIT, the next level(s) below the inventories at risk
list the barriers that protect them from release. Both physical and functional barriers
should be included. Generally there are two (or more) confinement barriers, so the
structure of the column headings must allow an indication of the combinations that
are provided for each of the inventories. Before looking at what complexity this will
require, the confinement barriers to be included must be listed.

As with the listing of inventories at risk, there is a strong motivation to minimise the
number of confinement barriers to be listed. This can be done by combining
functionally equivalent barriers, and avoiding distinction between barriers whose
failure would lead to only quantitatively different consequences.

Full list of confinement barriers

The confinement scheme in ITER has been most recently summarised by Charles
Gordon in [2], and this has been used to construct the following list of confinement
barriers relevant to each of the five inventories at risk listed in Table 3. Some of these
would be considered “first” confinements, and others “second”, but this distinction is
not yet made. :

In-vessel mobile and vulnerable tritium and activation products

e Vacuum vessel and its extensions

e Cooling water system: in-vessel pipes, channels and all components.

e Cooling water system: ex-vessel pipes and components, guard pipes, TCWS vault.
e Cryostat and its extensions

e VDS and filtering of rooms around tokamak (where there are VV and cryostat
penetrations)

e The Vacuum Vessel Pressure Suppression System (VVPSS) is also listed as
having a confinement role. But this is only after an event in which it has been
employed and some of the in-vessel inventory, as well as some coolant inventory,
has been transferred to it. Its role in a potential event sequence is therefore
important in certain sequences.

e Vacuum vessel cooling circuit including heat exchanger.
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e Neutral Beam duct, vacuum vessel, bellows, and other components facing the
plasma vacuum volume. These are important, but can be included within “VV
and extensions”, of which they are functionally a part. '

o The NB cell and its VDS/ﬁlters, inéluding guard pipes around lines which lead
outside the cell. )

o Other heating and current drive systems (IC, EC and LH), interfaces with plasma
volume, i.e. windows. May be functionally regarded as part of “VV and its
extensions™.

e Rooms housing heating and current drive systems, i.e. at end of ducts sealed by
windows — VDS/filters. Also isolation valves in the ducts.

e Diagnostics systems with an interface to the plasma volume: equipment
boundaries, windows, vacuum feedthroughs. May be included as part of the “VV
and its extensions” boundary; feedthroughs of the cryostat are likewise
functionally part of “cryostat and its extensions”. '

e Test blanket modules cooling circuit and purge gas circuit. These should be
functionally equivalent to first wall/blanket cooling water systems, but significant
variations may arise, for example if the coolant is helium or liquid metal. For the
time being it is proposed to declare this area out of scope of the initial PIE-PIT,
and the TBM may be the subject of a separate PIE-PIT later.

e Vacuum pumping in-vessel parts: cryopanel and forevacuum lines, isolation
valves. Functionally these are part of “VV and its extensions”.

Tritium in the vacuum pumping system (ex-vessel parts)

s Roughing pump system equipment.

e Roughing pump system secondary boundary, glovebox.

Tritium in the fuelling system

e QGas injection equipment and fuelling line from T plant.

e Pellet injector and flight tube.

e Secondary container around equipment, glovebox.

Tritium and activation products in FW/blanket and divertor coolant

e Cooling water system: primary circuit pipes, channels and all components.
° Cooling water system: guard pipes, TCWS vault.

e Vacuum vessel and its extensions (following primary circuit leak within vessel)
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e Cryostat and ‘its extensions (following primary circuit- leak within cryostat
volume) : '

Tritium and activation products in the vacuum vessel coolant

e Vacuum vessel cooling system: pipes and all components, including heat
exchanger.

Reduced list of barriers

Some condensation of the above list of confinement barriers is necessary for use as
PIE-PIT column headings, in order keep the table as compact as possible.

_Functionally equivalent barriers may be combined, so that all barriers whose failure

could lead to a qualitatively similar event sequence are grouped together. This can be
done even where the challenges to them may be different, as this will be represented
by the entries in the PIE-PIT matrix itself against different PIEs.

As already noted in the above lists, a number of the specific barriers mentioned are
functionally a part of the vacuum vessel and its extensions. Although the challenges
that may face, for example, a window in an RF heating waveguide, are different to
those that threaten the integrity of vacuum bellows at a port, the consequences are
similar in terms of liberating a fraction of the source term into a volume protected by
a secondary barrier (not necessarily the same one). Thus they can be grouped
together, and the table will have to show how a variety of second barriers may come
into play if any part of this primary VV boundary is breached.

There are a number of instances of a room outside the cryostat, together with its
detritiation and filtering system, having a role as a second confinement barrier. These
are typically at the end of beam lines that (themselves a primary confinement)
penetrate the VV and cryostat boundaries. These can be grouped together as a bypass
room in which the VDS/filtering performs the confinement function — this is similar
to the generic bypass room that was considered in earlier ITER accident analyses.

Finally, it is proposed to combine the two fuelling systems into a single confinement
barrier group. Although the detail of the gas injection and pellet injector systems are
very different, they perform a similar confinement function when considering the
consequences of their failure.

The reduced list of confinement barriers, following this grouping, is given in Table 4,
which also identifies in each case whether the barrier acts as a first or second
confinement barrier for each of the 5 inventories at risk (from Table 3) that it protects.

The inventory of T and activation products in the primary coolant is, of course,
confined by the pipes and components of the cooling circuit itself. However, the in-
vessel part of the circuit is not credited with a confinement function, due to the
experimental nature of the in-vessel components. Thus this particular inventory
(number 4 in Table 3) is considered to be confined by a first barrier comprising the
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vacuum vessel and its extensions, and the ex-vessel parts of the cooling circuit itself.
This is reflected by the entries in Table 4.

Table 4 List of functionally distinct confinement barriers

‘ Inventory | Confinement
Confinement barrier protected level
(ref. Table 3)
1 first
Vacuum vessel (VV) and its extensions
, 2 first
Tokamak cooling water system (TCWS): primary 12 first
circuit ex-vessel pipes and components ’
| Tokamak cooli t tem: d pi It
Tokama cooling \.Jva er system: guard pipes, vault, 12,5 second
secondary circuit pipes. ‘
Cryostat and its extensions L2 second
Vent Detritiation System (VDS) and filtering 1,3,4 third
. 1 second
Vacuum Vessel cooling water circuit
5 first
Vacuum roughing pump system boundary 3 first
Roughing system secondary boundary 3 second
.| Fuel injection system primary boundary 4 first
Fuel injection system secondary container < second

It may be noted that the vacuum vessel cooling water system provides the only
confinement barrier for its own coolant inventory. This is because of the small
inventory involved, and this barrier includes isolation valves that may close in the
event of a leak in the air heat exchanger. All other inventories are provided with at
least two confinement barriers.

Combinations of barriers

The information from the above discussion, as summarised in Table 4, may now be
used to construct the possible combinations of first, second and - in some cases - third
confinement barrier for each of the inventories at risk. This is trivial in all cases
except the in-vessel tritium and activation product inventory. Considering each in
turn:
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1) In-vessel tritium and activation products N

For this inventory, two first confinement barriers have been listed in Table 4. The
secondary barriers in each case are different, and for a vacuum vessel failure, the
relevant secondary confinement depends on the mode of failure:

First confinement:
Second confinements:

First confinement:
Second confinements:
Third confinement:

First confinement:
Second confinement:

TCWS primary circuit pipes and components
TCWS guard pipes, vault, secondary circuit pipes

vacuum vessel and its extensions
cryostat and its extensions, port cell
VDS and filtering

vacuum vessel inner shell
vacuum vessel cooling water circuit

2) Tritium in the vacuum pumping system

First confinement:

Second confinements:

Third confinement:

vacuum roughing pump system boundary
roughing system secondary boundary, glovebox
VDS and filtering -

3) Tritium in the fuelling system

First confinement:

Second confinements:

Third confinexhent:

fuel injection systems primary boundaries
fuel injection system secondary containers, glovebox
VDS and filtering

4) Tritium and activation products in FW/blanket and divertor coolant

First confinement:

Second confinements:

Third confinement:

First confinement:

Second confinement:
Third confinement:

TCWS primary circuit ex-vessel pipes and
components

TCWS guard pipes, vault, secondary circuit pipes

cryostat and its extensions (following in-cryostat leak)

VDS and filtering '

vacuum vessel and its extensions (following in-vessel
leak)

cryostat and its extensions

VDS and filtering

5) Tritium and activation products in the vacuum vessel coolant

First confinement:

Second confinements:

UKAEA Fusion

vacuum vessel cooling water circuit

none (for leakage at air heat exchanger)
cryostat (for leak from VV external shell)
TCWS (for leakage within vault)
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It should be noted that in the case (4), where the primary circuit leak location is in-
vessel, there is the potential to involve the existing in-vessel inventory of tritium and
activation products in the release, as well as the coolant’s own inventory.

PIE-PIT Column headings

All this information may now be put together into the proposed column headings of
the PIE-PIT. This is done in Table 5.

This has a total of twelve columns in the PIE-PIT matrix, two more than the GSSR
version (Figure 1) at the corresponding level (confinement barriers challenged),
ignoring those inventories in the fuel cycle and hot cell that are not considered in the
scope of this new PIE-PIT. The column numbers are shown in the bottom row for
reference later in this report.

Note that columns 3, 4 and 5 are headed by two inventories at risk, the in-vessel T and
activation products as well as the T and activation products in the coolant. This is to
represent the case that the primary cooling circuit is breached in the in-vessel section,
so that some fraction of both of these inventory are combined in the potential release.
The in-vessel section of the cooling circuit is not credited with a confinement
function, so does not appear explicitly in Table 5. The failure of this barrier will be a
typical initiator of events in columns 3 — 5. Columns 3 and 4 represent the
overpressurisation of the vessel, and subsequent leakage via a cryostat failure (column
3) or through the vacuum vessel pressure suppression system (VVPSS) in an event in
which this has been used (column 4). Column 5 represents both in-vessel and ex-
vessel failures of the primary circuit, providing a potential path for release of the in-
vessel inventory (the so-called “wet bypass” scenario). Column 6, which involves the
same confinement barriers, is concerned only with the coolant’s own inventory, as it
represents the case that there is only an ex-vessel leakage from the primary circuit.
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Plant States

Labelling of Plant States

The twelve columns of the PIE-PIT identified by the headings shown in Table 5 can
be used in two ways. Firstly, if the sequence of confinement barriers noted are
considered to have failed, they represent a plant damage state in which some
unacceptable fraction of an active inventory has been released outside the site.
Secondly, when barriers remain intact, a series of plant states are indicated in which
the confinement functions are challenged. Both of these views are interesting, but the
second are events in which confinement has successfully prevented escalation to the
first. Thus it makes sense to start by listing the plant states that could lead to a
release, and then to consider the states in which they are prevented.

To identify the various plant states, a label is assigned to each of the columns,
corresponding to the release when all relevant barriers have been breached. But we
can then add a suffix to denote the number of confinement barriers that remain intact.
The identifier has a form

PS-Tn.#barriers

Where
T identifies that this is a plant state for the Tokamak (in the future,
PIE-PITs will be developed for source terms in other systems, e.g.
the fuel plant);
n is a numeric column identifier, 1 — 12;

#barriers indicates the number of confinement barriers that remain fully
functional:

0 the plant state in which an unacceptable release may occur;

1 -3 plant states in which confinement barrier(s) are chaIlenged,
but remain intact.

For completeness, we may refer to an additional plant state PS-TN, corresponding to
normal operation with no abnormalities.

Plant States leading to a release

In each of the table columns shown in Table 5, between one and three confinement
barriers must have been breached to enable the escape of some fraction of the
inventory at risk, leading ultimately to an off-site release. Thus a release path is
identified, in generic terms. These are listed below for each state. In this list,
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#barriers is always zero, since these are the scenarios in which each confinement
barrier has been breached.

PS-T1.0

Inventory: In-vessel tritium and activation products

Release path: Leakage of vacuum vessel or an extension into the cryostat,
Leakage of cryostat or an extension into a room,
Failure of the VDS and filtering systems, leading to release from
elevated release point or through leakage from building.

Consequence: Some off-site release of tritium and activation products

PS-T2.0

Inventory: In-vessel tritium and activation products

Release path: Failure of vacuum vessel inner shell, and leakage into vacuum vessel
coolant circuit,
Leakage from vacuum vessel cooling circuit to environment (e.g. at
air heat exchanger).

Consequence: Some off-site release of tritium and activation products

PS-T3.0

Inventory: In-vessel tritium and activation products
plus tritium and activation products in FW/blanket or divertor
coolant

Release path: In-vessel leak from primary cooling circuit pipes or components,
Leakage from vacuum vessel or its extensions,
Leakage from cryostat or its extensions, or port cell,
Failure of the VDS and filtering systems, leading to release from
elevated release point or through leakage from building.

Consequence: Some off-site release of tritium and activation products, both from

the in-vessel inventory and from that carried by cooling water

UKAEA Fusion
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PS-T4.0

Inventory: In-vessel tritium and activation products
plus tritium and activation products in FW/blanket or divertor
coolant

Release path: In-vessel leak from primary cooling circuit pipes or components,
Bursting of rupture disk to vacuum vessel pressure suppression
system (VVPSS),
Leakage from VVPSS,
Failure of the VDS and filtering systems, leading to release from
elevated release point or through leakage from building.

Consequence: Some off-site release of tritium and activation products, both from
the in-vessel inventory and from that carried by cooling water

PS-T5.0

Inventory: In-vessel tritium and activation products
plus tritium and activation products in FW/blanket or divertor
coolant

Release path: Breaches of primary coolant circuit pipes or components in both in-

' vessel and ex-vessel sections (“wet bypass™),

Failure of guard pipes, leakage from TCWS vault, or from secondary
circuit pipes or components.

Consequence: Some off-site release of tritium and activation products, including
activated corrosion products and tritium carried by primary coolant.

PS-T6.0

Inventory: Tritium and activation products in FW/blanket and divertor coolant

Release path: Leak from ex-vessel portion of primary cooling circuit,
Failure of guard pipes, leakage from TCWS vault, or from secondaxy
circuit pipes or components.

Consequence: Some off-site release of tritium and activation products carried by
cooling water
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PS-T7.0

Inventory: Tritium and activation products in FW/blanket and divertor coolant

Release path: Leak from primary cooling circuit within cryostat, including failure
of guard pipe,
Leakage from cryostat or its extensions,
Failure of the VDS and filtering systems, leading to release from
elevated release point or through leakage from building.

Con-sequence: Some off-site release of tritium and activation products carried by
cooling water

PS-T8.0

Inventory: - Tritium in the vacuum pumping system

Release path: Failure of boundary within vacuum roughing pump system (while
isolated from vacuum vessel and tritium plant),
Leakage from secondary boundary of vacuum roughing system,
Failure of VDS and filtering systems, leading to release from
elevated release point or through leakage from building.

Consequence: Some off-site release of tritium.

PS-T9.0

Inventory: Tritium in the fuelling system

Release path: Failure of boundary of the fuel gas injector or pellet injector system,
Leakage from secondary boundary of injection system,
Failure of VDS and filtering systems, leading to release from
elevated release point or through leakage from building.

Consequence: Some off-site release of tritium.

PS-T10.0

Inventory: Tritium and activation products in the vacuum vessel coolant

Release path: Failure of vacuum vessel cooling circuit where there is direct path to
environment, e.g. within the air heat-exchanger.

Consequence: Some off-site release of tritium and activation products.

UKAEA Fusion
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PS-T11.0
Inventory: Tritium and activation products in the vacuum vessel coolant

Release path: Rupture of external shell of vacuum vessel, releasing coolant into
cryostat,

leakage from cryostat or its extensions,

failure of the VDS and filtering systems, leading to release from
elevated release point or through leakage from building.

Consequence: Some off-site release of tritium and activation products.

PS-T12.0
Inventory: Tritium and activation products in the vacuum vessel coolant

Release path: Failure of vacuum vessel coolant circuit within TCWS vault,
leakage from TCWS vault.

Consequence: Some off-site release of tritium and activation products.

Confinement challenges

Having defined the possible release pathways, through confinement breaches or
bypasses, in the above list, the plant states in which some confinement barriers remain
fully functional can now be listed. This is done below, starting, for completeness,
with the normal operating state, in which all first confinements are continually
challenged.

PS-TN
Inventory: All
Status: Normal operation

Confinement challenge: All first confinement barriers, i.e.:
Vacuum vessel and extensions, '
Primary coolant pipes and components,
Vacuum roughing pump system primary boundary,
Fuel injection systems primary boundaries,
Vacuum vessel cooling water circuit.
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PS-T1.2
Inventory: In-vessel tritium and activation products
Status: Breach of vacuum vessel or extension; tritium and activation

products within cryostat volume.

Confinement challenge: Cryostat and its extensions, or (in case of failure of port
closure plate) port cell. ' '

PS-T1.1
Inventory: In-vessel tritium and activation products
Status: Breach of vacuum vessel or extension, and leakage from cryostat or

extension (or port cell); tritium and activation products within room
outside cryostat '

Confinement challenge: VDS and filtering system for room

PS-T2.1
Inventory: In-vessel tritium and activation products
Status: Breach of inner shell of vacuum vessel; tritium and activation

products ingress into the vacuum vessel cooling water circuit.

Confinement challenge: Vacuum vessel cooling water circuit boundary.

PS-T3.3

Inventory: In-vessel tritium and activation products
plus tritium and activation products in FW/blanket or divertor
coolant

Status: In-vessel leakage from primary cooling circuit; tritium and activated
corrosion products within vessel, pressurisation of vessel but VVPSS
not engaged.

Confinement challenge: Vacuum vessel and its extensions.
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PS-T3.2

Inventory: In-vessel tritium and activation products
plus tritium and activation products in FW/blanket or divertor
coolant

Status: In-vessel leakage from primary cooling circuit followed by leakage
from vacuum vessel or extension, VVPSS not engaged; tritium and
activation products in cryostat.

Confinement challenge: Cryostat and extensions.

PS-T3.1

Inventory: In-vessel tritium and activation products
plus tritium and activation products in FW/blanket or divertor
coolant

Status: In-vessel leakage from primary cooling circuit followed by leakage
from vacuum vessel or extension, VVPSS not engaged; leakage from
cryostat or extension (or port cell, in case of port closure plat failure);
tritium and activation products within room outside cryostat.

Confinement challenge: VDS and filtering systems for room.

PS-T4.3

Exactly equivalent to PS-T3.3, and not a distinct plant state.

PS-T4.2

Inventory: In-vessel tritium and activation products
plus tritium and activation products in FW/blanket or divertor
coolant

Status: In-vessel leakage from primary cooling circuit, over-pressurisation

leading to operation of rupture disk or bleed valve to VVPSS; tritium
and activation products in VVPSS

Confinement challenge: VVPSS.
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PS-T4.1

Inventory: . In-vessel tritium and activation products _
plus tritium and activation products in FW/blanket or divertor
coolant

Status: In-vessel leakage from primary cooling circuit, over-pressurisation

leading to operation of rupture disk or bleed valve to VVPSS,
leakage from VVPSS; tritium and activation products in surrounding
room.

Confinement challenge: VDS and filtering systems for room.

PS-T5.1

Inventory: . In-vessel tritium and activation products
plus ftritium and activation products in FW/blanket or divertor
coolant

Status: Failure of primary cooling pipe or component in in-vessel section of

circuit, and failure of the same circuit in ex-vessel section; tritium
and activation products ingress into cooling water then, together with
tritium and activated corrosion products already in the water, ingress
into guard pipe space, TCWS vault or pipe chase, or into secondary
coolant circuit (depending on location of ex-vessel breach).

| Confinement challenge:  Primary circuit guard pipes, TCWS vault, secondary
cooling circuit pipes.

PS-T6.1
Inventory: Tritium and activation products in FW/blanket or divertor coolant
Status: Failure of primary cooling pipe or component in ex-vessel section of

circuit; tritium and activated corrosion products ingress into guard
pipe space, TCWS vault or pipe chase, or into secondary coolant
circuit (depending on location of ex-vessel breach).

Confinement challenge: Primary circuit guard pipes, TCWS vault, secondary
cooling circuit pipes.
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PS-T7.2
‘Inventor_y: Tritium and activation products in FW/blanket or divertor coolant
Status: - Breach of primary circuit pipe, and guard pipe, within cryostat;
tritium and activation products in cryostat volurne.
Confinement challenge: Cryostat and extensions.
PS-T7.1
Inventory: Tritium and activation products in FW/blanket or divertor coolant
Status: Breach of primary circuit pipe, and guard pipe, within cryostat,
leakage from cryostat or extension; tritium and activation products
within room outside cryostat.
Confinement challenge: VDS and filtering system for room
PS-T8.2
Inventory:  Tritium in vacuum pumping system
Status: Failure of primary boundary of vacuum roughing pump; tritium
within secondary boundary of this system.
Confinement challenge: Secondary boundary of vacuum roughing pump system.
PS-T8.1
I_nvento'ry: Tritium in vacuum pumping system
Status: Failure of primary and secondary boundaries of vacuum roughing
pump system; tritium in room outside cryostat.
Confinement challenge: VDS and filtering system for room
PS-T9.2
Inventory: Tritium in fuelling system
Status: Failure of primary boundary of gas injector or pellet injector; tritium
within secondary boundary of this system.
Confinement challenge: Secondary boundary of fuel injection system.
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PS-T9.1
Inventory: Tritium in fuelling system
Status: Failure of primary and secondary boundaries of gas injector or pellet

injector; tritium in room outside cryostat.

Confinement challenge: VDS and filtering system for room’

PS-T11.2
Inventory: = Tritium and activation products in the vacuum vessel coolant
Status: Rupture of external shell of vacuum vessel, leaking its coolant into

cryostat; tritium and activation products in cryostat volume.

Confinement challenge: Cryostat and extensions.

PS-T11.1
Inventory: Tritium and activation products in the vacuum vessel coolant
Status: Rupture of external shell of vacuum vessel, leaking its coolant into

cryostat; leakage from cryostat or extension; tritium and activation
products within room outside cryostat.

Confinement challenge: VDS and filtering system for room

PS-T12.1
Inventory: ~ Tritium and activation products in the vacuum vessel coolant
Status: Failure of vacuum vessel coolant circuit within TCWS vault.

Confinement challenge: ~ TCWS vault

Note that plant states PS-T3.3 and PS-T4.3 (which are equivalent) represent the state
in which there is in-vessel ingress of primary coolant, from a leak in a pipe or cooling
circuit component. These states are not readily identified in Table 5 because the in-
vessel components are not credited with a confinement function. However, the plant
state is clearly different from the normal state PS-TN, hence their inclusion in this list,
even though formally the same confinement barriers are being challenged.

Thus 32 distinct plant states are identified, including normal operation.

UKAEA Fusion 29




6

6.1

6.2

ITER PIE-PIT Development
Ranking schemes

Requirements of a ranking scheme

If the PIE-PIT is to be used to select event sequences that form a bounding set, or that
are the most challenging, or that most warrant a detailed analysis, then a rational basis
is required for making that selection. This can be done with a ranking scheme, that
applies some quantification to the factors considered important in the selection
process, even if these are assigned by judgement. Some requirements for such a
scheme are:

e All factors that might influence the selection must be included.

o It must be flexible enough that different factors can easily be included or excluded
according to the type of selection being made.

» The quantification levels assigned to a factor must be coarse enough that there are
no borderline cases that make the assignment difficult or contentious.

o It should allow a different weight to be given to the contribution of each factor to
the final overall rank of a sequence.

e The scheme must be transparent and accord with intuitive expectations.

e Ideally, the outcome of making a selection using the ranking scheme should be
only weakly sensitive to the details of the ranking scheme itself.

Factors to be included in the scheme

The factors that may influence the ranking of an event sequence are those quantities
that would contribute to an assessment of the risk associated with the event. These
are the frequency and consequence of the sequence, even if a formal probabilistic
approach is not being taken. For example, to find the events with the potentially most
severe outcome, the consequence-related factors would be used. These are everything
that affects the severity of the outcome. Frequency-related factors are the initiator
frequency and everything that affects the probability of the final plant state resulting
from the initiator.

These are the factors to be considered:
Plant State severity.

The development of the list of Plant States, in section 5, was intentionally done
without consideration of the magnitude of the release involved. For example, PS-
T6.0 refers to any ex-vessel breach of the primary cooling circuit, with subsequent
leakage of secondary barriers. Clearly, variations in the size of the breach and of the
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leakage can result in wide range of potential release sizes, all categorised within this
plant state. Nevertheless, there is a relative severity of one Plant State compared to
another, without regard to the size of the release. For example, a release of vacuum
vessel coolant (PS-T10.0) would generally be regarded as less severe than a release of
primary first wall/blanket coolant (PS-T6.0). Thus a severity ranking can be applied
to each Plant State, based on the nature of the inventory (or combination of
inventories) that are at risk of release.

PIE frequency

This 'is the initiator frequency. FMEA studies have provided categorisation of the
expected frequency of every PIE.

PIE severity

In some cases different PIEs have been used to describe initiating events that differ
only in magnitude. For example, small leaks and large pipe-bursts in the same
cooling circuit. To account for the variation of impacts of PIEs that differ in this way,
a severity ranking can be assigned to each PIE.

Aggravating failure probabilities

For every aggravating failure (AF) in an event sequence, there is some probability of
occurrence. This may be the failure probability per demand for a safety system, or for
a random event it is derived from the frequency. The term “aggravating failure”
includes every branch that would be included in an event tree depicting the sequence.
Just as probabilities are assigned to the branches to enable the overall frequency of the
sequence to be evaluated in an event tree, so probability ranks can be assigned to the
steps in a sequence included in the PIE-PIT. For secondary confinement barriers,
these are strongly related to the reliability of the barrier.

Aggravating failure severities

As with initiators, each aggravating failure may have an associated severity, where
there is an issue of the magnitude of the failure. In particular this would apply to .
physical barriers for which a range of leakage mechanisms may be considered, each
with a different leak size. This AF severity is linked to the AF probability, and is also
related to the barrier reliability in the case of secondary confinement. For example, a
strong barrier may have a very low probability of a large breach, but a greater
probability of a small leak.

Assignment of ranks

As noted in the list of requirements above, a coarse ranking scheme is required, since
in the most part the assignment will be by judgement. In the following proposals, a
minimum number of levels is used in each case to differentiate between factors of
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~ different magnitude. This could, of course, be changed later if more quantitative

information is available.

The requirements also mentioned the importance‘ of the scheme according with
intuition. This means that the numbering of levels should be such that higher
numbers indicate a greater magnitude. Thus if a rank is used for “severity”, a higher
numbered level should refer to a greater severity. This may seem obvious, but it is in
fact the opposite of what has been used previously for some quantities — for example
in GSSR Volume X, PIE frequencies are given in four categories, with I the highest
frequency and IV the lowest.

In the following list of factors to be ranked, a symbol is assigned to each that will be
used in subsequent combination into an overall rank for each event sequence.

PIE Frequency, FPIE

Each PIE included in the table already has a frequency category assigned to it by the
FMEA studies. These are on a logarithmic scale, each category spanning two
decades. The frequency ranking used here can make use of this directly, but the
numbering is inverted so that a higher number refers to a higher frequency. This is
clarified in Table 6. There will likely be no events of interest at rank 4, so there are
essentially three levels of this ranking.

Table 6 Ranking of PIE Frequency, Fpig

Frequency GSSR Volume X | Frequency i‘ange
ranking Frequency Category (yr")
1 v <10*
2 I 10" - 107
3 II ' 107 -1
4 I =1
PIE Severity, Spig

This factor is used to indicate the size of the initiator referred to by a PIE. For
example, “large” and “small” coolant leaks in the same circuit are included in the PIE

lists as separate events, with different frequencies. Two levels of severity are

proposed, the larger number indicating the higher severity, see Table 7. Of course, it
is to be expected that a higher severity PIE will occur at a lower frequency, so if this
factor is combined with the frequency ranking Fpre, the effect will tend to equalise the
risk impact of different PIEs.
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Table 7 Ranking of PIE severity, Spig

Seve_rity Severity
ranking

1 Low

2 High

6.3.3 Confinement reliability, R,

The sequence leading from an initiator to a plant state generally includes a number of
stages that have been called “aggravating failures”, but which are mostly the failure of
a confinement barrier, a confinement function, or some supporting function. As noted
above (section 6.2), each of these stages is like a branch in an event tree, and occur
with some probability. And like initiating events, in many cases there is a magnitude,
or severity, associated with the failure, such as a leak size. Thus two parameters are
required to characterise each failure in a sequence.

But to simplify the assignment of ranking, and to make the scheme more intuitive, a
single value of ranking is proposed for each barrier failure in the sequence.
Furthermore, this is done in terms of the reliability of the barrier rather than its Jailure
probability. This should be easier to assign, and it also facilitates the combination of
several barriers. The term “barrier” is used here to include all relevant confinement
functions.

A ranking of three levels of reliability are proposed, a higher number indicating a
greater reliability. This ranking should take into account both the probability of
failure of the barrier (i.e. probability per demand or independent failure frequency, as
appropriate), and the magnitude or severity of the failure (e.g. leak size) where this is
important. A barrier may have a low probability of a large leak and a modest
probability of a small leak — this may all be taken into account when assigning a
reliability rank. A matrix showing how the reliability rank can be derived from the
failure probability and severity is shown in Table 8.

Table 8 Guide to assignment of Confinement Reliabilty, R¢

Failure Magnitude or severity
probability or of failure
frequency
‘ low high
low 3 2
high 2 1
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Multiple barrier reliability, R

In general a cell in the PIE-PIT matrix will contain a code for more than one
aggravating failure, indicating that a sequence contains a series of confinement
failures. When each of these has been assigned a reliability rank, the overall
reliability of the sequence of failures may be obtained by simply summing the
individual ranks, i.e. for NV barriers in arsequence the overall rank is

Ry ZZRC

Cc=1

It is the use of reliability, rather than failure probability, as the quantity being ranked
that makes this sim;ﬂle sum possible. It also accords with intuition; introducing an
additional barrier increases the total reliability rank value, and two weak barriers are
broadly equivalent to one strong one, etc. |

Plant State severity, Sps

The final plant state has an associated severity, as discussed above (section 6.2). This
is related to the severity of the state in general terms, taking into account the
characteristics of the inventory vulnerable to release, but not the magnitude of the
fraction actually released. Three levels of severity rank are proposed for this, the
highest number indication the greater severity (Table 9).

Table 9 Ranking of Plant State severity, Sps

Severity Severity
ranking
1 Low
2 Medium
3 ~ High

Overall Risk Ranking of a sequence

Having assigned ranks for each component of a sequence, i.e. PIE, aggravating
failures, and final plant state, a combined rank for the entire sequence can be
obtained. This is the quantification that can be used to identify the “worst” or “most
challenging” sequences. The data to be combined are the four values set out above
(section 6.3), namely the PIE frequency and severity, Fpig and Spg, the summed
reliability of the barriers which fail in the sequence, Rs, and the plant state severity,

Sps.

These ranking values can be regarded as being on a logarithmic scale. Thus whereas

"a risk of an event is defined as firequency X consequence, in terms of the ranking
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scheme an equivalent formalism is risk ranking defined as frequency rank + severity
rank. Thus the four ranks that characterised a sequence can be combined by
summing, rather than multiplying, the values.

It is important to recall that while larger frequency and severity values, F and S, will
increase the over risk, larger barrier reliability values, R, will decrease it. Thus R
will appear as a negative term in the total risk ranking. (The formal reason is that
Jailure probability o 1/reliability, so if the rank value is regarded as a logarithmic
scale, failure probability rank o< -reliability rank).

In combining the values contributing to the overall ranking, weighting factors are
used, to allow different emphasis to be placed on the importance of each contributing
factor. Each of these weights is in the range 0 — 1. The total ranking score for a
sequence is thus:

H = We.Fo + Wer. Spg - Ws.Rs + Whps . Sps
where
Wr  is the weight given to the initiator frequencies
Wpe s the weight given to PIE severities

Ws s the weight given to the reliability of the confinement barriers and
functions which fail in the sequence (aggravating failures)

Wps  is the weight given to the final Plant State
Fpe  is the PIE frequency rank, see Table 6
Spe  is the PIE severity rank, see Table 7

Rs is the summed reliability of the confinement barriers or functions that
are assumed to fail in the sequence, see Table 8

Sps  is the severity of the Plant State, see Table 9.

Thus it is possible to perform different kinds of selection by different choices of the
weights. Setting all weights W to unity provides an approximate probabilistic risk
ranking, for example, while setting Wr = 0 provides a ranking based on the severity of
the sequence.
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The ITER tokamak PIE-PIT

Scope

Based on the column headings proposed in section 4.3, a PIE-PIT for the ITER
tokamak has been constructed. Although the intention is to be as comprehensive as
possible in the coverage of event sequences, it is also important to be clear about the
limitation of the scope. The Plant States represented by the column headings, which
have been described in section 5, refer only to the tokamak itself. Thus out of the
scope are the hot cell and tritium plant, and any other ancillary buildings and plant. It
is anticipated that these will be the subject of separate PIE-PITs to be developed later.

A further restriction to the scope of this first PIE-PIT is that it covers only event
sequences initiated during normal operation. During maintenance operations, a
different arrangement of confinement barriers may be in use, so different column
headings and Plant States may be appropriate.  This, too, should be the subject of a
separate PIE-PIT.

The starting point for the rows of the PIE-PIT matrix is the list of PIEs given in GSSR
Volume X [1]. But removed from these are those eliminated by the restricted scope
stated above. Specifically, these are:

e those relating to remote handling activities during maintenance, RHMAI,
RHMA2, RHBA1, RHBA2 and RHCA2;

e those concerned with the tritium plant, TPL1, TPL2, TSL1, TSL2, TPCI, TPC2,
TPHI1, TPH2 and TPO3;

e those for events in the Hot Cell, HC01, HC02, HC03, HC04, HCI11 and HC12;
and

e those for the cryoplant and cryodistribution system LYO1, LYO?2.

Those PIEs that were categorised Cat.V (hypothetical) in the FMEA studies have also
been removed, as hypothetical sequences are not deemed to be in the scope of this
study. These PIEs are LVFVU, and LDCI, and the Plant States that would
hypothetically result from them are covered by other PIEs, anyway. LFCl, in-
cryostat coolant ingress due to rupture of a coolant pipe within the cryostat, has been
promoted from Cat.V to Cat.IV, since the FMEA study assumed guard pipes would
protect the pipes in this location — these were subsequently removed from the design.

In the course of constructing the PIE-PIT, several PIEs were found to not lead to any
of the twelve Plant States. This is consistent with the descriptions of them given in
ref. [1], they are faults that have no consequences in terms of incidents or accidents
with a potential for release of tritium or activation products. These PIEs are FV2,
FV99, VCW2, TGP4, TVP1, TVP2, MP1 or MP2.
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This leaves 76 PIEs for the rows of the PIE-PIT matrix.

Aggravating Failure Codes

In order to identify the sequences identified in the cells of the PIE-PIT, it was found
necessary to use 22 codes for distinct aggravating failures. These are listed in Table
10.

Table 10 Aggravating failure codes used in ITER tokamak PIE-PIT

arc [Failure of magnet arc prevention systems
bps |Failure of back-up power supplies/generators
cri |Failure to isolate of cryogen circuit
cry [Failure of cryostat or extension
dir |Direct (no additional failures)
fps |Failure of fast plasma shutdown system
ive (In-vessel failure of primary cooling circuit
nbc |In-vessel failure of Neutral Beam system cooling circuit
“nbs [Neutral Beam system fails to shutdown
phx |Primary cooling loop heat exchanger failure
psc |Failure of vacuum pumping system secondary confinement
pzr [Primary cooling loop pressure relief failure '
sci [Failure to isolate of secondary coolant circuit
tsc [Failure of secondary confinement of tritium fuelling system
vbd |Vacuum Vessel Pressure Suppression System does not function correctly
vds |Vent Detritiation System failure '
vlt [Loss of integrity of Tokamak Coolihg Water System vault
vpn |Failure of VV and cryostat penetration
vpr |VV cooling loop pressure relief failure
vps |Loss of integrity of Vacuum Vessel Pressure Suppression System
vve |Failure of VV cooling circuit or heat exchanger

xve |Ex-vessel failure of primary cooling circuit

Note that “dir” is a special code indicating that the PIE leads directly to the Plant State
without any additional failure. This code has been used only for failures in the air
heat exchanger of the vacuum vessel cooling loop, where a direct (but small) leakage
of tritium and activation products in the vacuum vessel coolant could be released
directly to the environment.

Although all other codes indicate additional failures that need to occur for the
sequence to result in the identified Plant State, a distinction is drawn between
independent additional failures and consequential failures. The latter are failures that
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occur as a result of the initiating event or some other failure postulated in the
sequence. In many sequences, for example, an in-vessel coolant ingress is postulated
to result from the initiator as a consequence of damage caused in a plasma disruption..
Such consequential are identified in the PIE-PIT by showing the aggravating failure
code in bold face and underlined.

Construction of the PIE-PIT

Having set up a matrix of columns representing twelve Plant States (section 5) and 76
PIEs (section 7.1), each cell was systematically considered to identify the significant
event sequence(s), if any, that could lead from each PIE to each Plant State.
Reference was made to the description of each PIE and its effects in GSSR [1], as
well as earlier work based on event tree analysis [3], even though this was for an
earlier design of ITER.

The sequences have been noted as a succession of the aggravating failure codes. In
most cases a single sequence is given, but where two or more significant sequences
were identified, these are all listed, separated by “or”.

Cells in which no sequence exists to lead to the Plant State have been left blank.

Following the initial population of the cells of the matrix with sequences in this
manner, several rounds of review were carried out to ensure that table is
comprehensive and self-consistent.

Ordering of the table rows

After populating the cells of the PIE-PIT, the ordering of the 76 rows of the matrix
was altered to gather together events of a similar type. PIE were grouped under the
following headings:

e [ oss of vacuum;

e In-vessel leakage of cryogenic coolant;
e In-vessel coolant leaks;

e Loss of primary coolant flow;

e Loss of offsite power;

e Loss of heat sink and secondary coolant leaks;
e Ex-vessel coolant leaks;

e Magnet events;r

e Loss of cryostat vacuum;

e Leaks from pumping system;

e eaks from fuelling system;

e FEx-vessel vacuum vessel coolant events.
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Ordering the groups in this way yields a broadly diagonal structure to the contents of
the PIE-PIT.

The resulting PIE-PIT for the ITER tokamak is presented in Table 11.

UKAEA Fusion 39






o uoisnd vavin
5 '5A]
10 SPA ‘UdA
SPA 'sda ‘Paa ‘9A1
‘5ATJ0 SPA |40 SpA ‘TdA 1210 SPA AN pUE Jequieys g ul Juejooo
'sdA 50 | !pgn QU ‘UdA 'pga 11 ouabolio jo ssaibur eBie  LONA
U0 ‘DA[ [o ajou] (jes) dundofio
10 SpA ‘UdA uo Jo SpA AA) [8SS3A WINNDBA OJUl JURj00D
spA 'sda '5A1| ‘pgn ‘SA1 ‘UdR 'pgA Ml oluaBolio Jo ssalby) [lews  ZOAA
12 15A] lo ejou] (eaiq dwundofio
10 spA ‘udA U3 10 SpA AA) [9SSaA WINNOBA O)U| JUBj00D
spA ‘sdA 'SAT| 'pga ‘DAL ‘{UdA ‘pga ] ojuaBolio Jo ssaibul afile]  LOAA
juejood oiuaboAio jo abieyes| |assaa-u|
SPA ‘udA
spA 'sda ‘pga ‘5A1
'5AT.40 SPA 10 SpA ‘UdR SPA A PUE Jaquieyo
'sda '50U | ‘paA ‘5qu ‘udn {paa 1] gN ojul seb Jo ssalbul jlews  ZoNA
SPA [UdA
spA ‘sda ‘pan \5A7
'DA1 .10 spA |40 spa ‘TdR SPA AA PUE Jaquieyo
'sdA QU | ‘pga 3qU ‘0dn ‘pga 1] gN ojul seb jo ssaiBul aBle]  LaNA
[€ sjou] spa
SpA 'PaA SAT abeyea)
'sda DA | Jo spA (AT SpA m [[BWS - AA BY) Ul Iy Jo ssaibu]  ZAA
WwnNnoeA Jo sso
e Juaag Buneniu) paje|nysod
0ll-sd 6.L-Sd 81-8d 11-Sd 91-8d G1-Sd v1-Sd £l-Sd ZL-sd l1-sd  |8jels jue|d

B lalileq

uLey Buuay Bupayy Buuayjy ebeur) Buuay)y
: : [1=3]] abeurelp Buus)y pue sga juswaujuod
sbeuesp | PUB SOA Pue SOA | puesda | pue sgA pue san | puesan wnouo sgpem | PUESOA 15,00
pue I ‘sadid ynano | 'sadid ynouo - - Buijooo
SAA 1IneA staufeuon | ~PPURA | o\ oqigxa | Atepuocoas | Asepucoes weyshkg | IB2HOAIO]  jagsan llga yod Jo [Jaireq
SMOL ﬂﬁo_m:%wﬁo Kiepuooas bmu:omm_w pue “inen "sadid | ‘)ineA ‘sadid | yoissaiddng m_._o_m_mﬁxm wnnoeA | ‘suojsusixa |jusweunjucd
Rue & wa)sfs jony mzﬁ.___m_._ﬁ:wh jejsofuo  [PenB SMOL |P1enB SMO L ainssaid AA EWM L pue jejsollo |puoasg
fepunog
wm&_._mm”_%aon wiepshs sjuaucdwios pue . .
1o Je)em Buljooo [9ssaA WNNJBA Swio)she 5 M_E%_M_E sadid jnouo Atewud Smo | [oSson¥e SUOISUB)Xa S}i PUE [2SS3A LLNMNOEA wmw“hw:_uzg
Uogasu 18y Eﬁ.__rumb, .
wayshs Juejeoa
JUBJ00D [9SSaA WNNJBA- m‘_cm_:wﬁm Buidwnd €N Jo JopsAlp 9euelq /M4 Ui Sjonpoud UCHBA)SE puB wnpL) ysu
auy-u syonpoud uonealioe pue wnny & :m__E_.._ u [LnnoeA ey Je fiojuaau|
Ui Ut winpuy Uy wnnuy sjonpoud uoneAloe pue Ny |ssaa-ul

LId-HId Heureqo |, YHLT UL IT 2198l

juswdojeAsq Lid-Jid ¥ALI






134

uoisng v3vin

SpA
SpA ‘Udn pgn |auueyo juejoon
'sda 547 !sdy| 'SAT 'sd) Il MgiMdd e urmojo sso]  gd4|
SPA SPA
‘10 ‘3AX A SPA ‘Tdn 'pga di dwnd o} anp jinao jue|ooo
1zd 'sdy |!DAX ‘wzd !sd) ‘sda !5A] 'sd)| '3A7 'sd) 1l M18/Mdd & Ul Moj} jo S50 244
SPA SPA ainzias
‘K10 OAX A A SPA ‘Tda ‘paga dwnd o} enp 3Ino12 Juejooo
irzd sd) |!5AX lizd !sd)|'on) :5AX Uzd |'sdA ‘5] ‘sdy| 5T ‘sdy 1! MIG/M-d B Ul Mo)) JO SO 144
ain||ej asneo
SPA UOWILLIOD 0} @np (UMOP-]SEOD LjjIm)
‘£ '9R% 1A A SpA spa ‘{OdA sdwnd Buioos jo dojs o) anp
Jzd 'sd) |'5AX '1zd !sdj|'onl '5AX Uzd| ‘sda ‘SA] 'POA SAT 1l sdoo] fewiud jle ul mojy Jo ssS07 8BV
MOJ4 JuBj002 Aleuwllid Jo ssoT
“JaqUIELD gN Ul Ja)em Jo ssalbul
|lews Buisneo juauoduwioo g
SpA 'sda SpA ‘uda 1l pejelabujal e uj abeyeaj isleAA  ZNNT
“laquieyo gN ul 1ajem Jo
SpA ssalbu) abue| Buisnes jusuoduios
SpA ‘sda ‘TdnR ‘pga 1 8N pajessbujel e jo anydny NN
U mMa}
SpA B [8ZIS Yealq jus|eainba - ssaifiun
spa:sda | \TdA pga 1] JUB|C0D [assan-Ul WITVAID lBWS  ZAAT
SPA AA 8pisul Juawbas doo)
spA isda | 'TdA ‘pga 11 U002 WIT/AIQ 8uo Jo aimdny  LAQT
SpA AN 8pisul sjuauibas
SpA 'sdn | 'UdA 'pga Al Buiiooo yg/mdd IIe Jo aimdny  gBAdT
ZWD M)
SPA B [9Z|s jealq jus|eanba - abeyes|
SpA 'sda ‘UdA ‘pgn I JUBJO0D [9SSOA-UI MTIE/MAd IIBWS  ZA4]
SpA AA episul dooj Juejooo uawbas
spA isdA | 'UGA ‘pgn 1] M18/Mdd auo jo aimdny AL
jejsodo pue laquieyd
spA A5 ore SpA ewse|d ojul JINoKD AA WOl
40 spa Ko ‘K15 ‘o1e OAA SpA ‘uda Al ssaibul Jue|jooo snosuBINWIS  DAAT]
: WD ma)
€ 18ZIs Yealq Jus|eainba - |lays
[z sjou] JAA I AA [BLIB)UI 3y} Ul s1njdru [[ewg N>>.j
[1 @jou] SPA lleys
SPA !sdA OAA ‘UdA pga Al A [Bulajul ayy ul ainydru sBie  LAAT
S)E8| JUB|00D |9558A-U]
9 (DAl
10 spa ‘TUdn
'PgA DA
b 10 spA {UdA U2 0 SPA AA PUE laquielo gn ul Jue|jooo
‘ ‘pPgA BqU ‘uda ‘pga n aiuebolsa Jo ssaibul jlews  ZONA
e jueAl Bunenu) peje|nysod
Zil-sd LLl-8d 0Ll-Sd 61-Sd 81-sd 11-8d 91-sd §1-sd yi-sd £1-sd Zl-sd l1-sd  |ejeys jueld

juswdofaheq Lid-ald HIALI






44

uoisng v3avin

(Wwool gyH
ui pabieyosip Jue|ooo) Wes)sAg

SpA uopoalsy jesH u| yeaiq abig)
SpA ‘udR pga € 0} anp sdoo| Y1a/MId Aewd
xyd 198 xuyd !5A] |'sda '5A1 !sd)| ‘A 'sd) ] ||B O] juis Jeal) Jo ssO| [BJo]l  G64H
SPA SPA
‘A9 '5AX A spA ‘UdA ‘pga dooj fiuljooo
‘1zd 'sd) |'5AX 1zd ‘sd) ‘sdn 'TAT ‘sdy| 'DAT 'sd) m WIT/AIQ 0} Yuis Jeay Jo sso LOH
SpA SpA
‘Ao '3AX 1A SPA ‘OdA ‘pga dooj|
‘yzd 'sd) |'9AX ‘ozd 'sd) ‘sdA ‘3A71 'sdy| :3AT 'sd) m MNIE/M-d 01 YuIs Jeay Jo sso7] L4H
.S)ee| jue|ood Alepuodes pUe juis Jeay JO ssoT|
anoy
sda 'SAT uda ‘oat Al auo 0) dn Joj Jamod QY [l JO SSOT Y
uda pga
uda 'sdq 54T
'sdq 5AT 4o {10 spa TAR (14 ge > > 1) uojenp
SPA ‘udA 'DAT| pga ‘oa) n Buoj Joj Jamod ajisljo Jo 507  ZdOV
uda 'pga
uda !sdq ‘91
'sdq DAT 40 |Jo spA ‘UdA (ay 1 ») uopeinp
Spa ‘uda 'SAT| pga ‘oAl Il Hoys Joj Jamod YIS0 JO SS0T  LJOV
Jamod 8}1s}Jo JO ss07
SPA ‘sjauueyo Bujjooo
spA 'sda | TUdA ‘pga ay) ul sBnid o) anp juauodwica g
oqu ‘squ | Toqu squ 1] B Ul MOJJ JUBJOOD JO SSO| jelted  ZN4
SPA
spA 'sda | TOQA ‘pga duy dwnd jo asneosaq jinaso
qu lsqu | T5qU 'squ ] JUEI00D N 8UY) Ui MOl JO S50 LN
SpA SpA ‘UdA IR
‘sdn '5A1 'PaA 5AT 1] JUBj00D WIT/AIQ B Ul MOJj Jo SSOT €04
SpA
._boﬁ.w% 1A SPA spa ‘OdA duy dwind oy anp ynono
tzd !sdy |'OAX 1zd sdy ‘sda DAT ‘PaA DR I JUBJ00D NI T/AIQ € U] MO JO SSOT Za4
SpA
‘Ao ‘DAX A A SpA spA ‘OdA ainz|es dwnd o) anp ynano
Jzd 'sd} |'5AX lzd sd}|‘on) ‘AKX Yzd| 'sdA ‘DA ‘PgA DAT m JUB|00D WIT/AIQ B U] MOJ) JO SSO a4
SpA SPA
‘f10 5AX A A SpA ‘UdA ‘pga (umop-jseoo ypm) sduind
tizd 'sdj |'5AX \rzd !sd)|:onl :3AX Yzd|'sda 5AT ‘sd)| 'DAT !sd) 1] Buijooo yg/mdd 1B jo sso7 6644
. gk jueA3 Bunenu| pajejmsod
Zhl-Sd LEl-Sd 0Ll-sd 61-Sd 81-8d L1-8d 91-8d G1-Sd b1-sd £1-8d Z1-Sd LL-Sd a)e)s jue|d

uswdojsaeq Lid-3ld YLl






£

uolisng vYavMn

A

1A 33U ‘squ

1]

JINeA SOML apisul adid
ynou Buljooo g Jo aimdnd [[ews
0} anp abeyes| Jue|ooo |assaA-X]

ZONT|

g

1A 53U isqu

Al

HNeA SOML apisut adid
ynouo Bujoos gN Jo ainydn. ebig)
0) anp eBeyes| jue|ooo |sssan-xg

LON1

105 DAI

1l

Jabueyoxa yeay WIAIQ
Aewyd e u) sagn) jo einydnu

0} anp abeyes) Juejood |assan-xg

€007

i

JIA (DAL

Hnea SMO | apisur adid jinano
Bujjooo WIAIQ S0 indni jews
0} enp abeyes| JuejooD |9SSAA-XT

€oqan

1A

Jia DAY

Al

Wnea SMOL apisul adid Jinao
Buyjooo WI/AIQ Jo @imdnu abise)
0} anp abie)es| Jue|00D |assBA-X]

Lodan

108

195 ‘947 ‘sd}

1l

XHM1g/Mdd
Arewnd e u sagny Jo eindrua
0} anp abeyes| Jue|ood [asseA-x]

€041

1A

1IA DA 'sd)

IIneA SOML apisul edid Jinono
Bujjooo ya/MAd Jo aunidru jlews
0} anp ssaiful Jue(ood [assan-xg

<041

A

1A *5AT isd)

11}

HNeA SOML apisul adid jinano
Buiooo Y1g/Mdd Jo ainydru abig)
0} anp ssaibul Juejoo9 |8ssan-xg

1041

$){es| JUE|00D [9558A-X]

i

JIA DAY

SpA
‘sda 547 sd)

SpA
‘odn ‘paa
‘5A1 'sd)

Al

SXH M18/Mdd
ul yealq adid sidginw juenbasuoo

PUE JINEA SMOL ep|sul
dooj| Arepuooss Jo amnjdni afie

664HH1|

HA

1A BAT

SpA
‘sda 'DA] !sdj

SPA
‘UdRA 'pga
'DAT ‘sd)

1l

doo| Aiewind Jopanip

1o XH uj aunydni adid aidginw
juanbasuoco pue jjnea SOML
apisul amdni adid syH abie

FHHT

108

195 3A1

Al

s1abueyoxa jeay

A/MAd Ul yeauq adid ajdynw
jusnbasuoa pue Wool §YH ut
dooj Alepuooas jo ainydni abie

66HH

xud

19s xyd ‘3A1

SpA
‘sdn !3A1

spA 'TIdA
‘PAA DAT

1}

(woor gHH

u paBileyasip Jue|o00) uiseq pjoD
woy sdwnd uew Buipasy sadid
waysAg uonoalay JeeH Ui yealq
abie| e o} anp (GN pUB WITVAIQ
"M1a/Mdd) sdoo| Arewd

lle O} yuIs Jeay Jo ssO| [B]0 ],

66.1H

18D

juaag Buneniu) pejeymsogd

Zll-sd

Lil-sd

0Ll-sd

61-8d

81-sd

11-8d

91-sd

51-sd

¥L-Sd

£1-8d

¢1-Sd

L1-sd

e)els jue|d

ewdojaraq Lid-3id Y31l






uoisng Yawvyn
JUaLWBUIUOD
puogss pue Alepunoq ssaosold
wiajsAs Buydwind Buyybnos
SpA Al SN0} JO aInjie) SNOBUBHNUWS  SJAL
JUSLIBUYUOD PUOdas
uitpmw ainpiey Lepunoq ssaosold
SpA fosd 1] waysAs Buidwnd Buiybnos snio] oA L
wajsAs Buidwnd wolj syes
SpA 'AID abeyes) |[ews -)e)jsokio ay)
DAX 51 1] uljue|oos ojuabola Jo ssaibu]  zooA
SpA (A9 [5 sjou] E3S0fi0 2y Un juEj000
‘5AX S1E Il owabo/lu) jo ssaibu efileq]  |LDoOA
SpA ‘A9 abeyea) |ews - Jejsofln
'DAX 518 1] ay) ul (1y pue al) seb Jo ssaibu]  zHoA
SpA ‘AID 1E}S0KI0 By Ul
'OAX ‘518 Al {1y pue oY) seb Jo ssaibu abie]  LHaA
spA ‘A09 abeyes) |jews
'‘9AX 51E il - JE}soAi0 au ul e Jo ssaubu]  ZwoA
SpA ‘K10
'5AX ‘31 I e)soAio sy ul e jo sseubu abre]  LyoA
SpA ‘A9 abexea] ([ews
‘DAY 51€ 1] - Jejsofio ey ul aH Jo ssaibuj  ZHOA
spa ‘K09 BT
‘JAX 518 1] au) ul e jo ssalbu able7  HOA
spa (A0 AD 8pIs|no spsemo) uojjenauad e
‘DAY DI M ul seb ojuabo/uo jo abexes) abie7  Lronl
WNNoeA Je}jsohld Jo ssof
SPA A SPA "A1D
‘5AA 51 ‘BAX 516 1 abejjor-19/0 4d/SD  ZOdW|
. spA ‘KiD
'5AX 51e 11 JUSLNJ-I8A0 JI0D 44/SD  LOdN
spA K09
'5AX ‘31 ] abejloa-1ano 109 41 £dIN
s|lem AA J0 jejsokin
pue s}i02 usamiaq aie ue Bupnpul
SPA SPA "1e1s0/10 apisu) suy Buoos
‘K15 '5AR K35 '5A% 1 olwabofio jeubew u yealg oW
SjusAs JalbEl
[ ajou]
ainjdnu suy U0 M E/MAd
spa ‘Ao Al 0) anp ssaibu| juejood jejsolio-up  Lo47|
Jabueyoxa Jeay
gN Aewud e u saqn) jo aimdni
108 108 ‘oqu " 0} anp abeyes| Juejoos jasseax3  ¢ON|
e juaA3 Bugepu) pejejnysod
Zh1-8d L11-8d 0L1-sd 61-Sd 81-Sd 11-sd 91-Sd Sl-sd ¥1-8d €1-Sd Z1-Sd LL-8d  |eeis jueld

juswdoleAaq 11d-3id HILI






St

uoisng vavmn

: "S9)RUITISD 2Ik $8110391ED Kouanbaxj ay ], mou o TOAAPUE [DAASHId ¢
"Al 0} A woly paBueyo ussq sey 10,1 jo A1080ye) ot ‘a1ay] sadrd pren8 spnjout sou jou seop udisep oy sy yeIS0L10 ot w pawnsse alom sadid prend Apnis YL o Uy §
'SSdAA U3 UT 1918 B1]) 9A0QE SUIN]OA AT} WO JIE S[qISTOPUOo-UoU ajenoeaa o) dn pejs o) sdumd JO am[Iej sapnjoul aiay amie] pqa o], ¢
"TAAT “yea] a81e[ o1} 10] pajou juasa ) ABNIUT 0} JUSTIINSUT ST TA AT JO JES[ [[BLUS OI) UL} SUINSSE app T
B[00 13 UR[Q/ A ] SY3 JOU NQ JUB[O0D A A SSAJOATT asusnbas sy
$310N
JineA SAO L apisu) adid
I Il N BUI0D AA Jo einidru jlews  ZyAT
JIinea AR episul adid
A Al ynaiR Bulooo AA Jo exmjdni aBie  LyA]
JeBueyoxa yeay jinasa Bujjooo
4p ’ 11} AA 8y ui ainidni agn) sjbuls  ZOAT
Jabueuoxa Jeal JInaso Buiooo
ap Al AA ey uj anjdni agnj ejdpiniy - LOAT
SpA ‘A3 [00E SpA
40 spa K10 R13 ‘ose 1 l8Ys [ewape AA Jo amnjdni jlews  ZoA7
SpA AdD ole SPA
40 spA Mo 13 ‘ole Al I[BYs |ewa)xe AA Jo ainydni sbBie} 1oAY
doo|
OAA 1dA ] Buljooa Ap 0} Muis Jeay jo sso LAH
SJUBAD JURJOOD AN |8SSOA-X]
wool 1ojalul jajjad
SPA 108) m apisul aujokio Jaspajjad Jo ainjied  Gidl
SpA 108) 1l Jojosful j8)jad jo amnped  pidl
j JUS AU LGS
i puocoas pue auy ssaso.d
SpA Al Jojoaful jejied jo aunyey sjignoa  zZidi
Juawiauyuod Alepuoass
spa fos) 1l uiym yeaiq adid Jojoafujeliad  LidL
SPA 108) 1l JUE) laiing wnpu) B jo ainjied  g£49 1
JusLBURUOD
puacoas pue aul ssaooid
SPA Al Buyind seb jo ainjiej algnog 249l
juswiauljuod Alepuooss
Spa 'os) ] uiym yoealq adid Buynd sen 1491
i wa)sAs Bujjjeny u) syes
. el juaag Buneniu| psje|nsod
Z11-8d LLL-8d 0LL-8d 61-Sd 81-sd 11-8d 91-8d Gi-8d p1-8d €L-Sd Z1-Sd L1-Sd  |8ie)s Jue|d

juswdojpasq Lid-3i1d YA LI







8.1

ITER PIE-PIT Development

Selection of bounding events

Approach

Having constructed the ITER Tokamak PIE-PIT (Table 11), a clear view has been
achieved of the range of event sequences and potentially hazardous outcomes,
coupled with the range of faults and failures that could initiate them. It has been
shown that a set of twelve Plant States (section 5.2) characterises all significant
conditions in which a release to the environment may occur. Postulated initiating
events, grouped into twelve groups of fault types (section 7.4), cover all significant
failures that could initiate an event sequence. The PIE-PIT shows how these are
linked, and now aids the process of selecting those event sequences that best

" characterise the full set of identified events.

A limited set of “bounding events” is sought. This set can then form the basis of
future accident analyses, and provide confidence that the full range of hazardous
consequences of events in the plant have been encompassed. The set will be
bounding in the sense that, within the scope set out in section 7.1, no event sequence
could have a consequence more severe than those in the set. The set is limited in the
sense that the number of events in the set can be the minimum necessary to achieve
complete coverage of the hazards. Thus an event sequence need not be included if
another has been selected that has similar, but more severe, consequences.

A probabilistic approach to the selection of bounding events has been proposed using
the ranking scheme described in section 6. However, here an initial selection of a set
of bounding events is made from deterministic considerations. Further consideration
using the probabilistic approach may be done in the future.

In the following discussion, it is recognised that the PIE-PIT approach to classifying
plant damage states is based on just five inventories that present the potential
radiological source terms for accidental releases. These were listed in Table 3 (page
12), and are also the items in the top row of the PIE-PIT itself. In three of the Plant
States, PS-T3, 4 and 5, the potential release may include some fraction of two of these
inventories (the in-vessel inventory plus that carried by the water coolant), but in all
others only one inventory is involved. Thus a total of six types of inventory
combinations may be involved in an accidental release. So it is likely that fewer than
twelve Plant States can be chosen to characterise all of these.

After selecting bounding Plant States, for each of these an event sequence is selected
from the PIE-PIT that presents the greatest challenge to the barriers that prevent it.
Where an inventory is protected by more than one set of barriers, as is clear from the
PIE-PIT column headings, it may be necessary to select more than one sequence to
fully represent the different ways in which a Plant State could be reached.
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Bounding Plant States

As noted above, the twelve Plant States are all based on just six inventories or
combinations of inventories, as appear in the top row of the PIE-PIT column headings
(top of Table 11, page 40). The overlapping of the two inventory titles above Plant
States PS-T3 to PS-T5 indicates that parts of both these inventories may be released in
these states. For each of the six inventory combinations, the corresponding Plant
States are now considered to see whether a single one can be chosen as representative
in each case. This is done with reference to description of the Plant States and the
release paths involved, as described in section 5.2.

In-vessel tritium and activation products

The two Plant States corresponding to release of part of this inventory, PS-T1 and PS-
T2, relate to quite different release paths. In PS-T1, there is a leakage or bypass of the
vacuum vessel boundary and of the cryostat boundary, and failure of detritiation
systems operating on volumes outside the cryostat. In contrast, PS-T2 relates to
failure of the vacuum vessel cooling water system boundary within the vessel, leading
to the potential for some of the in-vessel inventory of tritium and activation products
to be carried by the vessel coolant to its air heat exchanger, where a further failure is
postulated. The outcome is similar in both cases (except that in PS-T2 the release is
augmented by some fraction of the vacuum vessel coolant’s own inventory, but this is
trivial). But the PIE-PIT shows that many more event sequences can lead to PS-T1,
some of which have the potential to release a larger fraction of the inventory than
those in PS-T2.

Accordingly, it is proposed that PS-T1 is selected as the bounding Plant State
representing release of this inventory.

In-vessel tritium and activation products plus tritium and activation products in
primary coolant

The three Plant States related to this inventory fall into two categories: PS-T3 and PS-
T4 describe a release through a path that begins in-vessel (challenging the vacuum
vessel as the first confinement barrier), while PS-T5 corresponds to a path through a
breach in ex-vessel parts of the coolant circuit. Both present significant challenges, so
it is necessary to select one of each as the bounding Plant States for this inventory.
PS-T5 is clearly one of them, for the other a choice must be made between PS-T3 and
4.

The choice between PS-T3 and PS-T4 for in-vessel events can be made after making
these observations from the PIE-PIT:

e All PIEs that can initiate sequence leading to PS-T3 can also initiate sequences to
PS-T4, while the converse is not true.

e Sequences leading to PS-T4 generally have fewer steps (involve fewer
aggravating failures) than do those for PS-T3.
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e Almost all sequences leading to PS-T3 involve failure of the Vacuum Vessel
Pressure’ Suppression System to operate (aggravating failure code “vbd™). But
since, in the more significant events, this is by passive rupture disks with very
high reliability, this failure is very unlikely.

These points lead to the selection of PS-T4 as the bounding Plant State for these in-
vessel events.

Thus two bounding Plant States, PS-T4 and PS-T35, are selected as characteristic of
releases of this inventory combination.

Tritium and activation products in primary cooling water

Two Plant States correspond to a release of part of this inventory alone, both referring
to a leak of primary coolant that eventually reaches the environment, in PS-T6 by a
path that starts within the vault or guard plpes out51dc of the cryostat, in PS-T7
starting within the cryostat itself.

The outcome of PS-T6, coolant leakage into the TCWS vault, is similar to PS-T5,
already selected above as one of the bounding Plant States, except that in PS-T6 the
in-vessel inventory is not involved. Thus PS-T6 consequences are enveloped by those
of PS-T5. On the other hand, PS-T7 is interesting to include in the bounding set, as
the PIE-PIT shows that it is the only state in which magnet system faults may have a
significant impact, if it is assumed that a magnet arc could lead to damage of a
cooling pipe (this is not certain, and is still being assessed).

So it is proposed that PS-T7 is selected as the bounding Plant State to represent
release of this inventory.

Tritium in the vacuum pumping system

Tritium in the fuelling system

These are two separate inventories, each with a corresponding Plant State, PS-T8 for a
release from the pumping system, PS-T9 for a release from a fuelling system. But
they are very similar in nature, both involving a release of elemental tritium from a
system with its own secondary boundary within a room having a VDS system. Thus
it is proposed to select just one of these two Plant States as characteristic of both.

The fuelling system probably contains a greater tritium inventory than the relevant
parts of the pumping system (this is the roughing pump system outside of the vacuum
vessel, not the in-vessel cryopumps). Furthermore there may be more potential
initiating events that could lead to a fuelling system boundary challenge, since there
are both pellet injector and gas puffing systems.

So it is proposed that PS-T9 is selected as the bounding Plant State for tritium release
form the fuelling and pumping systems.
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Tritium and activation products in the vacuum vessel coolant

Compared with other primary coolant loop inventories, this is small. But there are
three Plant States associated with it, PS-T10, PS-T11 and PS-T12, because of the
different sets of barriers that confine different sections of the loop.

The most vulnerable part of the loop is the section outside the building, in particular
the air heat exchanger. Here there is only one confinement barrier, justifiable because
of the very small inventory involved. The failure of this barrier (as an initiating
event) would lead to the direct release of a fraction of the inventory, and this is the
only place that the PIE-PIT contains the corresponding “dir” code.

Thus it is evident that Plant State PS-T10 should be selected to represent the release
of this inventory.

Summary of selected bounding Plant States

The outcome of the above considerations is the selection of a set of six Plant States
that characterise all twelve as a bounding set. There are listed in Table 12.

Table 12 Bounding Plant States selected for ITER tokamak

Plant state | Description

PS-TI In-vessel tritium and activation products release through vacuum vessel
and cryostat leakage or bypass.
Tritium and activation products, in-vessel plus coolant, released

PS-T4 ;
through leakage from Vacuum Vessel Pressure Suppression System.

PS-T5 Tritium and activation products, in-vessel plus primary coolant,
released through in-vessel and ex-vessel cooling circuit breaches.

PS-T7 Tritium and activation products in primary coolant released into the
cryostat and through leakage from the cryostat.

PS-TO Tritium release from fuelling system through leakage through its
confinement barriers.

PS-T10 Tritium and activation products in vacuum vessel coolant release
through air heat exchanger failure.

Selection of bounding event sequences

Approach

Six Plant States have been defined as a bounding set. By now choosing one or more
event sequence from the PIE-PIT column for each of these, a set of bounding event
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sequences will result. A probabilistic approach could be applied here, but as the
intention is to identify event sequences that are the most challenging, the expected .
frequency of the initiator is not considered. A deterministic judgement can be made,
in most cases without difficulty, by examining the PIE-PIT column. This is done
below for each of the six bounding Plant States in turn.

PS-T1 : Vacuum vessel and cryostat bypass _

All the events in this column of the PIE-PIT are loss-of-vacuum events, including not
only leakage of gas into the vessel (and its extensions) but also other fluids, namely
cooling water or cryogenic coolant. Coolant ingress into the vessel is adequately
covered in PS-T4 (which is potentially more severe because the coolant’s own
inventory is also involved), so the bounding event sequence for PS-T1 should be a gas
ingress.

The most straightforward is from the PIE VVA2, in which air leakage into the vessel
occurs through a failure of a penetration line that bypasses both vacuum vessel and
cryostat boundaries. This sequence is therefore proposed as the single bounding event
for PS-T1. It is equivalent to the Reference Event analysed in GSSR Volume VII [4],
section 3.3.2.

PS-T4 : In-vessel and coolant inventory leakage from VVPSS

This Plant State describes the situation reached following an in-vessel coolant ingress
and the operation of passive rupture disks to the Vacuum Vessel Pressure Suppression
System (VVPSS), and then leakage from that system. There are many initiators that
could lead to an in-vessel leakage of primary coolant: the PIE-PIT shows 34 of them.
Clearly it can result from a loss of primary coolant, a loss of heat sink or loss of
power, as well as due to damage caused by a plasma disruption resulting from some
other fault. But the most direct way is by postulating a direct failure of the in-vessel
coolant circuit as the initiating event.

Of these in-vessel coolant leaks, the most severe is described by PIE LFV99, which
postulates the rupture of many first wall coolant pipes, involving leakage from all
loops. This might be postulated as the result of an abnormal plasma termination that
deposits excessive energy on a toroidal ring around the entire plasma-facing surface.
This sequence is therefore proposed as the single bounding event for PS-T4. It
corresponds to the scenario assumed for the Reference Event analysed in GSSR
Volume VII, section 3.3.1 (but with the additional aggravating failure of the VDS
postulated).

PS-T5 : Ex-vessel and in-vessel cooling system leakage

The events in the PIE-PIT column for this Plant State all begin with an initiator
causing an ex-vessel breach of a primary cooling circuit, within the TCWS vault or
inside a guard pipe. As before, such a leak can be initiated by various faults such as
loss of flow, loss of heat sink, etc., but the most direct cause is a rupture of the coolant
pipe itself. As a challenge to the pressure-retaining capability of the TCWS vault, the
divertor coolant circuit is more severe than a first wall/blanket circuit, as it operates at
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higher pressure, has larger water hold-up, and divertor components in-vessel are
probably more vulnerable to failure in the event of loss of cooling.

Thus a large rupture in the divertor coolant circuit, within the vault, PIE LDOI, is
chosen as the bounding event for PS-T5. This corresponds to the scenario assumed
for the Reference Event analysed in GSSR Volume VII, section 3.4.4 (but with
additional aggravating failure of the VDS postulated).

PS-T7 : Release of coolant tritium and activation into cryostat

Although the leakage of the active inventory of a primary coolant loop is less severe
that PS-T5 (above), which includes part of the in-vessel inventory too, the Plant State
PS-T7 has been included in the bounding set because of the different nature of events
in the PIE-PIT column initiated by magnet faults. A spontaneous rupture of the in-
cryostat cooling pipes (PIE LFC1) is also significant, but the other initiators of PS-T7
are less interesting because they are enveloped by the consequences of PS-T5.

A magnet fault leading to an arc could result in this Plant State if the arc caused
damage to a secondary coolant pipe within the cryostat. It is not currently clear if
such damage is actually possible as the result of an arc, and this is the subject of
ongoing assessments. In principle an arc could also cause damage to the cryostat or a
penetration line, thus completing the release path for this Plant State (if VDS failure is
also postulated). In the present context there is no distinction between different
magnet PIEs that could initiate an arc (MP3, MPO1, MPO2), or indeed other causes
of an in-vessel coolant pipe burst (LFC1). So we can describe this event as “primary
water coolant pipe break within cryostat”, without specifying the initial fault, pending
the completion of assessments of magnet events.

The event is similar to that analysed in GSSR Volume VII section 3.8.2, although that
also postulates a simultaneous cryogenic helium leak, but does not add the
aggravating failure of VDS failure.

PS-T9 : Release of tritium from a fuelling system

This column in the PIE-PIT table contains a number of events that are initiated by a
failure of some tritium-confining component of a fuelling system, and aggravated by
the failure of its secondary confinement. However, two PIES,‘ TGP2 and TPIZ2,
describe an initiator that causes simultaneous failure of both confinement barriers.
TGP2 is concerned with the gas puffing system, and TPI2 with the pellet injector, in
both cases the process line is postulated to be breached.

There is no distinction between these events as far as the sequence to Plant State PS-
T9 is concerned, so the bounding event for this state can be described generically as
double failure of fuelling system process line and secondary confinement. It
corresponds to the scenario assumed for the Reference Event analysed in GSSR
‘Volume VII, section 3.6.3 (but with additional aggravating failure of the VDS
postulated).
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PS-T10 : Release from vacuum vessel coolant heat exchanger

As noted in section 8.2.5, only one event leads directly to release of the vacuum
vessel coolant inventory to the environment, namely failure of the air heat exchanger
or the section of the coolant loop leading to it outside the building. Two PIEs
correspond to this, LVO1 and LVO2, respectively described as multiple-tube and
single-tube ruptures in this heat exchanger. LVOIl being the more severe, it is
selected here as the bounding event for PS-T10. In fact any breach of this cooling
loop external to the building is equivalent, so this event is the same as the Reference
Event analysed in GSSR Volume VII, section 3.4.3, which postulates a large breach

~ in a vacuum vessel coolant pipe outside the building.

Summary of bounding event sequences

The previous sections have selected six bounding event sequences, one for each of the
bounding Plant States, as characteristic. These are summarised in Table 13.

Table 13 Selected bounding events for the ITER tokamak

Plant | b 1r ) Description Cor:::p;;iing
State SCrIp referent
event

Air leakage into vacuum vessel by
1| PS-T1 VVA2 | failure of vacuum vessel and cryostat 3.3.2
penetration line.

In-vessel coolant ingress from multiple
2| PS-T4 | LFV99 | first-wall pipe rupture, and leakage from 3.3.1
VVPSS.

Divertor coolant pipe failure within
PS-T5 LDO1 | TCWS vault and subsequent in-vessel 3.4.4
cooling circuit breach.

(V5]

Primary water coolant pipe break within

4 | PS-T7 LFC1 3.8.2
cryostat.
TGP2, | Failure of fuelling system process line
3| BBI3 TPI2 | and of its secondary confinement, s
Failure of vacuum vessel cooling circuit 343

outside building.

6 | PS-T10 | LVO1

Note 1. Identified by the section no. of GSSR Volume VII [4].
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Conclusions

The Postulated Initiating Event — Potential Impacts Table (PIE-PIT) has been
developed as a method for displaying the complete range of postulated event
sequences resulting from systematic accident identification studies. By linking
postulated initiating events from component-level FMEA with plant damage states
derived from inventory and confinement-barrier considerations, it has elements of
both a bottom-up and top-down approach. By the use of aggravating failure codes it
also outlines complete event sequences linking initiators to ultimate plant states.

Although originally devised as a presentational tool, the development of the PIE-PIT
for the ITER tokamak has produced valuable outcomes directly. These include a list
of twelve Plant States (section 5.2, page 20) that characterise all significant conditions
in which a release of radioactive material to the environment could occur. In most
cases three physical and/or functional confinement barriers have to fail, making the
reaching of the final Plant States extremely unlikely. But the intermediate states have
also been characterised, by identifying a further nineteen Plant States (section 5.3,
page 24) in which one or more confinement barriers remains intact. Thus a total of 32
Plant States, including normal operation, characterise all significant normal and
abnormal conditions in the ITER tokamak.

The PIE-PIT for the ITER tokamak (Table 11, page 40) has 76 rows representing
PIEs identified in the studies for GSSR Volume X [1] (excluding those relating to
maintenance activities). 163 table cells contain codes describing event sequences
leading to one of the twelve Plant States.

A probabilistic scheme has been proposed for ranking event sequences on the basis of
their frequency and/or severity. However, an initial selection of bounding event
sequences has been made from purely deterministic considerations, by observation
and judgement, aided by the clear view of the spectrum of events that the PIE-PIT
affords.

A limited set of six Plant States (Table 12, page 49) has been chosen which
characterise all of the twelve identified. These six envelope every combination of
radioactive inventory that could be involved in a release, and each of the main
potential pathways for release. From the sequences that could lead to the six states,
one has been selected in each case as the most challenging. Thus there are just six
bounding event sequences that characterise all identified accident sequences in the
ITER Tokamak. These are listed in Table 13.

Although selected through the PIE-PIT approach, and thus on an independent basis
from that used for the choice of the 25 Reference Events previously analysed and
reported in GSSR Volume VII [4], there is a direct correspondence between each of
the six bounding events selected here and one of the 25 Reference Events. In the case
of the events selected from the PIE-PIT, the failure of all relevant confinement
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barriers has been postulated, in order to reach the final Plant State with an
environmental release. In the analyses reported in GSSR, at least one functional
barrier (e.g. an operating vent detritiation system) was assumed to be intact in most
cases, but otherwise the scenarios are identical.

Of the 25 Reference Events analysed in GSSR Volume VII, five relate to maintenance
operations, the tritium plant or the hot cell, and are thus not in the scope for the
present PIE-PIT development. Of the 20 remaining events, only six result in any non-
trivial release (although well below project release guidelines in every case). Of these
six, five appear in the list of bounding events selected here. This gives confidence in
the justification of the selection processes used. The other Reference Event that leads
to a small release is heat-exchanger tube rupture — in the PIE-PIT the relevant Plant
State (PS-T6) is one bounded by other States (PS-T5 and PS-T7) that have been
included in the bounding event list.

Apart from the selection of bounding event sequences in this way, the PIE-PIT may
be used for other purposes. It could be used to identify the most challenging
intermediate Plant States that do not lead to a release, but which present a challenge to
a confinement barrier or supporting safety function. It may also be suitable for aiding
the identification of systems that are important to safety, leading to their Safety
Importance Classification. And it has proved to be of particular value as a basis for
discussion of event sequences, the presentational role for which it was originally

envisaged.

There are a number of areas for future work with the PIE-PIT. The probabilistic
ranking scheme proposed in section 6 could be applied to the present PIE-PIT, to
provide an alternative view of the sequences with the highest assessed risk. Further
PIE-PITs can be developed to cover areas that were not in scope in the present work,
in particular, PIE-PITs are required for the hot cell, for the tritium plant, and for
maintenance activities in the tokamak. Finally the present PIE-PIT for the ITER
tokamak should be updated and amended in the light of any future safety assessments
and analyses, or in response to any significant changes in the ITER design.
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