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FOREWORD

Development of nuclear fusion as a practical energy source could provide
great benefits. This fact has been widely recognized and fusion research has
enjoyed a level of international co-operation unusual in other scientific areas.
From its inception, the International Atomic Energy Agency has actively
promoted the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls for expansion of
international co-operation in fusion energy development expressed at summit
meetings of governmental leaders. At the invitation of the Director General
there was a series of meetings in Vienna during 1987, at which representatives
of the world's four major fusion programmes developed a detailed proposal for
a joint venture called International Thermonuclear Experimental Reactor
(TTER) Conceptual Design Activities (CDA). The Director General then
invited each interested party to co-operate in the CDA in accordance with the
Terms of Reference that had been worked out. All four Parties accepted this
invitation.

The ITER CDA, under the auspices of the IAEA, began in April 1988 and
were successfully completed in December 1990. This work included two
phases, the definition phase and the design phase. In 1988 the first phase
produced a concept with a consistent set of technical characteristics and
preliminary plans for co-ordinated R&D in support of ITER. The design
phase produced a conceptual design, a description of site requirements, and
preliminary construction schedule and cost estimate, as well as an ITER R&D
plan.

The information produced within the CDA has been made available for the
ITER Parties to use either in their own programme or as part of an
international collaboration.

As part of its support of ITER, the IAEA is pleased to publish the
documents that summarize the results of the Conceptual Design Activities.



PREFACE

This document summarizes the design requirements and the Conceptual
Design Descriptions (CDD's) for each of the principal subsystems and design
options of the ITER Fuel Cycle conceptual design.

The information presented here was developed by the ITER Parties
during the Conceptual Design Activites from 1988 through 1990. The design
requirements were reviewed in detail at Fuel Cycle Experts' meetings held
during each Joint Work Session. The CDD's were developed by the Parties'
home organizations. Design integration issues were addressed intensively
during the last ITER CDA Joint Work Session, July-November 1990.

The complete text of design requirements for the ITER Fuel Cycle are
included in internal document ITER-FC-4-0-1, ITER Design Information
Document, which is on file at the ITER Joint Work Site, Garching. Also on
file there are the complete CDD's that are summarized in this IAEA/ITER
report.
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I. INTRODUCTION

1.1. SYSTEM FUNCTION

The ITER Fuel Cycle system provides for the handling of all tritiated
water and gas mixtures on ITER. The system is subdivided into subsystems for:

-Fuelling
-Primary (torus) Vacuum Pumping
-Fuel Processing
-Blanket Tritium Recovery
-Common Processes: these include Isotopic Separation (ISS), Fuel

Management and Storage, and processes for detritiation of solid, liquid,
and gaseous wastes.

1.2. CONCEPTUAL DESIGN PROCEDURE

The design procedure adopted in the ITER Fuel Cycle Conceptual
Design consisted of the following steps:

-Definition of preliminary design requirements. Documentation of
requirements in the ITER Design Information Document.

-Review of requirements and design options available with home
organizations. Identification of acceptable options and selection of an
option to be used in the ITER design-integration effort.

-Preparation of Conceptual Design Descriptions (CDD's) according to a
standard format (Table 1-1.) for the design integration option and main
alternatives.

-Review and iteration of requirements (DID's) and CDD's
-Process Design Integration and Layout studies to combine the design-

integration options.
-Preparation of input material for ITER safety assessments and Long-

range R&D Program.

CDD's were prepared by Home Organizations, while the documentation
of requirements, design integration, and long-range R&D planning were
performed at the ITER Site for Joint Work with the assistance of the NET team.

In this report, the requirements, options, and design concepts are
summarised sequentially for each subsystem. Subsequently, the results of process
and component integration efforts are provided and inputs to the Safety
Assessments are tabulated. The short and long-range Fuel Cycle R&D program
are summarized.
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TABLE 1-1. PROPOSED CONCEPTUAL DESIGN DESCRIPTION (CDD) CONTENT

DOCUMENT HEADING

1. General System Description

NOTES

1 Page Executive Summary
of the CDD

Purpose/functions
Process description
Operating mode (normal/off-normal/accident)
Block diagrams, conceptual design sketches
References to/comments regarding requirements

2. Process implementation
CDD-Rl

Material flows, temperature, pressure
inventories, and mass balances
Description of main components

Limitations and constraints
Control philosophy
Key design assumptions
General arrangement drawing including
approximate dimensions of major comp- .V
Interfaces to other systems
General maintenance/inspec. consider^ ns

Confinement/containment reqts, e.g. gloveboxes
Reliability/availability of "critical elements

Cost estimates

10-12 Pages including figures/tables

Simplified flow sheet (s) of the
process (A3 or A4 sheet)
(1/2 page + table) / component
Include materials of construction
Range of process conditions tolerated
Described control strategy
Assumptions made in using PDR's
Design sketches or plan and

elevation drawing for layout
Includes utility requirements
Hands-on and remote maint.
Explain removal/replacement of parts
Size, tightness, ports (sketch)
1 Estimated fail rates and
repair times of major components.
Total + breakdown of major components
uninstalled, skid-mounted (where apl.)



II. DESIGN SUMMARY

11.1. SCOPE AND MAIN PARAMETERS

Inter-connected elements are required to carry-out fuelling of the torus,
torus vacuum pumping, processing of (exhaust) fuel, recovery of tritium from the
breeder blanket and test sectors, and several "common" processes such as
hydrogen isotope separation, storage and management of fuel gases, and
treatment of solid, liquid and gaseous tritiated wastes.

J3.2, FUEL CYCLE DESIGN OPTIONS

The main elements of the ITER Fuel Cycle (FC) are shown in Fig. II-l.
Key Design Parameters are listed in Table II-l. ITER FC design integration has
been undertaken using well-advanced technologies to determine if:

(a) Acceptable process options exist for all essential FC functions.
(b) Subsystem design requirements are complete, since FC systems involve

many "recycle" loops.
(c) Impacts of the FC on plant arrangement, safety, and cost are acceptable.
(d) Specifications for ITER FC R&D have been correctly formulated, and

R&D priorities are consistent with design needs.

The options used are all based on processes subject to detailed
investigation in ITER home organizations. Additional processes, many with
potentially higher performance, have been considered as "alternatives" and are
under development in base programs.

The processes identified for the integration exercise, together with their
main alternatives (Table II-2.) are discussed below. These processes are the focus
of design activities in the home-teams. Options used in the initial design
integration effort are marked with a (#).

II.2.1. Fuelling

A combination of gas puffing in the divertor region and on equatorial
plane, and peltet injection past the scrape-off layer provides fuelling and density
profile control. Necessary fast-valve concepts for gas-puffing are being
demonstrated on current-generation machines, although further attention must
be paid to flow rate, tritium compatibility and shielding requirements. For
fuelling during ramp-up, pellet injectors capable of producing a limited number
(< 100/ pulse) of pellets at velocities in excess of 3 km/s will be provided to

17



TABLE II-1. ITER FUEL CYCLE - KEY DESIGN PARAMETERS

FUELLING AND EXHAUST
Fuelling and exhaust rate (moles/h) 35-75
Effective pumping speed at torus during ourn (m /s) 700
Oown-pipe conductance assumed (m /s) 1000-1500
Operating pump speed (m /s) 1000-1500
Ultimate pressure in torus (mbar) 4 x 10"
Installed TMP capacity (m /s) for torus conditioning 120

FUEL (EXHAUST) PROCESSING
Total flow (mbar.l / s) 220-470
Inpurityin burn-time exhaust (mbar.l/s) H? <5

He <18
Low-Z <10
High-Z <1

Glow discharge in He, flow rate (mbar.l/s) He 300
impurity cone, (mbar.l/s) Low-Z 0.3

BLANKET TRITIUM PROCESSING
Tritium production rate (g/full-power-day) 152
Ceramic breeder hydrogen swamping ratio (H/T) 100
Maximum H + T recovered as oxide (%-water) 10
Nominal production of tritiated water (moles/d) <25

COMMON PROCESSES
Max. flows to Isotopic Separation (mol/h)

protium
deuterium
tritium

Max. tritium cone, in fuel (%)
Max. T in fyHD exhaust (%)
Effluent water detritiation rate (kg/h)
Nominal tritium concentration of water to be

detritiated (Ci/kg)
Discharge concentration (Ci/kg)
Plant volumes requiring air-detritiation (m )

Air
He

Graphite dust processing rate (kg/d)
Max. local tritium inventory design target (g)

<2 x
<450
<50
<80
1 X
<150

< 0.
<1 X

<2 x
<5 x
1-10
200

103

lO"7

!

lO"1

105

104

18



TABLE II-2. RESPONSIBILITIES FOR PREPARING CONCEPTUAL
DESIGN DESCRIPTION

System/Subsystem

1.0 FURLING
Pellet injectors
Gas Puffing Fast Valve
2.0 PRIMARY VACUUH PUMPING
Torus Cond. High Vac.
Burn & Dwell High Vac.

Roughing/Backing System

3.0 FUEL CLEANUP
Impurity kemova1

and Processing

NBI/PI Purification
4.0 BLANKET T RECOVERY
Ceramic SBB
Tritium Recovery

ALSB T2 Recovery
LiPb T2 Recovery

Team

USA
Japan

EC
EC
Japan
USSR/EC

EC

EC/US

EC/US

US

EC

Japan/EC
EC/US
USSR

5.0 Auxilliaries/CojB»n Processes
Waste Water Processing

Solid Waste Handling

Atmosphere Oetritiation

ISS
Fuel Storage

EC
USSR
Japan/EC
USSR
EC
Japan
EC/US
US/Japan
EC

>
#

#
#

#

#

#

#

#

#

#

#
#

Light gas gun
Manifold + Valve

Mag. Bearing TMP
Ar.Spray CCP
Metal Vane TMP
Cryosorp. CCP

Nornetex
CTP

Cryosorb. +
E cell
Permeator +
Catalyst

Gouge
Yoshida

Murdoch/Conrad
Murdoch(Boissin)
Yoshida
Serebrennikov
/Perinic
Murdoch (Conrad)
Murdoch(Boissin)

Anderson/Sood/
Kveton
Penzhorn/Willms

Route to Cryosorber (above)

Cryosorp +
Getter, E-cell
Cat. Rec. +
Cat. Exch.
Perm'tor+E-cell

m + VPCE
Vacuum Degas.

Distillation/
CECE
TBD

Catalyst +
Dryer
Cryodistill.
ZrCo
LaNiMn

Sze

Dinner (Iseli)

Iseli/Kveton
Kvetcn/'ti i t tsnberq
Vasilyev/Kapishev

Sood
Vasilyev
Yoshida/Leger
Vasilyev
Leger (Dombra)
Yoshida
Kveton/Anderson
Anderson/Yoshida
Leger

* the first person has organisational responsibility for the task.
# this option used as "reference" for design integration.
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Fig. II-2. Location of vacuum pumping system

produce peaked profiles. Pellet injectors able to provide continuous fuelling
beyond the scrape-off layer (1-2 km / s) will also be provided. Continuous,
tritium compatible injector elements are under development in the US, Japan,
and the Soviet Union as part of the ITER R&D program. Very-high speed
injectors are being developed in the US and EC, also in the context of ITER
R&D. For CDA-Phase design integration, it has been assumed that the fuelling
beyond the scrape-off layer is provided by single-stage light gas guns, and the
ramp-up injectors would consist of a combination of single-stage and two-stage
light- gas guns.
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II.2.2. Plasma chamber vacuum pumping

Plasma chamber vacuum pumping options for He exhaust include both
mechanical pumps and cryopumps. In the high vacuum section, magnetic bearing
(oil-free) turbomolecular pumps (TMP) or cyropumps (CCP) are foreseen. High
vacuum pumps are arranged in 8 pumping stations around the torus (24 CCP's or
64 TMP in total). The Ar-spray CCP was used for design integration. All ITER
partners have on-going work-programmes involving the CCP option and EC,
Japan and USSR are also developing large TMPs. Both Cryo-sorption and
Ar-spray Cryo-trapping CCP's are being developed. At present 20 and 25 m /s
oil-lubricated TMPs are being tested in the USSR and Japan respectively. A
magnetic-bearing version of the Japanese design is planned. Development of
CCP's is being carried out with 5-15 m / s test units. Scale-up to JTER required
pumping speed of ~ 100 m /s is envisaged for CCP's.

Roughing and backing can be provided both for CCP and TMP options
by mechanical and cryo forepurnps. Two mechanical oil free forepumps (600,
1300 m / h) are available in the EC. A mechanical forepump (300 m /h at 13
mbar) is under development in Japan as part of an integral TMP backing train.
Cryotransfer pumps, also effective for trapping gas (Ar) separation, are part of
the EC development programme.



Mechanical pumps are foreseen for initial pump-down and torus
conditioning. For the CCP option an additional pump system with 8 TMP's (15-
25 m /s) is required.

11.2.3. Fuel cleanup

Fuel Cleanup removes impurities from highly tritiated gas streams and
recovers the tritium from the impurities. It requires interconnections of
components to provide processing pathways to permit an optimum response to
multiple sources and variations in operating conditions. Impurities can be
separated from the hydrogen streams using permeation, molecular-sieve cryo-
sorption, or gettering techniques. Tritium may be recovered from the impurity
stream by:

(a) oxidation and cold-trapping of the impurities in the stream, followed by
reduction employing catalyst-beds, electrolysis, or oxidation of metal
(e.g. iron);

(b) a catalytic approach, which avoids inventories of tritiated water and uses
a permeation membrane with a catalyst to "crack" hydrocarbons and
chemically reduce water vapour via the water-gas-shift reaction or

(c) high-temperature isotopic exchange which uses exchange reactions
between tritium in impurities and a swamping stream of protium over a
hot platinum wire.

Neutral Beam and Pellet Injector gas impurities will be extracted via the
molecular-sieve path, as this path is most suitable to high gas flows with lower
tritium concentrations.

Small electrolysis cells for conversion of water with very high tritium
concentrations have been developed and are undergoing testing as part of
Japan/US collaboration and the EC. The approach in (b) is under development
in the EC and US.

II.2.4. Blanket tritium recovery

Blanket tritium recovery options depend on the reference blanket
option. Li-Ceramic, LiPb and Aqueous Lithium Salt have all been considered as
candidates for the ITER "driver" blanket. The preferred recovery option for the
ceramic breeder blanket depends strongly on the purge gas flow required, the
H/T swamping ratio, and the expected fraction of tritium and swamping
hydrogen occurring in the purge stream as water vapour. Due to the uncertainty
in requirements, three recovery options are being considered.
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Fig. II-4. Tritium building vertical cut view

The "first" option involves cryosorption on molecular sieve of the tritium
produced in the blanket, along with the swamping hydrogen and any impurities
present. The impurities are subsequently separated and tritium recovered using
processes similar to those found in the plasma exhaust fuel processing. This
option avoids generation of a large HTO inventory by recovering hydrogen
isotopes in elemental form. The process uses generally proven concepts, although
not yet demonstrated on large-scale. Plans to test this process at relevant scale
have been developed.
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A process based on vacuum-swing adsorption followed by high-speed
pressure-swing adsorption and permeation may provide a lower-inventory
alternative for extracting hydrogen isotopes from the He gas stream, but some
elements are still at the early experimental stage.

If a large fraction of the hydrogen and tritium is recovered in oxide form,
it is proposed to oxidize the entire hydrogen flow and process it using Liquid
Phase and Vapour Phase Catalytic Exchange. Elements of these processes have
been demonstrated in conjunction with Heavy Water Reactor facilities in France
and Canada. One or both of these processes will likely be required in any event
to process tritiated water wastes.

For Aqueous Salt Blanket tritium recovery, pre-concentration using
water distillation is envisaged, followed by Vapour Phase Catalytic Exchange.
These processes are proven on industrial scale.

For the solid LiPb eutectic blanket, melting of the eutectic during shut-
down and subsequent vacuum extraction with purification using a hot metal trap
followed by recovery on metal getter beds is envisaged.

Test sector tritium recovery will be carried out as part of test sector
design, as tritium recovery is in some cases a part of the blanket test. One of the
above driver-blanket processes could be used as a "default" scheme for recovery
for any test sector, if required.

II.2.5. Auxiliaries and common processes

Tritiated water processing required to detritiate water collected in the
facility to concentrations suitable for re-use or environmental discharge can be
accomplished by isotopic enrichment and isotopic exchange by either distillation
of water (DW), combined electrolysis catalytic-exchange (CECE), or a
combination of Water Distillation and Liquid Phase Catalytic Exchange (LPCE).
Both CECE and DW processes enrich the tritium (and deuterium)
concentrations of the water prior to feeding it to isotopic separation (see item
below). For water to be re-used in the plant, detritiation to a much less stringent
level is required, and DW will be the process of choice. Tritiated water must be
filtered and purified by ion-exchange, and possibly evaporation/condensation
before enrichment. All of the preceding processes have been demonstrated at
industrial scale.

Tritiated atmosphere processing uses proven catalytic oxidation and
drier technology. For high flow rates of inert atmospheres, direct adsorption of
hydrogens and impurities using modified zeolites is expected to provide an
alternative solution. In the event high pressure water is required in cooling
circuits, means to cope with containment pressure relief and tritium confinement
would be required. A passive "filter vent" system has been proposed for this duty.
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TABLE II-3. HIGH AND LOW ESTIMATES OF OPERATIONAL 1TER
TRITIUM INVENTORIES (PHYSICS PHASE)

Tritium containing system

Fuelling
Pellet injector
Gas puffing
NBI system

Plasma vacuum pumping
Primary vacuum systems (if cryopuraps)

(if turbopumps)
Backing system for primary pumps

Cryotransfer cascade / NORMETEX)
Cold dust
Fuel Cleanup (impurity removal + impurity processing)

(molecular sieve, recombiner, electrolyser)
(permeator, catalytic reactor, permeator)

Isotope separation system (J/EC)
Water detritiation system
Tritiated atmosphere processing

Inert gas detritiation system (driers)
Recirculating air detritation system (driers)
Exhaust gas detritiation system

Solid waste tritium recovery (hot cells)
Graphite processing (10 kg graphite dust)
Fuel management and storage

In-process surge storage (gas)
Fuel makeup storage (gas, metal)

First wall and divertor protection ( graphite tilas)
Coolant water: first wall and divertor

Non-blanket subtotal

inventory
physics

phase (g)

160 /
100 /
10 /

150 /
1

490 /
1000 /

210 /
/

430 /
40 /

10 /
10 /
10 /

180 /
1000 /

620 /
600 /
970 /
70 /

6060 /

160
2b
10

2

30
100

50
340
10

1
1
1

100
100

620
300
250
10

2110

Solid waste tritium recovery will involve heating and vacuum degassing
of components such as metal components exposed directly to the plasma.
Processes for efficient tritium recovery from graphite and steel require laboratory
demonstration and scale-up.

Isotopic separation is based on cryogenic distillation of hydrogen
isotopes, which has already been demonstrated at a scale larger than needed for
ITER. All hydrogen feeds may be processed in a single train, or multiple trains
for different feed compositions, depending on the outcome of experiments and
process modelling to determine robustness and tritium inventories.

Fuel storage will use metal hydride beds with a maximum capacity of 200
g. of tritium per bed for long-term storage of tritium. LaNiMn, ZrCo and
uranium can be used as getter materials depending on functional requirements.
For large quantities of fuel gases containing relatively low tritium concentrations
(< 1%), either metal tanks or large hydride beds will be used for temporary
storage.
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TABLE II-4. HIGH AND LOW ESTIMATES OF OPERATIONAL ITER
TRITIUM INVENTORIES (TECHNOLOGY PHASE)

Tritium containing system

Fuelling
Pellet injector
Gas puffing
NBI system

Plasma vacuum pumping
Primary vacuum system (if cryopumps)

(if turbopumps)
Backing system for primary pumps

(cryotransfer cascade / NORMETEX)
Cold metal and graphite dust
Fuel cleanup (Impurity removal + Impurity processing)

(molecular sieves, recombiner, electrolyser)
(permeator, catalytic reactor, permeator)

Isotope separation system (J/EC)
Water detritiation system
Tritiated atmosphere processing

Inert gas detritiation system (driers)
Recirculating air detritiation system (driers)
Exhaust gas detritiation system

Solid waste tritium recovery (hot cells)
Graphite and metal dust processing
Fuel management and storage

In-process surge tanks (gas)
Fuel makeup storage (gas, metal)

FW + Divcrtor : no protection (AISI 316)
: beryllium tiles/coating

Coolant water: first wall and divertor

Kon blanket subtotal

Inventory
technology
phase

160 /
100 /
10 /

150 /
/

490 /
100 /

210 /
/

430 /
40 I

10 /
10 /
10 /

180 /
1000 /

620 /
600 /
100 /

/
70 /

<g)

160
25
10

< 2

30
10

50
340
10

1
1
1

100
100

620
300

20
70

4290 /1850

With the exception of components connected directly to the torus
(Fuelling and Primary Exhaust), FC components are located away from the
machine, in an area dedicated to components containing tritium. This area has
separate access and ventilation system.

II.3. CONCLUSIONS

Feasible design concepts exist for all ITER Fuel Cycle elements. Studies
with prototype component trains are required to verify desired performance and
provide basis for regulatory approach.

With the process options described, a Fuel Cycle inventory in the range
3 to 5 kg of tritium (Tables II-3. to U-6.) is required (This excludes inventories in
plasma facing components and blanket). "Order of magnitude" scale-up of
current components and complexity of the overall system make tritium inventory
reduction and demonstration of safe, reliable operation of prototypical
components under ITER-relevant conditions the goal for R&D programs in the
ITER Engineering Design Phase.
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TABLE II-5. HIGH AND LOW ESTIMATES OF ITER BLANKET SYSTEM
TRITIUM INVENTORIES (PHYSICS PHASE)

Tritium containing system

Ceramic breeder blanket, first option
Solid breeder in blanket
Blanket tritium recovery system BTRS (T2 recovery)
Water coolant (500 m3, 0.01 Ci/1)
Beryllium multiplier

Solid breeder subtotal

Aqueous salt blanket, alternative option
Breeder salt solution
Salt processing system
Water coolant (1 Ci/1)
Beryllium multiplier

Aqueous salt subtotal

Solid Li.yPbg, blanket, alternative option
Breeder inventory
Li,7Pb83 processing system
Water coolant

Li17Pb83 subtotal

Inventory
physics

phase <g)

150 / 10
50 / 20

0.5 / 0.5
20 / 10

220.5 /40.5

200 / 30
400 / 120
50 ' 30
20 / 10

670 / 190

500 / 500
45 / 30

400 / 20

945 / 550

TABLE II-6. HIGH AND LOW ESTIMATES OF ITER BLANKET SYSTEM
TRITIUM INVENTORIES (TECHNOLOGY PHASE)

Tritium containing system

Ceramic breeder blanket, first option
Solid breeder in blanket
Blanket tritium recovery system (T2 recovery)
Water coolant (500 m3, 0.01 Ci / iy
Beryllium multiplier

Solid breeder subtotal

Aqueous salt blanket, alternative option
Breeder salt solution
Salt processing system
Water coolant (1 Ci / 1)
Beryllium multiplier

Aqueous salt subtotal

Solid Li.yPbg, blanket, alternative option
Breeder inventory
Li,7Pbe3 pr jeering system
Water coolant

Li17Pb83 subtotal

Inventory
technology
phase (g)

50 / 5
160 / 20
0.5 / 0.5
1200 / 400

1410.5 /42S.S

200 / 20
400 / 120
50 / 30

1200 / 400

1850 / 570

500 / 500
50 / 30

400 / 20

950 / 550
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III. DESIGN REQUIREMENTS

III.l. FUELLING

III. 1.1. Function and main requirements

The fuelling system for ITER will supply gases required to condition the
toi us, provide fuelling of the plasma during "ramp-up" to ignition, and provide
fuelling of the plasma during burn.

The following requirements must be achievable by a combination of gas
puffing valves and pellet injectors.

-The fuelling devices must be fully variable to cover the DT fuelling range
indicated in Tables IH-1 and HI-2. Capability should exist to inject > 100
pellets during the ramp-up period using either high or ultra-high velocity
injectors.

-A flow of pure He, D2, fed via the same valves as DT, is required (from
gas-valves). The feed rate shall permit glow discharge cleaning (See
Table HI-3.).

-The gas puffing valves and high-velocity pellet injector assembly must be
independently capable of providing the full DT fuel flow during ramp-up
and burn periods as indicated in Table III-4, with the compositions
indicated in Table III-5.

III. 1.2. Operational conditions and restrictions

The fuelling requirements are determined on average by the rate of
torus exhaust, and for short periods, by "ramp-up". The incremental impact on
plasma density must be moderate (Table HI-4) to avoid disruptions. While the
nominal fuel-mix is equal parts deuterium and tritium, tritium-rich mixtures will
be required to "rebalance" the fuel system and torus surfaces after deuterium
operation. Very high purity gas is required to form good DT ice in the pellet
injectors. This requires special attention to the removal of decay He. Hydrogen
L> preferred to He propellant, as it can more easily be separated from DT (using
cryogenic distillation). Pellet injector firing must be interlocked to confirm
presence of plasma before firing. The first wall surface opposite the pellet injector
port must be designed to withstand accidental pellet impacts, and the tile protection
around the port must be thicker to accomodate increased erosion. Other safety
features include the need to design the appropriate pellet injector components to
pressure vessel standards, keep potential hydrogen/oxygen mixtures below
flammability limits, and minimize tritium inventories and concentrations,
especially at high pressure (e.g. in pellet injector propellant).

29



TABLE M l . GAS PUFFING INJECTOR VALVE PARAMETERS

Gas delivery rate, mbar*L/s 10° to 103

Leak rate, closed. mbar*L/s < 10"8

Valve baking temperature, °C 300
Upstream design pressure, bar 10
Time constant for open/close, s 0.1

TABLE III-2. PELLET INJECTOR DESIGN PARAMETERS

Pellet velocity, km/s
high-velocity injector
ultra-high velocity injector
Repetition rate, Hz
(HV and UHV)
Pellet radius, cm

Maximum tritium inventory, g
in system
accessible to torus

Maximum propellant flow (H~ or He)
to torus (mbar*L/s) 0.1

up
1.5
1.0

0.2

150
15

to
-
to

to

1.
5
3

0

5

.0

.4

TABLE III-3. GAS PARAMETERS FOR TORUS CONDITIONING

Glow discharge in

Pressure mbar
Flow rate, L/s
GDC period, s
Impurity concentration.

avg, (%)
Impurity release
mbar*L

1
1
1

1

1

.0

.0

.0

.0

.0

°2
X

X

X

X

io-3

105

105

105

3.
1.
1.

<0

1.

0
0
0

\,

0

He

X

X

X

X

ID"3

105

105

104
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TABLE IN 4. FUELLING DURING RAMP-UP AND BURN

Fuel Feed Rate:, mbar.L/s
Haxiuum,
Average,

Maximum pellet diameter (cm):
length(cm):

Maximum equivalent
plasma particle content (%)

Gas Purity and Composition:
Overall purity, %
Helium build-up,%
Tritium accommodation, %
Normal composition: - Tritium %

- Deuterium \

"1000
"500

0.8
0.8

<15

> 99.99
< 0.05
99.99
50-80

( 20-50

TABLE II1-5. FUELLING SYSTEM GAS-FEED COMPOSITION

During torus conditioning
Tolerable impurity. H
Protium
Low Z (4<Z<8)
Higher Z (>8)

Balance D 2 or He (%)

During ramp-up and burn
Composition, D/T, H

Normal
DT initiation
Early operation

Tolerable impurity, V
Protium
Low Z (4<Z<8)
Higher Z (>8)

< 0.1
< 0.01
< 0.001
"100

about 50/50
about 20%D/80%T
100V D 2

<0.1
<0.001
<0.001
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5000

Fig. III-l. Vacuum system layout

IIL2. PLASMA VACUUM PUMPING

III.2.1. Functions and main requirements

This system provides torus evacuation under conditions of:
-torus pumpdown,
-conditioning and,
-burn and dwell,

and delivers the gas at above atmospheric pressure to the Fuel Processing
System (Fig. III-l). It consists of High-Vacuum pumps and Roughing-Backing
pumps. The main Torus Vacuum Parameters are defin< d in Table III-6. For (a)
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the gas will be primarily air or helium + water vapour. Anticipated gas
compositions and pressures are summarized for all operational phases in Tables
III-7 and IH-8.

IH.2.2 Operational conditions and restrictions

The high vacuum pumps must have sufficient installed capacity to cope
with:

-pump-regeneration and outage, and the
-combination of S a and conductance losses,

TABLE III-6. TORUS VACUUM PARAMETERS

4.0 x 10
4.0 x 10

-7
-5

1.0 x 10
10

-3
-6

Free volume, (m ). 1500
excluding ducts

Duct and manifold volume, (m)1 , 1200
Flight tubes etc, for NBI (m3). 700

Surface area, (m ),
projected 1000

Total area for outgasing, (m ) 10000
Surface material, graphite
Initial pump-down pressure,
(mbar at 600 K on FW)

Pre-shot base pressure, (mbar).
Anticipated pressure at

start of dwell, (mbar),
Leak rate2 , (mbar.L/s),
Allowable backstreaming to torus

He and light impurities
(mbar.L/s) 0.10
Ar and heavy impurities
(mbar.L/s) 0.05

Effective pumping speed, (m/s), 350 to 700
measured at the downcomer inlet.

Required downpipe conductance,(m/s), 1000 to 1500
Total operating speed
requirement, (m/s) 1000 to 1500

1 Calculated up to pump inlet flanges. (Cryopumps add an additional 250 m ).
2 Maximum tolerable system in-leakage rate, based on need to control graphite
contamination by oxygen.
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TABLE HI-7. TYPICAL TORUS EXHAUST GAS FLOW DURING DT
PULSE

Gas Feed/exhaust rate
(mbar*l/s)

He c 15, (18)**
H2 <5
Low 2 impurities <10
High Z impurities <1

Total <460

Dominant impurities CO, CO-, C Q
(Q=H.D.T) (see Table 24-1) Q20. N2

* including additional source term from n-alpha reactions in graphite.
(Reference temperature for flow calculations - 300 K)

TABLE III-8. TORUS CONDITIONING PARAMETERS

Glow discharge in
D 2 He

Pressure, (mbar) 1.0 x 10'3 3.0 x 10"3

Flow rate , (L/s) 1.0 x 105 1.0 x 105

(reference temperature 30C K)
GDC period, (s) 1.0 x 105 1.0 x 105

Impurity concentration, in
exhaut stream (%)

initial 10 10
final 1.0 < 0.1

Inpurity release,
(mbar*L) 3.0 x 105 1.0 x 105

Frequency of conditioning TBD

(Shorter GDC procedures may be required after plasma disruptions, in addition
to the reference proceduresindicated above which apply to conditioning during
pump-down - parameters TBD)
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! FIG il!-2 Vacuum configuration restrictions

Fig. III-2. Vacuum configuration restrictions

indicated in Table III-6, given the configuration restrictions indicated in Fig. III-2
and III-3. The working environment for high vacuum pumps is severe: kilogram-
quantities of dust, primarily graphite will enter the ducts and can be mobilized by
sudden venting of the vacuum system. Neutron, gamma and High-frequency RF
from auxiliary heating will stream into the ducts. Magnetic fields at the pumps
are high enough to heat rotating equipment such as turbopumps. Maintenance
must be possible by remote handling. The pumps must not allow gases which can
have a detrimental effect on the plasma to backstream (Table III-6). Any gases
added by the pumping process should also be removed by this subsystem to the
maximum practical extent. Materials, design practise, and operating procedures
must be suitable for tritium service. Mechanical motion of the torus due to
disruption will be isolated by bellows, although earthquake motion must still be
considered. Environment characteristics anticipated at the pump positions (Fig.
III-3) are listed in Table III-9.

Safe shut-down and capability for subsequent re-start following process
upset conditions such as an inleakage of water vapour or air leading to a torus
prcssurization rate of 30 mbar/s is required.
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Fig. III-3. Layout of primary vacuum pumping station



TABLE III-9. PUMP-POSITION ENVIRONMENT PARAMETERS

- Atmosphere He

Temperature (K)
normal
equipment bake-out

300
450

Pressure (bar)
normal

upset

Radiation fluence (rads)
neutron contribution
gamma contribution

Magnetic field at high-vacuum pumps:
During normal operations:

radial, (T)
tangential, (T)
vertical, (T)
rise time of magnetic field (s)

During pump-down and torus
conditioning:
magnetic field strength, (T)

0.2 - 2

1 x 107

70%
30%

0.1
0.01
0.025
about

about

Nuclear heating load
(at reference points indicated
in Fig. 23-3)

TBD

Mechanical motion
Isolation of pumps from
disruption forces

Earthquake forces and
accelerations
1.

Frequency of occurrence (y
Response spectrum

Safe shut down earthquake (SSE)

'*)

Operation base earthquake (OBE)
Frequency of occurrence (y )
Response spectrum

required
(bellows)

TBD

TBD

0.05
TBD
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III.3. FUEL CLEANUP

III.3.1. Functions and main requirements

The Fuel Cleanup System (FCUS) receives high tritium-content gas
streams, removes impurities, and processes these impurities to recover tritium.
The system handles the following streams:

-Plasma exhaust during burn and dwell, torus bakeout, gJow discharge,
final stages of pump-down, etc.

-Gas pumped from the Neutral Beam Injectors.
-Gas pumped from the Pellet Injectors.
-Tritiated impurity gases from the Ceramic Breeder Tritium Recovery

System.
-Other streams with similar compositions (TBD).

The nominal flow-rate and composition of gases processed is defined in
Tables 111-10, III-ll, and 111-12. Where an Ar-spray cryopump is used, some
residual Ar win be present. During torus bakeout, several kilograms of water will
be processed by the FCUS. Output from the system consists of two streams: a
fuel stream containing no more than a few ppm of impurities, and a detritiated
impurity stream, containing no moi e than a few ppm of tritium.

III3.2. Operational conditions and restrictions

As indicated above; the system must be designed to accommodate a
wide range of input source compositions and flow rates. Availability must be very
high, as without continuous fuel processing, the plant can only operate for
periods of the order of 1 hour within tritium supply and inventory constraints.
Manufacturing and Operational safety standards will be very high, as the
combination of process complexity and tritium inventory is very demanding.
Requirements for access to the system (e.g. via glove boxes) must be balanced
against the need for rigid, high-integrity confinement suitable for an operating
plant. Output stream specifications must be tightly adhered, especially the
hydrogen stream, as excess impurities can lead to blockage of the Isotopic
Separation System (ISS).

III.4. BLANKET TRITIUM RECOVERY

III.4.1. Ceramic breeder

III.4.1.1. Function and main requirements

The BTRS recovers tritium from the ceramic and beryllium and
maintains the desired blanket tritium concentration and inventory. The blanket
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TABLE 111-10. FEED STREAMS FLOWS AND COMPOSITION

Stream

Plasma exhaust

NBI pump off

PI pump off

Ceramic Blanket
impuriy

Mode

Burn and
Pump down
D2 GDC
He GDC
CH4 GDC
Bake out

Burn and

Ramp up
Burn and

Burn and

dwell

dwell

dwell

dwell

Flow
(mole/hr)

75
variable
16
48
TBD
TBD

378

40
397

0.05

Impurity
(mole frac.)

0.02
variable
0.1 - 0.01
0.1 - 0.001
TBD
TBD

3 ppm

10 ppm
10 ppm

1.0

Impurity

Table III.3-2
Table III.3-3
Table III.3-2
Predominantly D2
TBD
TBD

Table III.3-2

Table III.3-2
Table III3-2

Notes

(2) (3)

(4)
(4)

(5)

(5)(6)(7)
(5) (6)

(8)

Other heating and
diagnostic systems Various TBD TBD TBD



Notes on Table 111-10.

(1) Balance of streams is (X except where indicated otherwise.
(2) This flow will be increased by 5-10 mole/h of argon in the event of argon
spray cryotrapping pumps being employed.
(3) This stream contains 0.03 mole fraction of helium in addition to the Qo and
impurities.
(4) These values are derived from Table III.2-2.
(5) These values are derived from § III.5.
(6) Based on operation of high speed (i.e. two stage) pellet injector during ramp-
up and low speed (i.e. single stage) pellet injector during burn and dwell.
(7) This is based on a 1% bleed stream being processed. Impurity content will be
influenced by piston erosion and will therefore be time variable.
(8) This stream consists of CO, CO2, N2, O2, Kr and Xe. Quantitative
composition is TBD.

TABLE 111-11. TYPICAL COMPOSITION OF IMPURITY FRACTION

constituant mole fraction

C nC °-56

CO 0.08
Ar 0.04
C02 0.04
N2 0.08
nQ3 0.04
0 2 0.08
Q20 0.08

Total 1.00

= principally CQ^, but other deuterated/tritiated
hydrocarbons may be present in minor quantities.
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TABLE 111-12. INITIAL PUMP-DOWN STREAM (REPRESENTATIVE
COMPOSITION ENVELOPE)

Water vapour (%)

Helium (%)
CO, CO2, C O (%)
Q2 (incl. T2) (%)

up to 100
up to value corresponding to vapour
pressure at prevailing temperature,
up to 100
up to 5
up to 5

This composition will vary in a manner TBD as a function of wall
outgassing as the pump-down procedure progresses.

TABLE 111-13. KEY ITER CERAMIC DRIVER BLANKET PARAMETERS

Breeder environment

Breeder materials analyzed

Fabrication form

Purge geometry

Reducing (0.1% H2 in He)

L12O,
Li2ZrO3

LiAlO2

Sintered materials eg
pebble, plate

Ceramic grooves,
Pebble bed porosity,
Annulus

Steel layers between purge
and H2O coolant

Tritium production [g/day]
per jfull power day

Li consumption [mol Li/Lifetime]
(total T inventory supplied
externally)

Maximum Li burn-up

6Li densituy of Li2O [kg/ra
3]

(80% density, 90% enrichment)

Maximum breeder volume [m ]

Void volume (porosity of the ceramic
and volume provided for purge flow)
- Compact ceramic with purge channels
- Pebble bed

For LiAlC>2 the values has to be multiplied by 3.4

1 to 2

125

50 000

10

587

_ *
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TABLE 111-14. CERAMIC BLANKET PURGE GAS CONDITIONS

Ceramic

H2 in purge He flow 0.1%l
H2 swamping ratio H/T 100
Tritium production (g/d) 152
per full power day (1 GW, TBR = 1)
Stoichiometric O2 production4 25.33

Purge Gas Conditions at the Blanket Inlet

Temperature
Pressure
Total flow
Helium flow
Hydrogen flow (Q2)
Water flow (Q2O) < lppm
H/T ratio
Impurities mol/hr <2xl0

Purge Gas Conditions at the Blanket Outlet

-3

Temperature
Pressure
Total flow
Helium flow
Hydrogen flow (Q2)
Water flow (Q2O)
Species CO2
Kadionucliges

C
MPa
mol/hr
mol/hr
Liol/h
mol/hr
g/d

35
14
39
85
135
1 33

Residence

S (SO2)
C (CO2)
Ar
Kr
xe
Xe
time

450 - 600
0.12

1.17xlO5

1.17X105

117
1.17
4.7

36
3000
61
0.74
0.05
0.16
4

Pe.ik T-Release Rate/Steady State 3-5
Amount released [g] ^ < Inventory

Beryllium

0.02 mol/hr2

1.523

cMpa
mol/hr
mol/hr
mol/hr
mol/hr

450 - 600
0.15 - 0.23
1.17x10^
1.17X105

117
0.117
100

450
0.15 - 0.23
135
135
2.2x10 J

1.35X10"4

1000
-6

-2

Frequency [full power day]-1 TBD

<3xl0

450
0.12

158
135
2.2x10
23.?
4

46
1500
2
<0.0]
0.01
0.014
10*

TBD
< Inventory
TBD

1 Swamping
2 Water radiolysis
3 0.3 g released
4 T/O - 2 --> mole Q2O/day
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TABLE 111-15. SPECIES IN HELIUM PURGE STREAM FROM Li,O ZONES

Element

He
H
H
T
T
0
C
Na
a

Species

He
H2
H20
HT
HTO
H20
CO 2
Na-
a

Blanket
400 °

10 7

4964
50
148.
1.

400
4.
0.
a

Ex.
C

5
5

7
1

Filter
25 °C

107

4964
50
148.5
1.5

400
4.7
0.0
a

Cold Trap
-100 °C

1C7

4964
0.0

148.5
0.0
0.0
4.2
0.0
0.0

Sieves
-196 °C

107

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

In
Sieves

0.0
4964

0.0
148.5

0.0
0.0
4.2
0.0
0.0

I m p u r i t i e s p r e s e n t but < l g / d a t 400 °C - K,C1,N,P,As,Br,Rb,Mo,S,F
" I m p u r i t i e s not i d e n t i f i e d a t p r e s e n t , < o . l g/d a t 400 °C -
Ca,Fe ,Al ,Si ,Mg,Ni ,Cu,Zn,Ti ,Ba,V,Cr ,Be,3 ,Mn,Ga,Sr ,Zr ,Sn,Sb,Co,Sc ,Cd,Pb,U



TABLE 111-16. SPECIES IN HELIUM PURGE GAS STREAM FROM Be ZONES

Element

He
H
T
Be
0
C
Mg
Na
Cl
F
Pb
Zn
Li
Br
Rb
K
Cd
I
b

Species

He
HT, H2
HT, T2

Be
BeO
CO 2
Mg
Na
BeCl 2

BeF2
Pb
Zn
Li
BeBr2
Rb
K
Cd
Bel2

b

Blanket Ex.
400 °C

1.33E5
1.0
2.0
1.4E-4
9.E-28
4.0

1060
2760
2300

16
12.5

184
40
4.5
4.5
4.5
4.5
4.5
b

Filter
25

1.
1.
2.
0.
0.
4.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

°c

33E5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Trapped
Filter

0.0
0.0
0.0
0.0
0.0
0.0
4.3
59.3

2300
0.0
0.042
2.4
0.12
0.4
4.0
0.2
4.0
1.0
b

Sieves
-196 °C

1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

33E5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

In
Sieves

0.0
1.0
2.0 (Max)
0.0
0.0
3.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

C a r b ° n d i o x i d e i s retained in the cold trap prior to the molecular sieves held at

Impurities < 5 g/d at 400 °c -



TABLE 111-17. CHEMICAL COMPOSITION OF LiOH.H2O POWDER
(LiTHCO)*

Impurities Purified (wt%)a Regular (wt%)b

C0 2 0.28 0.35
Cl 0.001 0.002
SO4 0.002 0.010
CaO 0.01 0.020
Fe2O3 0.001 0.002
Na (as NaOH) 0.002 0.003
Insolubles <0.002 0.002

These values are not representative for LIOH enriched in 6Li,
however normal LiOH may be used for some tests.

(a) LiOH = 57.2% (These concentrations have to be reduced by a
factor of 10 to 100 to get 1 wppm of impurities in the solution.

(b) LiOH = 56.5%.

TABLE 111-18. IMPURITY CONCENTRATION IN THE SALT SOLUTION

Dissolved and suspended activated corrosion products
Average concentration in mCi/mJ water.

51Cr 54Mn 56Mn 55Fe 59Fe 58Co 60Co

2.67 1.4 6.13 16.2 0.04 1.87 0.67

TABLE 111-19. TRITUM CONCENTRATION IN THE SALT SOLUTION
(1 COLUMN WITH DIA. = 2.6m)

Volume of salt solution
Steady state tritium
Extraction rate
Blanket time constant
Burn time
Off burn
Quasi-steady state peak cone.

104 m3

125 g/d
4.5 days
2 weeks
5 weeks
51 Ci/kg

The steady state concentration of 53 Ci/kg (during burn) in
the salt solution, and zero concentration (during off-burn) are
approached with this time constant. The time constant depends on
volume of the salt solution in the blanket and loop, and on the
size of water distillation, i.e. tritium mean residence time in
the blanket loop. In cyclic operation a quasy-steady state is
reached.
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design parameters and the values selected for the purge system are listed in
Tables III-13 and HI-14.

The key design requirements in Tables HI-14, 111-15, and 111-16 specify
the following product stream categories (a standard ceramic impurity
composition is given in Table 111-17):

-The He purge gas, which is detritiated and purified according the blanket
inlet gas specifications.

-The extracted tritium stream, which is dried to a dew point of -100°C at
12 bar. The cryogenic distillation system will perform the final impurity
removal (guard adsorber bed) prior to the columns.

-The common and tritiated impurities, which are sent to an interfacing
impurity processing system. Depending on the process for tritium
extraction a separate impurity removal system may be required

-Small quantities of dust and aerosol impurities, which may be activated,
are expected from breeder and beryllium

III.4.1.2. Operational conditions and restrictions

The system must be available during long pulse operation, to prevent
excessive tritium buildup in the blanket. At shut down the BTRS has to keep the
required He purge gas quality and atmosphere in the breeder. Power transients
could lead to a short term or 'spike release'. The peaking factor related to the
steady state release rate and the frequency are listed in Table 111-13. No leakage
of water into the breeder is expected during normal operation. At start up or in
case of minor accidents some water must be tolerated by the recovery system.
Chronic coolant leakage into the beryllium is assumed. The acceptable amounts
of water inleakage for breeder and beryllium circuits are given in the
Table III-13.

II1.4.2. Aqueous salt breeder

III.4.2.1. Function and main requirements

The BTRS recovers tritium from the salt solution and maintains the
desired blanket tritium concentration and inventory.

The BTRS consists of the following subsystems:

(1) Removal of salt, impurities and products of activation, corrosion and
radiolysis from the blanket water before it is fed to the detritiation system as
specified in Table III-18. From this system the following streams may be
specified:
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-pure water suitable for the water detritiation system,
-recycle stream enriched in salt to the blanket,
-impurity stream to an interfacing impurity processing system
of the main blanket salt water loop.

(2) The water detritiation system. The Table III-19 gives the required tritium
extraction rate. The optimization of the detritiation system determines the
following two streams:

-feed stream to the water detritiation
-detritiated water stream recycled to the blanket

The extracted tritium is dryed to a dew point of - 100°C at 1.2 bar. The
cryogenic distillation system will perform the final drying and impurity removal
(guard adsorber bed) prior to the columns.

IH.4.2.2. Operational conditions and restrictions

The system must be available during long pulse operation, to prevent
excessive tritium buildup in the salt solution.

The key parameter which determine the required tritium extraction rate
are:

-Tritium production at full power
-Volume of the salt solution
-Operation scenario : burn and of burn times and numbers of cycles
-Maximum allowable tritium peak concentration

This last effect is illustrated in Table 111-20.

TABLE 111-20. EFFECTS OF LOWERING ALSB BREEDER TRITIUM
CONCENTRATION

Columns One Two

Feed rate (kg/h)
Feed concentration (Ci/kg)
Return water concentration (Ci/kg)
Bottom concentration (Ci/kg)
Flow to VPCE/ISS (T recovery) (kg/h)
Tritium inventory (g)
Rate of tritium removal:
a) Ci/s
b) Percent of breeding rate
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1700
20
8.

2000
9.

40

5.
40

8

5

3

3400
10
4

1000
19
40

5
40



III.5. AUXILIARIES/COMMON PROCESSES

ni.5.1. Isotope separation.

III.5.1.1. Function and main requirements.

The Isotope Separation System for ITER will separate the elemental
hydrogen isotopes from each other from various ITER sources (Table HI-21)
and produce streams listed below.

An enriched tritium stream ready for fuel preparation.
-A detritiated deuterium stream for recycle to the NBI, and fuel
preparation.
-A detritiated hydrogen stream for pellet injectors propellant or
discharge to the environment.

IH.5.1.2. Operational conditions and restrictions.

The ISS must be able to cope with variations in feed flow rates
compositions, and the suppression of one or more feed streams, while still
meeting product specifications. In addition to the normal safety standards, the
ISS will be designed to permit isolation of tritium inventories in the columns
under upset (i. e. warmup) conditions to less than 200 g, in order to meet ITER
single event release guidelines. The ISS will ordinarily operate at a pressure
slightly above the atmospheric pressure in order to minimize the system
inventory. However this system must be confined in a steel cold box for process
reasons in any case. The ISS must be connected to an expansion tank in order to
maintain the system internal pressure below 2 MPa in case of loss of cooling.
The connections to this expansion tank must allow gas expansion at a speed
sufficient to prevent system overpressure.

III.5.2. Waste water processing.

IH.5.2.1. Function and main requirements.

This sub-system must receive, store, and process tritiated water from
the different parts of the plant. Prior to processing, any activation products must
be removed. The water must then be detritiated to a level compatible with its
destination. A fraction has to be detritiated to a level compatible with a release
into the waste water discharge. The design basis estimates of the different water
flows are given in Table 111-22. The Inlet and outlet conditions are given
respectively in Tables 111-23 and 111-24 and the storage capacity in Table 111-25.

49



TABLE IfI-21. ISS FEED AND PRODUCT STREAMS

Feed Streams

Plasma Exhaust

Solid Breeder Tritium

ALSB Tritium Extraction
(alternative to solid
breeder, based on 1700 kg/h
water feed - 20 Ci/kg)

Waste Water detritiation
(Based on 200 kg/h water
feed _ 0.1 Ci/kg)

NBI Gas

V. high speed PI Gas

Low speed PI gas

Product Streams:

T 2 Product

H2/HD Exhaust

NBI D2

Flow rates
(mol/h)

71.4

105

3000

Concentrations

H:

H:

HT:

i;
T:
99

: 0

D:
49.
/ l •

.02

49.
.5
: 1

in

• 5;

H.

TBD

378

40

397

-4HT: 1.2*10
H, D

D2: 98; T: 1.5

H: 98.8
D: 0.15; T: 1

H: 92;
D: 4; T: 4

T: 80 ;D: 20;
H: < lOppm H;

T: < 1*10 atom %

DT: < l*10~7 mol %
HD: < 0.4 mol %

Tritium contamination of coolant depends on permeation
through plasma facing component armour (graphite). Current
assumptions regarding amour lifetime indicate permeation1'2

rate _ 1000 Ci/d.

1 C.H.Wu, "Tritium Permeation through the ITER First Wall and
Divertor", ITER-FC9.4-0-13, 12/89.

2 D.K.Sze, P.A.Finn, "Tritium Permeation to Water Coolant", IL-
FC9.4-0-14, 02/90.
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TABLE 111-22.
SOURCES

WATER COLLECTION FROM DIFFERENT ITER

Source

Active Drain System
- Typical
- Post Accident

Active HVAC System
- Air Detritiation
- Inert Gas Detritiation
- Emergency Cleanup
- Torus Maint. Cover gas
- Post Accident

Coolant Detritiation
- Divertor
- First Wall
- Diagnostic/Antennae,etc.
- Remote Handling
- Blanket
- Active Storage Pool

Flow
(kg/d)

100
1000

200
40
100
40

2000

TBD
TBD

. TBD
ri

M

ti

Activity (Ci/kg)
Tritium Activation

products

10~2 - 1 0.010-0.070
< 2.5 0.010-0.070

0
0
0
0
0

0.07
TBD
TBD
0.01
TBD

0.
0.
0.
0.

< 2

1
1
0.
0.
0.
0.

1
001
01
1
.5

01
01
01
1

TABLE 111-23. DESIGN NOMINAL FEED WATER COMPOSITION

Waste water tritium concent.ition: „ 0.1 Ci/kg
Cooling water tritium concentration _ 1 Ci/kg
Deuterium concentration:
Activated corrosion products:
Alpha activity
Beta and gamma activity (# T)
Organics:
Inactive solids
Dissolved inactive
PH

13 5 ppm
_ 10 ppb

negligible
> 10 mCi
TBD
TBD
TBD
6 - 8
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TABLE 111-24. DESIGN PRODUCT STREAM SPECIFICATIONS

- Water purification:

Corrosion products (inactive+active): < 1 ppb
Graphite dust: < 1 ppb
pH 7.2

- Detritiation:

1) - Water to reuse

Tritium concentration 0.01 Ci/kg
Deuterium concentration dependent on

distillation
column performance

Activation products < 1 ppb

2) - Cooling water

Tritium concentration 0.1 Ci/kg
Deuterium concentration dependant on

distillation
column performance

Activation products < 1 ppb

3) - Water to release to the environment

Tritium concentration < 1*10 Ci/kg

TABLE 111-25. WASTE WATER STORAGE CAPACITY

Emergency case 400 m
(tritium concentration < 2.5 Ci/kg)
High tritium water (> lOCi/kg) 40 m
Low tritium (< 10 Ci/kg) 10 m3

HI.5.2.2. Operational conditions and restrictions.

No special nuclear requirements are foreseen. Cooling water processing
is envisaged to have the same design and construction standards as for the
cooling system. Waste-water processing does not form an integrated part of any
external process, and hence its unavailability (total or in part) will have no
immediate effect on other systems. The sub-system is a "stand alone" sub-system,
operated under local control. Only essential status indication is given remotely.
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The maximum water inventory and the maximum tritium concentration in the
water are assumed to be:

-Maximum inventory (H2O) < 1x10 kg
-Maximum tritium concentration <> 1 Ci/kg

With these assumptions, the expected maximum tritium content is
< 100 g, dispersed in a number of isolated volumes. Since the water is largely at
ambient temperature and low pressure, any release will remain largely liquid
(H2O). Buffer tanks for the cooling water detritiation will contain the main
tritium inventory of this sub-system. These tanks may require a special
confinement. It is therefore considered that the sub-system is a small source of
radiological risk and so does not require any special design features or
constraints.

III.5.3. Fuel management and storage.

HI.5.3.1. Function and main requirements.

The general functional requirements are to provide safe storage,
transfer, and analysis for all tritiated hydrogen mixtures in the plant. Access to
the Fuel Storage system is only via the Fuel Management. The Fuel Storage must
provide:

-Storage capacity for total available inventory of mobile tritiated hydrogen
gas during startup/rundown,

-Necessary flow rates for individual fuelling streams, and for adequate
uptake rate during upset conditions,

-Startup and rundown, when all the mobile gaseous tritiated hydrogen
may be transferred to/from the storage facility.

-Feed (make-up) during normal operation, when flows may approach a
quasi-steady state.

The Fuel Management must provide:

-A means of measuring the quantity of tritium present (inventory
measurement),

-Assay chemical and isotopic composition of tritium containing gas
mixtures,

-Route these mixtures to/from storage, fuel purification, various gas
cleanup and detritiation steps, isotopic separation, and torus fuelling,

-Receive high-purity tritium as initial supply or makeup fuel from external
sources.

In normal operations the Fuel Storage must receive or deliver tritiated
gas flows at the rates indicated in Tables EQ-26 and HI-27.
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TABLE 111-26.
REQUIREMENTS

IN-PROCESS SURGE STORAGE/DELIVERY

System Description
T2 T2 Total Flowrate

grams % moles moles/hr

Isotope Sep.
Fuel Processing
Isotope Sep.
Isotope Sep.
Exhaust Gas Det.

DT Feed Tank
PI Propellant Gas
Blanket Purge Gas
Neutral Beam Gas
Feed to EGD

180
82
12
1

<]^

50
6

< 1
< 1
< 1

60
220
420
760
110

73 .6
220
210
380
55

TABLE 111-27. FUEL MAKE-UP DELIVERY REQUIREMENTS

From To
Typical Flowrate

moles/hr

DT Fuel Makeup
DT Fuel Makeup
Dj Fuel Makeup
H2 Fuel Makeup
H2 Fuel Makeup

Pellet Injection
Gas Puffing
Neutral Beam Line
Pellet Injection
Blanket Tritium Recovery

82 .2
18.5

379. 2
191. 4
211. 1

IH.5.3.2. Operational conditions and restrictions

CnQm>
ddd

The stored gas could contain impurities such as CO, ^ n m 2
O2, N2, and He. The maximum for impurities which may be added in the
process is such that the sum of all added impurities is < 1 ppm. As far as
practical, it is desired to maintain separation of different isotopic mixtures
according to their end use. Buffer storage of flows during normal operations is to
be provided by the individual fuel-cycle subsystems.

In addition to the general safety constraints, the following specific
safety-related design guidelines must be followed for the Fuel Storage:

Under upset conditions, when fast take-up of tritiated hydrogen
mixtures may be required, this is to be provided as close as possible to the
process system, i.e. in specific plant areas in which the equipment is located.

The storage working pressure should be lower than 2 MPa absolute
pressure for gases with a tritium content less than 1 %. When high purity DT is
involved a working pressure less than 0.1 MPa is desired.

At least two confinement/containment barriers are foreseen everywhere
in addition to the process envelope.

54



The tritium storage must be protected against any reasonable event that
could affect the containment system in such a way that a large fraction or the
total tritium inventory could be released into the environment. The storage must
be fully automated. Status of all transfer processes must be continuously
registered and displayed.

III.5.4. Atmosphere processing.

IH.5.4.1. Function and main requirements.

All areas of ITER which contain significant quantities of radioactivity
will require, for all operational, maintenance, and upset conditions, some form of
atmosphere processing, to prevent the spread of radioactive contamination
within the plant, and to limit releases of tritium and activation products to the
environment. The functional requirements for this group of systems are: area
atmospheric pressure control, inert gas purification and/or decontamination, air
decontamination, and ventilation control (for occupational health reasons). Air
quality (temperature and humidity) is maintained under all conditions by a
closed loop chilled/hot water radiator system with connections to active drains.

The group of systems, needed to meet these requirements, and their
interfaces, as shown in Fig. ffl-4., are:

-Torus maintenance cover gas system (TMCG)
This system is a closed system for torus cover gas pressure and quality

control during torus maintenance.

-Inert gas detritiation system (IGD)
This closed system is required for inert gas atmosphere pressure

control. Durificafion. and decontamination.control, purification, and decontamination.

-Glove box detritiation system (GBD)
This closed system is required for glove box inert atmosphere pressure

control, purification, and detritiation.

-Circulating air detritiation system (CAD)
This is a closed system for air atmosphere pressure and quality control

in areas where access is limited due to high tritium release risks ( > 15 g tritium
inventory) or due to chronic contamination. This system shall also serve areas
subject to infrequent, low-level tritium contamination if required.

-Radioactive ventilation system
This is an open system for air-atmosphere areas where routine

(controlled) access is provided (i.e. in normally clean and low tritium release risk
areas). Portions of this sub-system serving areas which can become tritium
contaminated on an infrequent basis should capable of being isolated (see
above).
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Fig. III-4. Interconnections of atmosphere processing systems

-Exhaust gas detritiation system (EGD)
This system (open) provides a separate final stage of detritiation for

gases to be exhausted to the environment is required, and provides a second
isolation point for gas being discharged.

-Emergency exhaust detritiation system
The Emergency Detritiation system, if deem necessary to meet accident

or regulatory requirements, provides an independent capability for pressure
control for any area which contains tritium in the event of loss of normal
pressure control. This system would prevent uncontrolled releases until the
normal process systems can be returned to service for cleanup and pressure
control.
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TABLE 111-28. TORUS MAINTENANCE COVER GAS - NORMAL
OPERATINC] CONDITIONS

Processed flowrate
Tritium release rate in the torus
Tritium concentration in the torus
Tritium concentration of

purified gas
Recombiner detritiation factor
Drier detritiation factor
Overall detritiation factor
T2 concentration of collected water
Water collection rate
Drier inlet dewpoint
Drier outlet dewpoint
Cycle time

2000 m^/h
250 ci/h

0.125 Ci/m3

2.78*10~4 Ci/m3

2500
540
450

150 Ci/kg
1.64 kg/h

- 20°C
- 72°C

68 h

TABLE 111-29. TMCG OPERATING CONDITIONS DURING TORUS
MAINTENANCE WITHOUT GLOW DISCHARGE CLEANING

Tritium release rate in the torus
Tritium concentration in the torus
T 2 concentration of the purified gas
Recombiner detritiation factor
Drier detritiation factor
Overall detritiation factor
Isotopic exchange factor
Humidification rate
Dewpoint
Outlet dewpoint
Steam addition rate
Total water recovery rate
T2 concentration of recovered water
Cycle time

2500 Ci/h
1.25 Ci/ra3

5.45*10 4 Ci/m3

2500
27500
2300
8

9.3 kg/h
1 °C

- 72 °C
4.2 kg/h
13.5 kg/h
185 Ci/kg

12 h

TABLE 111-30.
CONDITIONS

INERT GAS DETRITIATION SYSTEM OPERATING

Processed flow rate
Flow rate to drier
Air inleakage
Detritiation factor
O2 concentration in the gas
H2 concentration at the recombiner
Water production rate
Detritiation time constant

12000 m3/h
4000 in3/h

4 m3/h
425
100 ppm
500 ppm
1.75 kg/h
0.3 h~r
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TABLE 111-31. CIRCULATING ATR DETRITIATION SYSTEM OPERATING
CONDITIONS

Total flow rate
Tokamak building
Tritium building
Module flow rate capacity
Detritiation factor
Drier flow rate capacity
Standard regeneration flow
Outlet dew point
Water production rate per unit
Cycling time

45
36
9
9
1
3
1

000 m3/h
000 m3/h
000 m3/h
000 m3/h
000
000 m3/h
400 m3/h
- 72 °C

1.3 kg/h
12 h

TABLE 111-32. ESTIMATES OF THE MAXIMUM EXHAUST GAS FLOW

Source of Exhaust

1. Air inleakage to rooms under
continuous detritiation ( 1 - 2 %/h)
2. Emergency detritiation of
Reactor Upper Hall (1 %/h)
3. Instruments and breathing air
inleakage (50 % of 1 & 2)

TOTAL from CAD

4. Exhaust from (IGC and TMCG)
5. Other waste gas sources
6. Design margin

TOTAL (nominal capacity)

7. Emergency exhaust from torus
vacuum system

TOTAL (maximum capacity)

Flows (m3/h)

300

1300

800

2400

500
500
600

4000

2000

6000

TABLE HI-33. EXHAUST GAS DETRITIATION SYSTEM OPERATING
PARAMETERS

Process flow rate
Detritiation factor
Drier regeneration flow
Outlet dew point
Adsorption cycle time
Regeneration cycle time
W~i".er production rate

4
50
1
~

000 m3/h
000
500 m3/h
82 °C
62 h
15 h
2.5 kg/h
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TABLE 111-34. COMBINED CAD AND EGD DETRITIATION FACTORS

Recombiner
Operating Temp.
Detritiation Factor

Driers
Inlet dewpoint
Outlet dewpoint
Isot. exchange factor
Detritiation factor

Overall
Feed gas ratio HTO /

(HT + HTO)
Detritiation factor

CAD
Reac.Bldg

150 °C
1 000

- 20 °C
- 72 °C

1
540

0.5

425

CAD
T2 Bldg

180 °C
50000

- 20 °C
- 82 °C

1
2600

0.5

2530

EG

180 °C
50000

- 20»C
- 82°C

10
26000

0.5

206000

-Waste gas detritiation system
The Waste Gas Detritiation system provides the capability to process all

residual gases pumped from the tritium system during maintenance operations.
This system must be able to remove tritiated species present in these mixtures to
a level compatible with the inlet tritium concentration of the Exhaust Gas
Detritiation system. This system will prevent any uncontrolled tritium release
during tritium system maintenance.

HI.5.4.2. Operational conditions and restrictions.

The Atmosphere Processing system must be capable of processing all
atmospheres in the plant where tritium and/or (airborne) activation products
could be present, to control releases. A design target of an average of 10 Ci/d for
the sum of chronic and "process upset" tritium releases emitted from all systems
is proposed. This should ensure the plant will operate with an overall average
daily tritium release from all pathways of < 50 Ci/d.

The individual systems must be integrated to provide pressure gradients
which prevent the spread of activity from active to clean areas. The systems
should be located as close as practical to the areas served. Depending on layout,
it may thus be preferable to provide separate sub-systems for each of the
Reactor Building, Fuel Cycle Building, Hot Cells and Waste Management areas.
For reasons of safety, recirculation is specified for areas of chronic
contamination or where systems contain high tritium and/or activation product
inventories. Flow through ventilation is used for normally clean areas where
access is required. These areas should contain only systems which have low
tritium and/or activation product inventories. Gaseous emissions to the
environment must be monitored and shall, to the extent practical, be discharged
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through a common stack. The amount of hydrogen introduced in gas processing
should be limited to avoid explosive concentration in the event of release from
the process into the confinement volume.

The process interconnections are illustrated in Fig. III-4 and the
individual process performances in Tables IH-28 to 111-34. Flow estimates are
preliminary. Design must be modular to permit closer matches of capacity and
requirements during detailed design.
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IV. DESIGN DESCRIPTION

This section contains technical summaries of the concepts for which
Conceptual Design Descriptions (CDD's) were prepared by home organizations.
CDD's used in the design integration exercise (Table II-3) occur first. These are
described in sufficient detail to permit the Process Integration (Section V) to be
understood. Other design approaches which can potentially meet ITER needs
for each subsystem are also briefly described. The potential advantages and
design issues of each process are given.

IV.l. FUELLING

Fuelling involves introduction of D, T for rampup and burn as well as
special gases for experimentation and glow discharge cleaning.

IV.1.1 Gas puffing

IV. 1.1.1. Design considerations

Gas puffing is the simplest method and has been applied to all existing
tokamaks. Gas puffing into the divertor region is recognized to be the main
method of irt<v fuelling because of its compatibility with a high recycling divertor
condition and with K-mode operation.

The problems of this method are the low uelling efficiency as well as the
uncertainties as to whether gas puffing will work satisfactorily in ITER for
fuelling beyond the scrape-off layer because of expected high shielding action of
the divertor in ITER.

Figure IV-1 shows the flow diagram of gas puffing sub-system designed
for ITER.

The functions of this are:

-Initial gas loading: It can supply any gas with required pressure and
compositions.

-Rampup injection: It can supply fuel gases for the rampup of plasma
density and the control of ion compositions. It can be operated with the
pellet injector.

-Burn injection: It can be operated with the neutral beam injector and
pellet injector during steady state burn. The major role of this sub-
system is to adjust the edge plasma density and ion compositions.

-GDC injection: It can supply D2, H2 and He as the cleaning agents. D9
gas in the technology phase is supplied from D-T storage and fuel
management sub-system.
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Fig. IV-1. Flow diagram of ihc ITER gas puffing system
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IV. 1.1.2. System configuration [4]

System flow diagram of one unit of the gas puffing sub-system (four
units are required for fuelling 75 mol/h of DT) is shown in Figures. IV-1 and
IV-2. the major components are gas manifold connected with fast acting gas
puffing valves and their filter and the fuel gases (T2 & D2, DT) and the cleaning
gases (D2 or H2 and He). The gas manifold and each supply line are each
equipped with a vacuum pumping unit composed of tritium compatible pumps
such as turbomolecular pump, metal-bellows pump and Normetex-scroll pump.
The manifold, the fuel gas supply lines and their vacuum pumping unit are
enclosed by a glovebox, which is the secondary barrier for tritium containment.
The cleaning-gas lines are isolated from tritium by using check valves between
the gas puffing valve and the buffer tank.

The key components of this system are the fast acting gas puffing valves.
Development of the valves (electrodynamic dosing valve and piezo-clectro valve)
have been performed for TFTR, JET and JT - 60. Based on the R&D, the piezo-
electric valve appears promising and further improvements for the fusion
compatibility extended operating life is on-going at JET. The tritium compatible
design of these type of valves has been established through the TSTA
demonstration experiment for the TFTR program using a large valve with the
equivalent flow capacity (6.5 Pa.m3/s) to that of ITER (12 Pa.rrT/s of D - T per
unit line). In this valve design, high operating pressure is employed. In order to
reduce tritium inventory and increase reliability of tritium containment of this
system, it would be preferable to reduce the pressure to less than 0.1 MPa.

IV. 1.1.3. Safety considerations

-Tritium compatibility: Tritium compatible materials are selected for all
component, seals and electrical feed throughs

-Double Containment: Double Containment design is applied to the
major components of this system to assure tritium confinement.

-Tritium Inventory limitation: This is improved by employing operating
pressure lower than atmospheric pressure. The largest free volume of
the system component is the manifold, and i!' operating pressure will be
in the range of 0.03 to 0.05 MPa. (The maximum tritium inventory in the
four units would then be less than 25 g).

JV.1.2.Pcllet injection [2, 3]

IV. 1.2.1. Design considerations

ITliR will use an advanced, high-velocity pellet injection system to
achieve and maintain ignited plasmas. Three pellet injectors are proposed. For
ramp-up to ignition a highly reliable, moderate velocity (1 to 1.5 km/s) single-
stage pneumatic injector and a high-velocity (1.5 to 5 km/s) two-stage pneumatic
pellet injector using frozen hydrogenic pellets encased in sabots will be used. For
the steady-state burn phase a continuous, single-stage pneumatic injector is
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TABLE IV-1. PELLET INJECTOR PERFORMANCE

Moderate Velocity Injectors High Velocity Injector

Pel le t Speed (km/s) 1 - 1 . 5 1.5 --5.0
Barrel Diameter (nun) 6.0, 8.3 9.0
Pel le t Type H, D, T, DT H, D, T, DT
Repetition ra te (Hz) 0 - 5 0 - 2
Total Pel le ts steady-state 30(rain), s teady-state
Rel iab i l i ty (%) 95 90

proposed which will provide a flexible fuelling source beyond the edge region to
aid in decoupling the edge region (constrained by divertor requirements) from
the high temperature burning plasma. /11 three pellet injectors are designed for
operation with a variable ratio of tritium and deuterium feed gases. The
parameters of the two moderate velocity, single-stage light gas gun injectors and
the high velocity two-stage light gas gun injector are given in Table IV-1.

1. The high velocity injector will be used with one of the moderate velocity
injectors for density rampup to ignition (each would provide about
30 to 50 pellets). It could also be used for burn phase if piston lifetime
of 100 to 1000 cycles is achievable. The other moderate velocity injector
will be used for continuous fuelling well beyond the edge region during
the burn phase. The moderate velocity injectors are identical and could
be used interchangably; hence this provides greater system reliability.

2. Barrel diameter accounts for radial growth to compensate for 30% erosion
mass loss in barrel; variable pellet size will be obtained through two
separate light gas gun assemblies in common enclosure. Maximum
pellet volume will be set by 15 % n/n limit at average ITER ion density
of 1.2 x lO^/m"3.

3. Barrel diameter accounts for 2.0 mm radial growth for sabot; variable
pellet size will be obtained through sabot design (wall thickness).

4. Normal species for injection is 50/50 D / T, but this can be easily varied to
20/80 or 80/20. Pure tritium or deuterium pellets are also feasible.

IV. 1.2.2. Rampup and bum phase

The rampup to ignition will have a continuously increasing plasma
density and the ignition density will be different with different plasma
temperatures and heating profiles. The largest pellet of diameter 7.4 mm results
in a 15?i% perturbation to a ITER plasma at an average ion density of
1.2 x 10 /m . Thus, during the density rampup, the smaller 5 mm diameter
pellet will be first injected into ITER at a constantly increasing repetition rate.
As the plasma density gets large enough, a transition will be made to the larger
7.4 mm diameter pellet with velocities in the range 1 to 5 km/s at a lower
repetition rate. The larger pellet will penetrate farther into the plasma and
provide more control on the evolving density profile as the plasma temperature
is increasing.
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Penetration of the pellet into a hot plasma is a function of pellet initial
size and the largest possible pellet (given perturbation limits) should be used to
provide the most leverage on plasma density profile peaking. As is well known,
density profile peaking can increase the ignition margin even if plasma transport
is unchanged due to the increased fusion rate with peaked profiles. A moderate
velocity injector will be used for continuous fuelling well beyond the edge region
during the extended burn phase.

IV. 1.2.3. Single and two-stage injectors

The moderate velocity pellet injector design is similar to the JET
pneumatic pellet injector and consists of two single-stage, light gas guns in a
common vacuum enclosure. The high velocity pellet injector is based on the two-
stage light gas gun concept where a piston is pneumatically accelerated in a high
pressure pump tube and provides an adiabatic compression of a second stage of
propellant gas between the piston and the pellet/sabot. The resulting high
pressures (up to 600 MPa) and, more importantly, high temperatures (up to
4,000 - 8,000 K) can accelerate the pellet/sabot payload to muzzle velocities in
the 4 to 5 km/s range.

Explosively driven pistons have accelerate ? heavy projectiles to speeds
above 6 krn/s in single-shot, two-stage light gas ons. For the pellet/sabot
combinations used for ITER the accelerated mass is typically less than 0.5 g and
the mass per unit area is less than 0.75 g/cm . This permits consideration of
repetitive operation as the pump tube conditions are moderate enough to allow
multiple shots with a single piston. The sabots are separated from the hydrogenic
pellets in the injection line to the torus and allowed to impact a ruggedly
designed target plate. Two-stage light gas gun pellet injectors are under
development at ORNL and in Europe.

IV. 1.2.4. Physical configuration

A plan view of the pellet injector installation is shown in Fig. IV-3 /5/.
Table IV-2 lists major components shown in the figure. The two-stage high
velocity injector is located approximately 12 m from the flange on vacuum vessel
port # 14. The moderate velocity injectors are on either side of the two-stage
pneumatic injector such that the ccnterlines of the three injectors converge in the
midplane at the ITER major radius of 6.0 m.

A differentially pumped vacuum injection line is proposed which uses
tritium compatible vacuum pumps and limits hydrogen propellant gas to the
ITER vessel to significantly less than 0.1 mbar.l/s. To accomplish this goal, the
pellet injectors are isolated from the torus by a series of three separately pumped
vacuum chambers (volumes of order 2 to 4 m ) connected by conductance
limiting pellet guide tubes and flow limiting fast-acting valves.

The pellet injector bay is shielded by the structural shielding wall, by a
rotating eccentrically-bored shielding drum in each injection line (to limit line-of-
sight exposure of the injectors), and by modular shielding around the high
vacuum isolation chamber. The bay also serves as a redundant containment
boundary and is sealed by bellows at the shielding wall and by an airlock at the
entrance. The walls, floor, and ceiling of the bay have a metal liner which acts as
a tritium boundary.

Equipment in the pellet injector bay is serviced by a 10 ton crane and a
bridge-mounted articulated manipulator supported on curved rails. Instrument
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Fig. IV-3. ITER pellet injectors - plan view



TABLE IV-2. ITER PELLET INJECTORS - EQUIPMENT LIST

1. Moderate velocity injector 25.
2. Moderate velocity injector 26.
3. High velocity injector (HVI) 27.
4. HVI pump tube 28.
5. HVI propellant reservoir 29.
6. HVI propellant compressor 30.
7. Propellant gas manifolds 31.
8. Fuel gas manifolds 32.
9. High pressure cage 33.
10. Low vacuum chamber 34.
11. Mid vacuum chamber 35.
12. High vacuum chamber 36.
13. Torus isolation valves, breaks, bellows
14. Structural shielding wall 38.
15. Modular shielding 39.
16. Normetex 1300 m /h scroll pump 40.
17. Normetex control cabinets 41.
18. Turbopumps, 5000 L/s
19. Turbopumps, 500 L/s
20. Rotatable shielding drums & motors
21. Flow-limiting fast valves
22. Rotatable targets
23. Backing pumps
24. Instrumentation cabinets

Airlock
Crane, 10-ton capacity
Crane beam
Crane beam gearmotors
Crane rails
Crane rail columns
Manipulator turret
Telescoping boom
Manipulator & camera
Dual replaceable end effectors
Manipulator bridge
Manipulator bridge gearmotors
37. Manipulator bridge rails
ITER cryostat
ITER vacuum vessel port •* 14
Metal room liner
In-port shielding



and control equipment for the pneumatic injectors and the vacuum components
is located outside the pellet injection bay. The high pressure propellant gas
compressor and storage system are located in the pellet injection bay due to
possible low level tritium contamination (1 % maximum) and are surrounded by
an interior wall acting as a missile shield in the event of a high pressure gas
rupture. Port 14 is shared with a neutron diagnostic system (a neutron
spectrometer diagnostic on one side of the pellet injection bay).

Since all injectors will have tritium or deuterium-tritium mixtures in the
gas fuel supply it is proposed to provide three layers of containment throughout
the pellet injection system. The primary level of containment will be the pellet
injector itself which will have tritium compatible materi?'s throughout. This
includes feed lines to the hydrogenic extruders, the extruders, the pellet forming
mechanism, the breech/barrel assembly, the pellet injection line and the
interface to ITER. The second level of containment is the tritium isolation
boundary defined by the pellet injection bay metal liner inside the reactor
building and double-walled piping for all penetrations of this boundary. The third
level of containment is the ITER reactor building proper.

IV. 1.2.5. Operation, reliability, and maintenance

In principle, activation of injector components can be low due to the
small diameter guide tubes (few cm) used for pellet transport in the vacuum
injection line. With shielding around the guide tubes, use of a shielded isolation
valve when the injector is idle, a rotating synchronized neutron shield plug for
the continuous injector and perhaps a slight curvature of the guide tubes to
eliminate direct line-of-sight to the vacuum vessel, the neutron flux to injector
components may be reduced to tolerable levels for limited hands-on
maintenance. A design goal is to maintain the capability of hands-on
maintenance for all components beyond the modular shielding wall (item 15,
Fig. IV-3).

The system reliability goal of )1 % is believed achievable through
improvements to existing designs as well as using redundancy in the two
moderate-velocity pellet injectors each with two different pellet sizes. There is
also redundancy in the pellet injection line vacuum components and the control
system.

IV.2. PLASMA VACUUM PUMPING

IV.2.1. Primary torus exhaust

IV.2.1.1. Desigri approach

The primary exhaust cryopump system design for ITER is based on a
required helium pumping speed during burn time of 700 m /& at the divertor
outlet [6] and a total exhaust flow rate of 75 moles/h containing 93.7 % DT and
3.3 % He. This is expected to correspond to a 1000 MW fusion power (see Table
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TABLE IV-3. COMPARISON OF COMPOUND CRYOPUMP AND
TURBOPUMP ISSUES

Feature Single Flo* TMP Ar Spray CCP

Operating Mode

Tritium Inventory

Trit. Processing

Scaleability

He capacity (GDC)

Space Requirement

Remote Handling

Magnetic Field

Radiation

Experimental
Data Avail.

Dust Ingress

Water Ingress

Sudden Venting

Loss of Power

Seismic Impact

Prob. of meeting
ITER Perf. Spec.

Continuous

Low
(not isolated)
Pumps He / DT

Easy

Best to lower

Unlimited

Compact

Compact
Bearing Cleaning?

Rotor heating

Sensitive
Components ?

Component Level

Mag.Bearing Fails?
Emerg. bearing
Overheats ?

Bearing Tolerance?
Insulation
Tolerance

Thrust=tonnes
Pump survival?

Emerg. Bearing
touchdown + ??

Pump survival ?

Questioned (EC)

Cyclical

High but isolated
from "downstream"

Complicated
(Ar Separation)

Best to higher Seff

Limited
(Need some TMP's)

Not Compact: Pump +
Cryogen Distribution

Not Compact
Valve Seal R&R

No effect

Few Sensitive
Components

Component Level

Valve Seal
Fails ?

Pump Regenerates
(undamaged)

Pump Regenerates
(undamaged)

Pump Regenerates
(undamaged)

Survival expected

Questioned (J)
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TABLE IV-4. CRYOPUMP PROCESS SUMMARY

Gas to be
pumped

Impurities
0.2°, NQ3

Impurities
N2, O2, CO2/
CO, Ar, CnQm,
Fuel: H, DT

Helium

Pumping phenomena
involved

Cryocondensation

cryccondensation

Crvosorotion on codeoos

Stage
N°

1

2

ited 3

Stage
Temperature K

80 - 100

2.5 to 4

2.5 to 4
a»-goi frost (process call
"cryotrapping"). Possible
alternative = cryosorption
on activated charcoal or
other solid sorbents bonded
on the netallic surface

The cryopumps system used for design integration studies consists of 24
pumps, 16 pumping by condensation / sorption of gases on cold surfaces while
the remaining 8 are regenerating (see Fig. IV-4).

Eighi turbopumps of 15 to 25 m /s are shown for initial pumpdown and
for He pumping during glow discharge cleaning [9], The option to employ
25 m /s pumps to provide the burn and dwell pumping is also being pursued, as
turbopumps could offer advantages in terms of space and tritium inventory if
they can be developed to meet the ITER Design Specification [10]. A tabular
comparison of the main features of Turbopumps and the Ar spray cryopump
used for design integration studies is shown in Table IV-3.

IV.2.1.2. Ar-spray cryopumps f7j

Each pump has a i m inlet diameter port for a nominal helium pumping
speed of 100 m /s in molecular flow regime. The pumps are cylindrical
(OD = 2.5 m, H = 3 m) and bottom connected to the torus via manifolds. One
manifold accommodates 3 pumps and connects two torus ducts (see Fig. IV-5).

The pumps include 3 stages (see Figs.IV-5, IV-6, IV-7, and Table IV-4):

-the first stage, in the form of a "baffle", is cooled by circulation of 90 K
high pressure helium gas and pumps the high boiling point impurities
(mainly water and ammonia) by condensation,

-the second and third stages are cooled by forced flow of 4 K liquid
helium. The second stage pumps DT and low boiling impurities (C Q ,
CO, N2, O2,—) using condensation while the third stage pumps helium
by sorption.
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Fig. IV-5. Basic principle of the Ar spray cryopump
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SECTION h

CONOENSAIION PANELS 4 K

ABSORPTION PANELS 4 K

ARGON iNJECJORS

Fig. IV-6. Argon spray cryopump: top view

The references sorbent mai.erial is a cryofrost of argon deposited by
continuous spray of argon gas on the third stage surfaces (process known as
"cryotrapping").

A backup solution is to bond a solid sorbent material, typically activated
charcoal, on the 3 rd stage surface.

The normal operating cycle time for one pump is 2 hours including
80 min. of pumping mode and 40 min. of regeneration mode. During the first
10 min. of the regeneration period, the second and third stages are warmed up to
80 K and the condensed/sorbed gases are released and transferred to the fuel
cleanup system by the cryotransfer subsystem (IV.2.2.3.). During this transfer,
most of the argon used for cryotrapping is separated from the main stream and
recycled to the argon spray system of the pumps . The operating cycles of the 24
pumps are staggered with a five-minute time interval.

Pump pressures, cryopanel temperatures, and tritium inventories are
given in Figure IV-8.
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TABLE IV-5. LIST OF THE MAIN CAUSES LEADING TO AN OFF-
NORMAL/ACCIDENTAL CRYOPUMP OPERATION

A: Outside causes:

- pressure rise above 10 mbar in the torus or ducts for
long time (could be due to air inleak, water inleak, or
others...)

- failure of torus valve

- failure of backing valve

- failure of backing pump system.

B: Due to cryopumps or refrigeration system

- leak on outer pump containment

- leak on internal cryogenic circuits

- cryogenic valve failure

- IOSF of interspace vacuum on cryogenic distribution

- failure of refrigerator

- control-command failure

- "missile" type break due to mechanical causes like impad
with RH crane or others...

- fracture of internals due to herraal fatigue

This process allows the tritium inventory of the pumps, which are
connected to the torus, to be limited to approximately 150 g.

The refrigeration required by the pump system (20 kW @ 80 K, 1.3 kW
@ 4 K) is provided from the refrigerator via a main transfer line and distribution
valves boxes. This system operates in closed loops and can receive an additional
decoupling from the pumps via cold buffer storages and cold circulation pumps.

The static character of cryopumping confers a high reliability to the
pumps. The only moving parts aie the cryogenic valves. Their reliability could be
improved both by development and appropriate redundancy. Table IV-5 lists the
main causes of off-normal operational conditions.

The main development actions required are on the isolation/
regeneration vacuum valves, cryogenic valves, argon separation system.
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IV.2.1.3. Solid sorbent cryosoqjtion pumps [8j

A compound cryopump with a solid sorbent offers the advantage,
compared with the argon-spray cryopump, that an auxiliary high freezing-point
gas is not needed for cryotrapping helium on the low-temperature pumping
stage. The fuel processing system is therefore not required to separate residual
amounts of the cryotrapping ga.s from the primary pumped stream. Instead, the
final pumping stage is covered with a solid sorbent, maintained at liquid helium
temperature, for pumping helium.

The compound cryopump described here, Fig. IV-9, has a cylindrical
stainless steel case with double walls. The space between walls is evacuated for
thermal insulation and for double tritium containment.

The first (high temperature) pumping stage is maintained at 80 to 90 K
by a helium gas refrigerant. The stage consists of a set of optically-tight
aJuminium alloy conical louvers, which serve to condense high freezing-point
impurities such as water, and to thermally shield the next (colder) stage.

TABLE IV-6. SOLID .SORBENT CRYOPUMP PARAMETERS

Ultimate pror.r.uro, torr

Pu.iping npoed, in /s

Tritium
Deuterium
Protium
Helium

Maximum sorption capacity,

Tritium
Deuterium
Protiura
He]i um

Pump diameter, mm
Pump height, mm
Inlet flange diameter, mm
Pump weight, kg

Heat loads, W

Firr.t :;ta<ju (00 K)
Second & third :;taqe^

Surface area:.., m

Firut atagp (R0 K)
Second :;taqe (5 K)
Third r.t.M" 1 \y K)

in"10

160
190
2 10
150

torr-1i ters

l*107

i*io;

l*106

1*10*'

1700
2b00
1000
lr,00

17 00
(b K) 10

2 A
3 0
8



The gases with lower freezing points (impurities other than water,
hydrogen isotopes, and helium), which pass throug' the first stage louvers, will
impinge on the second stage, maintained at 5 K, where impurities and most of
the hydrogen isotope gas will condense.

The third stage, which is also at 5 K, is coated with a sorbent material
which pumps helium and the small amount of hydrogen isotopes which fail to
condense on the second stage. The cryosorption surface is a cylinder of
aluminium alloy, with its inner surface coated by a layer of activated peat
charcoal (SKT-2B). The charcoal is bonded to the aluminium by a mixture of
polyvinylacetate adhesive PVA-40 and finely dispersed copper power.

The pump is regenerated by warming up the second and third stages to
about 80 K to drive off the condensed and sorbed gases.

The main parameters of the cryosorption pump are summarized in
Table IV-6.

The cryopump system will consist of eight stations of three pumps each,
for a total of 24 pumps. Each station will be attached to the divertor chamber by
a 2 m diameter pumping duct. At a given time during burn, pumping will be
performed through all ducts, while 16 of the 24 pumps are in the pumping mode,
and the remaining 8 are being regenerated. During burn, the pump inlet
pressure will be 1.9 x 10 Pa The cryopump operating period before
regeneration is 80 minutes.

The cryopump regeneration period of 40 minutes includes:

-a 5 minute warmup of the second and third stages to 80 K,
-a 5 minute evacuation of the released gases, and
-a 30 minute cooldown of the pump stages.

The pumps will have their own helium cryogenic refrigerator dedicated
to pump cooling, and independent of other helium cooling systems, as a means
of tritium control.

Helium coolant flow rates will be controlled by remote control valves
located in separate enclosures.

IV.2.2. Forepump system

IV. 2.2.1. Design approach

The mechanical forepump system comprises two stages of oscillating
scroll pumps arranged in series. Each stage is composed of a number of pumps
in parallel, to provide the pumping speed required for the various duties. This
system will operate during pump-down, torus conditioning (glow discharge in D2

and He) and as a backup to the cryotransfer pump train during burn and dwell
modes.

Cryotransfer pumps are used to provide fast pump-down of the
cryopumps, to minimize regeneration time, and to separate Ar used as a process
gas in the Ar spray cryopump (IV.2.1.2.).
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Fig. IV-10. ITER torus pumping system
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IV.2.2.2. Mechanical forepumps

-Process description/design considerations [11]
The most suitable type of pump for the service is the scroll type of

pump, such as that offered by NORMETEX (France). This pump is dry running,
tritium compatible and has many references in the nuclear industry. A serious
issue is dust tolerance which will necessitate a filtration device at, perhaps
integral with, the pump inlet. This filter reduces the pumping speed drastically,
particularly in the molecular flow regime, so that an improvement of the low
pressure pumping speed curve by increasing the internal sizes at the inlet
channel will be needed. Investigations of dust transport behaviour currently in
progress will influence the filter design.

-Process calculations
These are contained in Annex A of the CDD.

-Physical configuration
Fig. IV-10 [13] shows the arrangement of six scroll pump sets with pipes

and valve:; inside the torus vacuum backing room. The ND 400 pipe from the
ring duct is sized so that the conductance losses and the pipe volume at the
suction side are minimized. Between the 1300 and 600 type ND 200 sizes and for
the outlet connections ND 63 sizes are chosen. Intermediate free distances are
approximately 1.6 m. It would be favourable to have two pump sets as
redundancy. ND 63 mm exhaust pipe leaves the room through the fuel transfer
shaft. The cryotransfer pump train and associated small mechanical pumps are
placed along one wall of the room. This enables the required helium pump
through to be achieved by a small number of pumps from this system, thus
avoiding excessive duplication of identical equipment.

-Commissioning, operation, reliability, maintenance, safety
This system will be the first part of the torus vacuum train to be put into

service, as it will be used for final leak testing etc. of the torus vacuum vessel
prior to plant commissioning.

Reliability is provided in the form of redundant units. Even if an
abnormally high proportion of components is unavailable for any reason, the
impact on machine operation would be to extend pump-down/conditioning
phases marginally rather than to cause a machine outage.

Maintenance will be achieved by detritiation of secondary confinement
and access in protective clothing where possible. Component and system design
must provide for removal of pumps to a hot cell by remotely operated devices, as
a backup procedures.

The ti iiium inventory of the FPS is mainly concentrated inside the pump
channel volume (26 liters), pipe to the outlet (13.4 liters) and pipe to the outlet
valve (3 liters), where pressure level is at 0.12 MPa. Hence, a total FPS inventory
of 61 g in the total volume of 424 1 is resulting. Pumps will be located inside
secondary confinement caissons and piping outside the caisson will be double-
walled, (Fig. IV-11).
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Fig. IV-11. Torus vacuum backing room layout
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CRYOPUMPS INLET *n2
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Secondary confinements will be inertised to minimize conventional
hydrogen flammability and detonation hazards.

-Developmental considerations
The configuration of the mechanical forepump system is based on the

use of currently available components. As the design proceeds the need for
improving critical design features of existing models, scale-up and integration of
single stage pumps into multi-stage units will be evaluated and the necessary
development tasks launched [12].

IV.2.2.3. Cryogenic forepumps

-Design approach
The main functions of the CTPS (cryotransfer pump subsystem) arc to

separate and recycle the argon and impurities from the exhaust of the torus
cryogenic high vacuum pump (CCP) and evacuate these cryopumps from
10 mbar down to 10 mbar during the 5 minutes pump out time of their
regeneration phase. The concept is shown in Fig. IV-12. The major advantages of
this concept are its compactness, low cost and robustness compared to a
mechanical backing pump system.

The CTPS condenses all components from the exhaust gas stream,
leaving only helium gas to be pumped through. This is done by condensation in
the 10 to 10 mbar pressure range of the gases to be separated on
cryogenically cooled surfaces arranged in three stages separated by vacuum
valves at room temperature.

-Process description, (Fig. IV-13.)
Stage 1 (CTP1) has 400 mm inlet/outlet diameters. It consists of 2 grids

of finned tubes cooled at 80 K by helium gas circulation. This stage condenses
O2O, NQ-j and CO2 impurities leaving residual concentration in the outlet
stream lower than 1 ppb for Q9O and NQ-j and 17 ppm for CCK

Stage 2 (CTP2) has 400 mm/250 mm inlet/outlet diameters. It consists
of a shell and tube condenser cooled at 30 K. This stage mainly condenses argon
and CO, O2 and CQ4 impurities. Some DT can also be cryotrapped in the argon
frost. For the process calculation we have assumed a cryotrapped concentration
of 4% DT in argon. The residual concentrations in the outlet system are 290,
200, 46, 0.4 ppm respectively for CO, As, O2, CQ4.

Slage 3 (CTP3) has 250 mm/100 mm inlet/outlet diameters. It consists
of a shell and tube condenser cooled at 4.5 K. This stage condenses H, DT and
N2 impurity, leaving only the helium gas passing through to a mechanical pump.
The residual impurities in the helium exhaust stream average a total
concentration of few ppm. The CTPS is dimensioned to process the flow rate
coming from the evacuation of CCP (148.8 mole/h) plus the additional
impurities flow rate (10.4 mole/h) coming from the recycling of 90% of &e gases
trapped in CTP2.
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The time alJocated to evacuee one CCP is 5 minutes during which the
CCP pressure decreases from 10 mbar down to 10 mbar. To ensure a better
operation of the CTPS the inlet pressure is limited to 10 mbar during the main
pumping time, by a pressure control valve located at the inlet of the CTPS.
During that time the flow rate is 165 mole/h and the various stage inlet/outlet
pressures are 10" V.) . 10"2/5 . 10"2/l . 10"2 mbar. At the end of the 5 minute
pumping sequence, the backing valve of the CCP which has just been isolated
from the torus, but not yet warmed up, is opened to reach an ultimate pressure
below 10 mbar in the CCP which is being regenerated.

As the CTPS accumulates the gases on the condensing surfaces of the 3
stages, these 3 stages must be periodically regenerated. The regeneration times
are determined by the given maximum tritium inventory. CPT1 and CPT2 stages
have both a pumping mode duration of 1 hour corresponding respectively to 0.5
and 55 g tritium inventories (O^O, NO^, CO4) CTP3 stage has a 30 minute
pumping mode duration corresponding to ~ 105 g tritium inventory (DT). The
resulting total CTPS tritium inventory is 161 g.

Regeneration of (TP1 consists in warming up to 300 K the cryosurfaces
to vaporize the O7O, NO^, CX)., frost. The total condensate inventory of
0.24 mole (corresponding to 0.1 mm thick frost) results in a pressure increase to
20 mbar at 300 K for^a ruin volume of 300 litres. This vapour is pumped out in
3 minutes by a M) nr'/h mechanical pump which sends it to the FCU at 1210
mbar.

Regeneration of CTP2 consists in warming up to 90 K. the cryosurface to
vaporize the argon frost. The inventory at regeneration time (after 1 hour
pumping) amounts to 85.4 moles (86% Ar, 9% CO4 , 1% O 2 and CO, 4% DT)
corresponding to a 0.6 mm (hick frost. When warmed up to 90 K this frost is
vaporized producing a cold gaseous phase at 1065 mbar which is pumped out in
18 minutes by the same 30 m /h mechanical pump used to evacuate CTP1.

The pump increases the pressure to 0.12 MPa and discharges the gases
via a flow control valve which maintains a 90% fraction in the recycling loop. The
remaining 10 % is sent to a buffer system consisting of 4 reservoirs each 2 m" in
volume, where the argon is maintained during 24 hours to achieve a radioactive
decay faclor of 8000 before sending it lo Ihe FCU.

The regeneration of < TP3 consists in warming up to 90 K the
cryosurface to vaporize the 35.4 moles HOT condensed during the 30 minutes of
pumping modes at 90 K in the 500 litres volume of the condenser. This (DTH)
gas phase is pumped out in 5 minutes by a 100 m' /h mechanical pump which
sends it to the FCU. Composition of this stream is approx. 0.9 % FL,, 98.4 %
DT, 0.7 % impurities.

-Physical configuration
The complete CTPS consists of 3 trains each of 3 cryogenic condensers,

one train is in pumping mode while the second is in regeneration and the third
one in stand by as a back up.

CTP1 is a horizontal cylinder (D = 0.9 m, L = 0.9 m) connected by a
ND 400 mm valve to CTP2. This second stage is a vertical condenser (D = 0.9
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m, H = 2 m) connected by a ND 250 mm valve to CTP3. This last stage is a
vertical condenser (D = 0.9 m, H = 2 m) similar to CTP2, connected via a ND
100 mm valve to the helium mechanical pump.

With the concept of constant pressure operation of the CTPS in the
range 10 mbar the pump through of helium can be achieved by a mechanical
pump with a pumping speed of approximately 200 I/s (i.e. one Normetex 1300).
However to reduce the pressure in the CCP, manifold and CTP to 10" mbar
needs ~ 10 times the pumping speed. It is unrealistic to attempt this with
Normetex pumps as more than 10 would be required due to the deterioration in
pumping speed as the inlet pressure decreases. (In fact we would need 15 - 20
Normetex 1300's).

In this last phase of the pump out approximately 1 % of the inventory
reniains to be evacuated (start pressure of equilibrated CCP and manifold is
~ 10 mbar, which has been pumped down to 10 mbar). It is proposed that this
final step could be achieved by opening the backing valve on the CCP which has
just been isolated from the torus and which is still at operating temperature. This
will have the effect of pumping the residual inventory of the CCP which is being
pumped out, the manifold and the CTPS down to 10" mbar at which pressure
the backing valves of both CCP's would be closed. The CTPS would then be
available to start regeneration of the next CCP.

The injection of the residual gas into a CCP just about to start
regeneration would (slightly) enhance the warm up, and as the pump is isolated
from the torus there would be no risk of gases backstreaming to the torus.

The time-averaged refrigeration requirements for condensers are
respectively 350 W at 80 K for CTP1, 600 W at 30 K for CTP2, 200 W at 4.5 K
for CTP3. In addition the CTPS includes 2 emergency buffer tanks, 4 argon
decay reservoirs, and 4 mechanical pumps.

-Developmental considerations
The development programme should mainly include:

-the optimization of the condenser structure in respect of the pressure
drop

-the development of cryogenic vacuum valves which would permit
simplification of ihe design and reduce the refrigeration requirements

-the investigation of DT cryotrapping by argon frost at 30 K in the
1 x 10 mbar range.

IV.3. FUEL CLEANUP

IV.3.1. Multi-path impurity-removal and processing [14,16]

IV.3.1.1. Design approach

The function of an FCU can be accomplished in a variety of ways.
Table IV-7 lists six FCU designs which have been proposed. In almost all cases
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TABLE IV-7. SUMMARY OF PROPOSED FUEL PROCESSING OPTIONS

Impurity removal process Tritium recovery process

Uranium carbides, nitrides
oxides

Cryogenic molecular sieves

Palladium diffuser

Cryogenic molecular sieves

Cryogenic molecular sieves

Cryogenic molecular sieves

Occurs in impurity removal step

Oxidation, water collection,
water reduction (uranium)

Oxidation, water collection,
water reduction (electrolysis)

Oxidation, water collection,
palladium membrane reactor

Palladium membrane reactor

High temperature catalytic
exchange

the FCU operates in two stages. The first is purification which operates
continuously (or semi-continuously), accepting gas from the torus vacuum system
and exhausting pure isotopes to the ISS. The second is regeneration which
involves recovering tritium from the impurities collected during purification.
Most regeneration schemes operate in a batch (or semi-batch) mode. In the
following paragraphs methods for performing purification and regeneration are
explained.

IV.3.1.2. FCU purification schemes

-Hot metal beds
This method is unique in that both purification and regeneration are

accomplished in one step. The Q2 and impurities are passed over hot uranium
(1170 K) which reacts to form solid carbide, nitride and oxide, leaving the
original Q7 and the Q2 from the impurities in the gas phase.

Though this system is attractive in its simplicity of operation, it has
major drawbacks. These are:

1) it is difficult to reliably achieve and maintain the required 1170 K in a
vacuum jacketed vessel,
2) permeation of Q9 through stainless steel is large at 1170 K, and
3) large amounts of radioactive waste would be produced since the
uranium is used irreversibly.
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-Cryogenic molecular sieve beds
This is the currently installed and operating method for purification at

TSTA. The CU and impurities are passed through 77 K molecular sieve (Linde
5A). All impurities other than helium are adsorbed on the sieve, leaving only Q2

and He exhausted to the ISS. When one bed is filled, flow is switched to a
companion bed, and the bed full of impurities Is regenerated. To date, this
system has worked reliably in a number of experimental campaigns at TSTA.
During 3 weeks of operation, no ISS plugging occurred due to excessive
impurities in the molecular sieve exhaust.

An advantage of this technique is its high reliability. The only moving
parts are the soienoid valves supplying liquid nitrogen to the molecular sieve bed
and the process valves used to cycle the beds. Even if those fail, large thermal
gradients ensure that the problem can be dealt with deliberately rather than
hurriedly. Furthermore, this is a very forgiving, easily controlled system. It
tolerates large changes in pressure, flowrate and composition of the feed gas.
Note further, that the regeneration processing is decoupled from the purification
processing. This means that regeneration can be performed somewhat leisurely
and any problems can be dealt with while still maintaining the high availability
needed for the main purification path.

The primary disadvantage of this system is the relatively large tritium
inventory adsorbed on molecular sieve. When a bed is first put on-line it adsorbs
G>2 which is later displaced as tritium-containing impurities are adsorbed. In
either condition significant tritium is held up on the bed. This fact drives the
design toward smaller beds and, thus, more frequent regenerations.

-Palladium diffusers
Palladium-silver alloys have the unique property of having a

permeability exclusively for hydrogen isotopes. Rare earth elements may be
added to the alloy to further increase the (X permeability. When fed a mixture
of Q2 and impurities, such a diffuser will produce an impurities-free permeate
stream which is pumped by a large vacuum pump to the ISS. The reject from the
membrane contains all of ibe impurities (including He) and a few percent (X.
This stream is sent to on? of ihe regeneration schemes.

The main advantage of diffusers is their very low tritium inventory. The
only inventory is the small amount of tritium dissolved in the Pd alloy and that
contained in buffer tanks. A diffuscr can also readily accommodate relatively
large impurities concentrations. Whereas large impurities flowrates would
necessitate excessively large cryogenic molecular sieve beds (to maintain
reasonable regeneration cycle times), this would have a minimal effect on a
diffuser design. The ability of diffusers to separate He from O2 is also
considered an advantage.

Diffusers are expected to be less reliable than cryogenic molecular sieve,
first, because they are more active in their fuel processing. Secondly, they are
continuously linked to their regeneration train and, thus, both purification and
regeneration must operate concurrently with high reliability and availability in
order to achieve high reliability and availability of the overall FCU. This
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requirement could be relaxed by including buffer tanks, but this would offset this
technique's biggest advantage, its low tritium inventory. Also diffusers are
expected to be more difficult to control and more susceptible to process upsets in
other parts of the fuel processing system.

A general comment is needed here regarding the use of large, efficient
vacuum pumps for this and many of the operations discussed below. It has been
widely assumed that a scroll pump can provide this function and will pump Q2 at
a rate comparable to its helium pump curves which have been measured. This,
however, has not been established by experiment and scroll pumps may evacuate
O2 less efficiently than helium. Should this be true, more or larger pumps will be
required to provide a given requirement, resulting in bulkier, more costly systems
with reduced reliability.

IV.3.1.3. t'CU regeneration schemes - water intermediate

Both cryogenic molecular sieve and palladium diffusers will produce a
stream of mostly impurities mixed with some Q9. To recover the tritium from
this stream, all the tritium may first be converted to the water form followed by a
second step which recovers the tritium from water. This is accomplished by
mixing the impurities with oxygen, converting all Q (diatomic and molecular) to
Q2O in a catalytic reactor, collecting the water on a freezer (01 molecular sieve),
and exhausting the remaining tritium-free components (CO2, ^ , etc.) to the
tritium waste treatment system (TWT). In a final step the freezer is regenerated
by heating it to 400 K and sending the steam to one of the units described below
for the final recovery of tritium which is readmitted to the main purification path.

This formation and separation of water from the other impurities has
been successfully demonstrated at TSTA. Regeneration of a molecular sieve bed
cou'd be performed with no detectable loss of tritium to the TWT.

-Hot metal beds
Traditionally, hot uranium (750 K) has been used to recover tritium

from water by forming solid uranium oxide and leaving the Q2 in the gas phase.
An analogous, yet superior, technique is to use hot magnesium (750 K) to collect
the oxygen as magnesium oxide and again leave the (X in the gas phase. This
latter method avoids the problems associated with uranium such as its
radioactivity and pyrophoricity. However, both methods suffer with the problem
of producing unregcnerable waste and would not be recommended for large
processing requirements associated with machines such as ITER. This may
appropriately be used for small processing applications.

During l/5th ITER scale tests at TSTA, very poor reduction of water
over hot uranium was observed. This is believed to be due to formation of an
oxide layer at the surface of the uranium powder which greatly impedes the
reaction. Initial TSTA tests using magnesium have been quite successful.
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-Electrolysis
Both gas phase and liquid phase electrolysis designs have been

proposed. In either case an electrical potential is used to split water into a stream
of oxygen and Q ,̂. The great advantage of this over hot metal beds is that no
process solid waste is produced. The concerns related to electrolysis include
scale-up, combustion problems associated with the pure (.).-, formed, tritium
compatibility of construction materials, large tritium inventories for traditional
wet cells, and fragility of large ceramic components for high temperature gas
phase cells.

-Palladium membrane reactor
Membrane reactors have been investigated since the late 1960's for

applications in areas other than fusion technology. They typically consist of a
plug-flow reactor with walls composed of a membrane material. This is useful for
reactions such as the water-gas shift reaction,

CO + H2O - > CO2 + H 2

which only goes to partial completion. If, however, the H^ is removed from the
reacting system, the reaction continues to proceed to the right and complete
conversion can be attained. A palladium-walled reactor provides the means for
removing the hydrogen. This technique has been app':ed successfully to
hydrogenation and dehydrogenation organic reactions. A number of theoretical
treatments of this problem have also been presented. Some of these ideas have
been explored with respect to fusion fuel processing.

For this particular application, a palladium-walled reactor is filled with
water-gas shift catalyst. Fortuitously, both the permeator and a high-temperature
shift catalyst work efficiently at 673 K. CO Is used to sweep steam to the
membrane reactor. Therein, the water-gas shift reaction will proceed to
corupl ;tion because the O2 Is being continually pumped away by a vacuum pump
and returned to the main purification path.

The primary problem unique to this design is that the palladium
membrane reactor has not been demonstrated in tritium service. However,
having already been successfully tested in analogous situations, it Is expected that
the membrane reactor will work in tritium service. Also of concern is the
addition of more carbon to the system. It may be that ITER will produce
sufficient C so thai all carbon will need to be collected. Thus, the addition of
more carbon (as CO) will place an increased load on the carbon collection
system.

If palladium membrane reactor tests indicate that this is not a viable
technique for recovering tritium from water, a stage-wise use of a catalytic
reactor followed by a diffuser may become the method of choice. Tests of this
system are already producing quite positive results.
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IV. 3.1.4. FCU regeneration schemes - direct .ritium recovery

There are a number of reasons to avoid the production of water in the
regeneration train. These include the increased biological hazard, condensation,
undesirable reactivity (i.e. the formation of nitric acid), possible corrosion
problems, and increased operational complication and tritium inventory because
of the added step of water formation and collection. It is clear that, in the
absence of other overriding considerations, it is preferable to avoid water
production. The following two techniques include no water formation.

-Palladium membrane reactor
This scheme employs a similar, but more ambitious use of the palladium

membrane reactor presented above. In the previous case only one reaction, the
water-gas shift reaction, was occurring in the membrane reactor. In this case a
number of additional reactions are employed such as the steam reforming
reaction

CH4 + H 2 O-> CO + 3H2

the methane cracking reaction

CH 4 -> C + 2H2

and the reverse ammonia synthesis reaction

2NH3 - > N2 + 3 ^

These individual reactions have been studied for decades and, recently,
study has begun on these reactions in the context of tritium systems.

In this design impurities would be sent from the purification system
directly to the palladium membrane reactor using CO and/or He as a carrier
gas. All of the reactions will proceed from Q2 containing molecules such as CQ4,
Q2O and NQ-j toward CO^ N2 (NO ?) and Q2 as the O7 is pumped away
through the palladium membrane. In this manner all hydrogen isotopes can be
recovered without going through the intermediate step of forming water.

While this is conceptually quite feasible, there are many unknowns It is
unclear what will happen when compounds other that the simple model
compounds listed above are introduced into the membrane reactor. A catalyst
that might perform all of these reactions at once (eg. a mixture of water-gas shift
and steam reforming catalyst) has not been tested. Since the reactor is contained
within the permeator, the catalyst or catalyst blend would have to work at the
palladium pcrmeator temperature, 673 K. Also, as explained earlier, C is a
concern.

Beside avoiding water formation, this system also accomplishes
regeneration in a single step, is easier to operate and reduces the time averaged
tritium inventory.
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As was mentioned earlier, if the palladium membrane reactor concept
proves unfeasible, a stage-wise use of catalyst beds and diffusers may prove
workable.

-HITEX
Another regeneration scheme which avoids water formation is the

recently-proposed "HITEX" (High Temperature EXchange) process. The
tritium-containing impurities are sent to a hydrogen-rich processing loop which
includes a high temperature isotopic exchange catalyst. Therein, reactions such
as

CH3T + H2 - > CH4 + HT

occur. Following this catalyst is a permeator which separates Q9 from the
impurities and sends them to the hydrogen column in ISS (CD1). This stream,
containing mostly H and a little D and T, will have a minimal impact on the large
ISS column, CD1. When a batch of gas has been sufficiently stripped of tritium,
the remaining impurities and hydrogen are vented to the TWT.

This technique has advantages similar to the palladium membrane
reactor described above. Furthermore, it is does not add carbon to the system
and will, therefore, not tax a carbon collection system.

The disadvantage of this system is its use of large amounts of hydrogen.
This necessitates the use of a fairly large permeator-pump combination and
results in an increased load on the ISS. Should the ISS be downsized
considerably during fuel cycle optimization, this may no longer be a viable
option. To reduce the size of the permeator-pump combination, relatively high
pressure may be used. This high pressure in a tritium system is a disadvantage.

IV.3.1.5. Conclusion

Considering all of the options presented above, it was determined that
the baseline design for this document is the use of cryogenic molecular sieve for
purification. For regeneration both the non-water forming palladium membrane
reactor and the HITEX process are presented. The final decision of whether to
use the PMR or the HITEX process will be deferred pending future
experiments. Electrolysis may be substituted for the PMR or HITEX processes,
if required.

In the remainder of this document the CMSB/PMR FCU will first be
completely described. Next the CMSB/HITEX FCU will be presented.

A block diagram of the CMSB/PMR FCU is shown in Fig. IV-14. An
explanation of each stream is presented later under "Process Implementation-
Operating Parameters".

IV. 3.1.6. Process description.

There are three semi independant purification paths in the FCU. The
path of prime importance is the path from the Torus Vacuum System which is
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predominantly DT, has a relatively low total flowrate (75 moles/h), is exhausted
to ISS column CD4, and has a high impurity concentration relative to the other
two paths. The other paths are from the Neutral Beam Injection System
(predominantly D2) and from the Pellet Injector System (predominantly H9).
Both have relatively high tota! flowrates (100's of mole/h), have very low
impurity concentrations and are exhausted to ISS column CD1 (each into a
different feed tap).

-Torus exhaust gas processing
The FCU main feed Li sent first to a catalytic reactor, CR1, for the

purpose of combining any free oxygen with hydrogen isotopes to form water.
This will prevent the possibility of developing a combustible mixture on the
molecular sieve beds due to the coadsorption of oxygen and, for example,
methane. After CR1, the purification path splits into three branches, each
containing an ambient molecular sieve bed followed by a cryogenic molecular
sieve bed.

The Ambient Molecular Sieve Beds (AMSB1, AMSB2, AMSB3) are
used to adsorb any water impurity coming from the torus as well as the water
formed in CR1. They will also collect ammonia which has adsorption properties
similar to water. Sm?ll quantities of other impurities may be collected here, but
for simplicity sake, only water and ammonia are assumed to collect on the
AMSB's. These beds serve to prevent any plugging of the cryogenic molecular
sieve beds and to increase the overall FCU capacity. Other designs have used
freezers for this function, but great care must be taken in their design to prevent
plugging. Ambient molecular sieve will

-perform the same function,
-not increase the tritium inventory (negligible Qo is adsorbed at room

temperature on molecular sieve),
-is more passive and thus more reliable, and
-eliminates the need for liquid nitrogen supply and control (through

increased heater capacity is needed for the higher temperature required
to regenerate water from molecular sieve).

TABLE IV-8. TORUS EXHAUST BURN AND DWELL MODE DESIGN
FLOW

Species

DT
H

H e *cn°-m
CO
Ar

Principally CQ4

100

Mole Fraction

0.937
0.010
0.033
0.0112
0.0016
0.0008

•4, but other

Species

co2

NQ3

02
Q2O

hydrocarbons may

Mole Fraction

0.0008
0.0016
0.000s
0.0016
0.0016

be present.



The only drawback of ambient molecular sieve is that three to four
percent water is unrecoverable. This will result in a small, semi-permanent
tritium inventory on these beds which, if necessary, can be recovered by isotopic
exchange.

The Cryogenic Molecular Sieve Beds (CMSB1, CMSB2, CMSB3) are
cooled by immersion in liquid nitrogen. At this temperature, 77 K, everything
except helium is adsorbed. Q^, however, is the most weakly bound adsorbate.
Thus, a CMSB is initially loaded with CM. AS impurities are introduced to the
bed, this O^ is displaced until, ultimately, essentially all O9 is gone and the bed is
saturated with impurities.

To regenerate a CMSB, both it and the associated AMSB are heated.
The desorbed impurities are mixed with CO and sent to the Palladium
Membrane Reactor (PMR). There, as described above, the chemical equilibrium
will be shifted from molecular hydrogen (eg. CQ4, NQ-J and Qo) to diatomic
hydrogen (Oo)- The Oo will be pumped through the palladium membrane by the
scroll and metal bellows pumps and returned to the FCU main feed. If the Q2
can be sufficiently recovered from the impurities in one pass through the PMR,
the remaining tritium-free impurities (eg. CO2, CO, N2, NO_ He) which were
rejected by the membrane can be sent directly to the TWT. If, however, the gas
needs additional cleanup (as indicated by an ion chamber) it can be circulated
through the buffer volume and the PMR until the remaining impurities can be
exhausted to the TWT.

-Neutral beam and pellet injector gas processing
The impurities from the neutral beam gas and the pellet injector are

removed in CMSB4 and CMSB5, respectively. Two factors drive the design of
these two operations to cryogenic molecular sieve,

-low tritium inventory because the streams are predominantly D 9 or H^,
and

-the high flow rates.

The alternative to a CMSB would be unimaginably large palladium
diflusers and vacuum pumps. Through not shown in Figure IV.3-1, it may be
necessary after further analysis to include CR's and AMSB's in each of these
processing lines. Only one CMSB is shown for each path because it is anticipated
that regeneration of these beds will be infrequent and, thus, can be performed in
between tests when these beds are not in service. The criterion for regenerating
these beds is time in service and/or gas analysis drawn from a point within the
bed (eg. 3/4 of bed length). Regeneration is not directly to the PMR but, rather,
into the main feed of the torus exhaust gas processing path. The impurities will
be transferred from CMSB4 or CMSB5 to one CMSB1-3 and later processed for
tritium recovery along with the other impurities on CMSB1-3. In this way the O2
coadsorbed on CMSB4,5 (these beds never breakthrough completely) is not
unnecessarily processed in the regeneration train.
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IV. 3.1.7. Operating modes - normal

-Cryogenic molecular sieve beds
Each of CMSB1-3 (along with its companion AMSB) will cycle through

three modes: purification, regeneration or standby. Purification means that the
CMSB is collecting impurities and exhausting only Q2 (and may be He). Before
impurities saturate the purification bed, its exhaust is routed to a bed in the
standby mode. Standby means that the bed is cold and ready to begin collecting
impurities. A bed begins this mode by being slowly preloaded with Q2 from the
exhaust of the purification bed. This is done so that a large process upset does
not occur. After preloading is completed, the flowpath is through the purification
bed, then through the standby bed and lastly out to the ISS. In this manner the
purification bed is completely saturated with impurities so that all Q9 is
displaced. When saturation occurs the standby bed becomes the purification bed
and the purification bed goes into the regeneration mode. Regeneration means
that the bed is being heated to drive its impurities to the regeneration train.
After this is completed, the bed is cooled down and placed in the standby mode.

-Palladium membrane reactor
The PMR may be operated in either once-through or recycle mode.

Which mode to use will be determined by ion chamber in the exhaust to the
TWT. If too much tritium is being exhausted, the PMR recycle mode will be
selected. Recycle mode will necessitate the use of buffer volume (BV) and a
metal bellows pump.

A third PMR mode, reactivation, may be necessary since carbon may
build up on the PMR catalyst due to the reaction

CQ4 - > C + 2Q2

This will eventually degrade the activity of the catalyst. Reactivation can
be accomplish by flowing CO9 through the PMR to promote the reaction

C + CO9 - > 2CO

This relatively infrequent operation has also been shown to rejuvenate
palladium permeators.

IV. 3.1.8. Operating mode - off-normal

There aro very few high-probability failures within the FCU which
would cause its immediate shut-down. If one of the AMSB / CMSB1-3 paths
failed, operation could likely continue with only two AMSB / CMSB1-3 paths. A
failure in the PMR function, regeneration, is only needed intermittently and, in
almost all cases, can be deferred for a few hours while repairs are made. Most
FCU failure scenario will allow a few hours of continued operations during
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which repairs may be performed. This is considered one of the great advantages
of this FCU - its inherent reliability.

The most problematic accident scenario for any FCU is a loss of torus
vacuum. This massive influx of test cell atmosphere will mix with the hydrogen
isotopes in the torus and also likely cause the desorption of additional Q^ from
the torus surfaces. Further impurities will be regenerated due to reactions with
the hot first wall. This quantity of impurities is orders of magnitude larger than
the design value for the HvlSB's. Any FCU would require extended time to
process the gas resulting from this accident. This time requirement may not be a
problem since such an accident would likely require an extended shut-down of
torus operations for repair.

IV.3.2. Permeation/water-gas shift (batch process) [15]

IV.3.2.1. Design approach

For the reprocessing of the primary vacuum exhaust gas of the ITER
fusion reactor during burn and dwell, pump down and coaditioning modes, a
process has been realized based on separation of impurities from DT by means
of semi-permeable membranes, and detritiation of impurities by catalytic
reactions is described. Main design guide lines were:

-one process for all exhaust gases,
-few process steps,
-low hold up,
-low solid waste,
-no high temperatures,
-minimum conversion of hydrogen isotopes and/or impurities into
water, and
-few replacement operations.

In the first step, molecular hydrogen isotopes from the torus exhaust are
recovered in a highly pure form (99.9999% purity) using a main palladium/silver
permeator (see Fig. IV-15). The remaining tritiated and non-tritiated impurities
are processed in two catalytic reaction steps:

-a nickel catalyst to decompose hydrocarbons and ammonia and
-a zinc stabilized copper chromite catalyst to convert water into hydrogen

via the water gas shift reaction.

Hydrogen isotopes liberated by these reactions are recovered with the
help of a second palladium/silver permeator. The detritiatcd gas is sent to waste.

Laboratory scale process demonstration obtained the following results:
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1V.3.2.2. Permeation of hydrogen isotopes through palladium silver membranes

The influence of fusion fuel cycle relevant impurities on the rate of
hydrogen permeation through Pd/Ag membranes was investigated over a wide
range of temperatures and pressures using a relatively large commercial
permeator. The permeation coefficient of pure hydrogen through these
permeators was measured at temperatures between 100 and 450 °C and found to
be essentially in agreement with values determined by other investigators, who
used only small Pd/Ag fingers. Other experimental results indicate that none of
the expected impurities will reduce the hydrogen permeation rate at
temperatures above 250 °C. At temperatures below 250 °C only CO will cause a
significant reduction in permeation rate. The data show that poisoning by CO is
reversible. Ammonia is decomposed on the Pd/Ag surface into its elements and
the liberated hydrogen is removed by permeation.

The effective permeator surface required for ITER was calculated
under a variety of conditions (total pressure, hydrogen partial pressure, back
pressure, etc.) and verified experimentally with a permeator having the same
geometry as foreseen for ITER. It was concluded that a permeator of about 1 m
surface area can cope with the hydrogen fluxes expected.

IV.3.23. Water gas shift reaction

Water is converted catalytically into hydrogen via the water gas shift
reaction. Several catalysts were compared with respect to their catalytic activity
at various temperatures. From the obtained data it is concluded that a zinc oxide
stabilized copper chromite catalyst is the most favourable. With this catalyst a
conversion of at least 98 % can be achieved at temperatures of approx. 200 CC.
Tta; «.atalyst is insensitive to high partial pressures of water, ammonia and CO
(0.1 MPa). The amount of catalyst required is very small.

IV.3.2.4. Decomposition of hydrocarbons and/or ammonia on a nickel catalyst

Numerous experiments were carried cut to study the decomposition of
methane and ethane on an alumina supported nickel catalyst. Both gases are
decomposed into molecular hydrogen and carbon in the temperature range
450 - 580 °C. Preliminary experiments with n-hexane and ethylene show that
these gases can also be decomposed on a Ni catalyst.

When methane is cracked in the presence of carbon oxides, the
Boudouard equilibrium simultaneously participates in the reaction:

C + CO2 = 2 CO
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As the ratio carbon dioxide / methane is increased the overall reaction is more
and more described by

CH4 + CO2 = 2 CO + 2 H2

which is truly catalytic.

IV.3.2.5. Physical configuration

The engineering design of a catalytic plasma exhaust gas cleanup facility
for ITER is currently being carried out.

As shown on the process flow sheet in Figure IV-15 the bulk separation
of molecular hydrogen from impurities is achieved with a commercial
palladium/silver permeator (approx. 1 m permeation area). Hydrogen isotope
pumping is carried out with a commercial oil-free 600 N m /h NORMETEX
pump, which is also the largest single process component. The combination
permeator/pump is redundant to ensure that the main hydrogen flow can always
be processed. The loop used for the semicontinous processing of the permeator
bleed gas consists of a 10 kg commercial Ni catalyst bed, and approximately 1 kg
commercial water gas shift catalyst bed and another 1 m palladium/silver
permeator evacuated by a 15 N m /h NORMETEX pump with integral
diaphragm-type backing pump.

Pump-down gases from reactor flooding with air or helium are
processed in a once-through modus. For this purpose hydrogen and the
impurities are first oxidized to water and carbon dioxide on a noble metal
catalyst bed and the produced water retained in a cryotrap. Condensed water is
volatilized employing carbon monoxide as a carrier gas and passed through an
approximately 50 kg water gas shift catalyst bed. The effluent gas is then passed
through the first 1 m permeator and afterwards through the 1 kg water gas shift
catalyst bed as well as through the permeator of the loop described above. The
off-gas is discharged to the Exhaust Gas Detritiation system for final treatment.

Engineering flow sheets including control circuits and instrumentation,
together with components lists, and data sheets are available. Preliminary safety
considerations and cost estimates are also given in the body of the report.

Repair and maintenance is minimized by sizing of catalyst beds to
handle the total gas quantities expected during the lifetime of ITER.
Nevertheless, occasional replacement of defective components (e.g. valves,
bellows, pumps, instrumentation devices) is provide for. Preliminary layout is
outlined in Fig. IV-16.

IV.3.3. Hot metal tritium gas purification [17]

JV.33.1. Design approach

Hot laetal Tritium Gas Purification (HMTGP) is an optional process
for the purification of hydrogen isotope mixtures extracted from the plasma, the
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f̂ ŝ  /~\ /"Vl

collector-
receiver

|puritiurities

•to
recycle

D+T+CIU D+T+He+Ar He+Ar+ DT(2-5%) He+Ar

\ high vacuum
\ pumps

\

673
773K I,

u_
973K

J_
298K

to EGDS

298
398K

getter beds

t0 PL
N.B.I., P.I. gas flows to the isotope separation unit

DO—

Fig. IV-17. Schematic diagram of FCU based on hot metal beds



blanket, the NBI, and the PI systems. Gaseous impurities including inert gases
will be extracted, then the purified hydrogen isotope mixture will be transferred
to the ISS. The HMTGP is based on the reversible selective absorption of
hydrogen with hydride-forming materials and the decomposition of impurities
(CQ4, NQ3, CO, and Q2O)* with the irreversible absorption of O2, N2, and C
by the metals.

The HMTGP proposed design for the Fuel Cleanup Unit is based on a
deuterium tritium stream flow of 75 mole/h associated with 1.5 mole/h of
impurities.

Small-scale laboratory tests have shown that the efficiency of the
zirconium based getter in removing C«2, N2, and CH4 is better than the
sensitivity of the instrumentation, which is 1 x 10 percent for O2 and N2, and
5.6 x 10"3 percent for CH4.

IV.3.3.2. Process description

The system flowsheet is shown in Fig. IV-17. Impurities are removed in
four successive units. The first unit will remove water, ammonia, CO, CO2, N2

and O2. Methane will be removed in the second unit. Chemically inert impurities
will be separated in the third and fourth units. Additional tritium removal from
the inert gas coming from these units will be required before the gas can be
released to the atmosphere.

The amount of radioactive waste generated will be 3 kg/day of solid
getter material, in addition to the materials in the walls, piping, and valves of the
getter containers. The maximum tritium inventory will be limited to 180 g.

IV.3.3.3. Physical configuration

The main design data for the Zr based intermetallic compound units are
given in Table IV-9. For the final two units, two electrically heated furnaces and
two coolers are required to minimize the number of units and to provide
continuous cleanup. The coolers and furnaces will be fixed on a lifting-turning
table. Processes of sorption, desorption and cooling will be conducted in this
facility.

IV.3.3.4. Commissioning, operation, reliability and maintenance

The HMTGP is designed as a compact, integrated assembly of sorption-
desorption units. Double wall confinement will be needed for all units to
minimize permeation.

* 5.6 x 10"5 for CH4 at 673 K and 1.1 x 10"6 for CH4 at 973 K.

110



TABLE IV-9.
GETTER

CHARACTERISTICS OF A UNIT WITH A Zr-BASED

N

1

2

3
4
5
6
7
8
9.

Component

Alloy Zr (Cr02 V 0 . 8 ) 2

or Zr0 7 Tio.3 Mn2
Intermetailic compound (IC)

layer density
Layer volume
Layer diameter
Surface area
Thickness of unit walls
IC particle diameter
Filter element
Layer height

Parameter value

4.8 kg per unit

_2.2 - 2.5 g/cm3

_2.2*lO3 cm3

5.0 cm
1.14*1O3 cm2

1.0 cm
70 - 140 H

metallic fiber structures
80 cm

IVA. BLANKET TRITIUM RECOVERY

IV.4.1. Ceramic breeder tritium recovery

IV.4.1.1. Cryogenic molecular sieve option [18]

-Design approach
The tritium recovery system for the ITER L^O/Be water cooled

blanket processes two separate helium purge streams to recover tritium from the
L^O zones and the Be zones of the blanket, to process the waste products, and
to recirculate the helium back to the Hanket. The components are selected to
minimize the tritium inventory of the recovery system, and to minimize waste
products. The system is robust to either an increase in the tritium release rate or
to an in-leak of water in the purge system.

Three major components were used to process these streams, first, 5A
molecular sieves at -196 °C separate hydrogen from the helium; second, a solid
oxide electrolysis unit is used to reduce all water; and third, a palladium/silver
diffuser is used to ensure that only hydrogen species reach the cryogenic
distillation unit. Other units are present to recover tritium from waste products,
but these three major components are the basis of the blanket tritium recovery
system.

-Process description and design considerations
The composition of the major species in the helium purge stream as

they leave the blanket are listed in Table III-14. Several filters are used between
the blanket and the subsystems of the blanket tritium recovery unit to remove
particulates, vapour species, and other impurities. The effect of these removal
units is shown in Table ni-15 for l^O and in Table UI-16 for beryUium.
Regenerative heat exchangers prior to the cold trap reduce the helium purge gas
temperature from 400 °C to -100 °C.
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The units (see Figure IV-18) t i process the helium/hydrogen purge gas
from for the Li^O zones are:

-A set of cold traps separates water, 0.46 kg/d, and some of the carbon
dioxide from the helium.

-Two compressors and a storage system are provided to circulate the
helium gas.

-A solid oxide electrolysis unit decomposes water.
-A set of 5A molecular sieves, termed XT, at -196 °C removes hydrogen

isotopes, 1 % of the helium flowrate, and all remaining impurities from
the helium.

-A set of 5A molecular sieves at 25 °C, termed Yl, recovers water, carbon
dioxide and other impurities when the XI sieves are regenerated and
also removes water from the hydrogen stream coming from the
electrolyf ~ unit.

-A palladium/silver diffuser separates inerts from the hydrogen isotopes
when they are passed to the cryogenic distillation unit.

-A backup SAES (ZrCoV) getter held at 350 °C prevents active impurities
from entering the cryogenic distillation unit.
Partial regeneration of the XI sieves to -100 CC will be frequent,

occurring every two hours. Hydrogen passed through the sieves assists in
desorbing the hydrogen and helium. The helium will be removed first, followed
by the hydrogen. Most of the hydrogen will be removed before the sieves are at -
100 JC with the last portion of the hydrogen gas containing most of the tritium
and none of the helium. It may be possible by judicious temperature control to
return the major fraction of the hydrogen stream back to the Ll^O purge stream
and send only the tritium rich portion cf the recovered hydrogen stream to the
cryogenic distillation unit. Regeneration at 25 °C to remove entrapped hydrogen
species or inerts and later to 250 °C to remove water and carbon dioxide may be
required once a month or more frequently, if the impurity level is higher than
expected.

Also shown in Figure IV-18 are units to process the helium purge from
the beryllium zones:

-A set of cold traps separates water, a maximum of 10 kg/d, from the
helium.

-A compressor and a storage system is provided to circulate the helium
gas.

-Several linked solid oxide electrolysis units decompose water.
-A set of 5A molecular sieves at -196 °C, termed X2, removes impurities,

including tritium from the helium. Regeneration of the X2 sieve beds is
done once a day using hydrogen as carrier gas and warming to 250 °C.

-A set of 5A molecular sieves at 25 °C, termed Y2, separates hydrogen
from other impurities and removes entrained water from the hydrogen
stream from the electrolysis unit. The exit hydrogen species from the X2
and Y2 sieves are routed to the Yl sieves. Waste products go to a
common waste iccovery unit.
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After purification through the Yl and Y2 beds, the protium/tritium
stream permeates through the palladium/silver diffuser to ITER's common
cryogenic distillation unit in which fhe tritium is separated from the excess
protium. The tritium product fuels the plasma while the H2 is recycled to the
helium purge stream for the LUO blanket zones.

To recover tritium waste species, the Yl and the Y2 molecular sieve
beds arc regenerated every 12 hours by flowing helium gas through them while
they are at 250 °C. The helium stream is passed to the waste recovery unit in
which the tritium is recovered as tritiated water and non tritiated wastes are
passed to the plant's stack system, the components of the waste recovery unit
include a set of 5A molecular sieves, termed Z, a set of copper oxide beds held at
500 °C and a set of cold traps held at -100 °C. If necessary, zeolite beds could be
added to trap radioactive argon, krypton, and xenon at -196 °C and a calcine
solution may be required to trap carbon dioxide as calcium carbonate.

-Process flow calculations and process control
The material flows, temperature and pressures for the process paths are

given in [18]. A minimum helium and/or hydrogen flow was assumed for
regeneration of any of the molecular sieve beds. For the purge gas from the Be
zones, the worst case is shown, an in-leak rate of 10 kg/d of water.

Standard interfaces have to be provided to water coolant, liquid nitrogen
coolant, electrical power, vacuum system, stack cleanup systems, glovebox
cleanup systems, air supply systems, helium gas systems, etc.... In addition, it is
assumed that air cleanup is provided for all areas in which the components of
this system are located and that crane facilities are available for maintenance
activities. Access also has to be provided to solid waste disposal facilities at the
plant when the end-of-life of component is reached.

The blanket tritium recovery system is interlinked with the blanket, the
other subsystems of the fuel processing system, the cryogenic isotopic separation
system, the general roughing vacuum system, the waste disposal unit, and the
stack system. Valve and control circuits have to be provided between these
systems to ensure reliable operations.

Localized control for processing is maintained on each unit using
feedback from temperature and flow sensors. Data collection is maintained at a
centralized control unit. A separate system which is linked to a centralized
control unit is responsible for safety.

-Physical configuration
The space requirements for the blanket iritium recovery system are

shown in section VI. Access space needed for maintenance of components is not
included.

The large compressor units and regenerative heat exchangers for the
helium purge stream for the LUO zones are in the LLO room which has a crane
that can be operated remotely, to ensure that these units can be maintained in
the event that they experience gamma contamination. Other units in this room,
are the low temperature molecular sieve beds, the regenerative heat exchanger,
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and the cold traps. In an adjacent Be room are the units used to recycle the
helium stream for the Be zones. In a third room, the units which purify the
tritium and recover the waste tritium are located.

-Commissioning, operating, reliability and maintenance
There is a general lack of qualification data for most components for

tritium operation. Palladium/silver diffusers need extended testing at the tritium
concentrations and pressures expected in ITER. Ceramic electrolysis units
consisting of series of 10 - 20 cells currently under commercial development for
protiated water, require tritium qualification. The purpose of these qualification
tests is to obtain data which indicate the reliability of individual components in
tritium service, the time between failures, the type of maintenance schedules to
be followed, and any synergistic effects between components when they are
linked in system operation. The overall goal of this work will be to ensure
99 % availability of the blanket tritium recovery system, including planned
maintenance.

Maintenance of the components of the blanket tritium recovery system
m?»y require gamma shielding, especially the filters located immediately after the
outlet of the purge gases from the blanket. To provide ease in maintenance,
components which have a high probability to be gamma activated, i.e., those used
to recycle the helium stream, are located in a separate room. Cranes which can
be remotely directed are used for large units like the compressors for the helium
purge for the I ^ O zones to minimize worker exposure to gamma contamination.
In addition components are designed as modular units to minimize downtime if
replacement of units is required.

The most crucial component of the blanket tritium recovery system is
the compressor for the helium purge for the L^O zones. If this unit fails, then
there is a static gas atmosphere in the LL̂ O zones which may allow the tritium to
concentrate in cold areas of the blanket. This would be undesirable. Therefore, a
spare compressor would be in stand by.

Some failures can be tolerated due to the long regeneration times, 12
hours for beds Yl, Y2, and Z, 24 hours for beds X2 and 48 hours for the Be cold
trap. If a failure occurs in the XI beds, the helium purge gas could be recycled to
the Li^O zones for four days, the net result being a 4 % increase in the hydrogen
partial pressure of the stream.

-Preliminary safety assessment
All units and process lines are assumed to have primary and secondary

containments. The major components of the blanket tritium recovery system are
installed in secondary containment gloveboxes. Lines between the blanket and
the compressor units will be doubly contained. Tritium release from these
systems can not occur as a result of a single component failure.

Because of the size and mass of the compressors used to circulate the
helium for the L^O zones and the need to have access to a crane if one fails, the
room in which they are located is assumed to provide secondary containment of
these units.
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For the system, the total tritium process inventory is < 20 g. The total
residual tritium inventory trapped in the 5A molecular sieves after several years
of operation can reach 134 g. To obtain release of this tritium requires prolonged
heating of the bed at 250 °C while hydrogen is circulated. This method is those
selected to regenerate these molecular sieve beds, so the expected actual bed
inventory will be appreciably less than this value.

Blanket

TCPSA
I lydrogen
Concentrator

Alternatively
Distillation can
be used.

Purge Expander

Fig. IV-19.
permeator
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IV.4.1.2. Blanket tritium recovery - vacuum swing sorption /TCPSA/Pd permeator
119)

-Process description
A proposed process for extraction, concentration and purification of

tritiated hydrogen from the breeder blanket purge shown in Figure IV-19 is
applicable to the L^O blanket purge stream containing 0.1 % hydrogen in
helium stream flow of 117 kmol/h. Tritium loaded heliuni purge gas is first
cooled in H where its heat is recovered in the cold return stream. Compressed by
the main compressor A to 0.2 MPa, cooled in cooler C and refrigerator R to 77
K for water trapping in T. Vacuum Swing Adsorption (VSA)- V operates also at
77 K and separates hydrogen and impurities from helium. Partially stripped
helium is returned from V back to the blanket through the heat recovery
exchanger H. This helium flow is replenished with tritium depleted hydrogen for
tritium "swamping" in the breeder. The VS/V system Ls operated to obtain
concentrated hydrogen from the helium earner gas and complete removal of
impurities and trace water vapour carried over from the cold trap. When the
sorption step is completed the VSA bed is evacuated and a countercurrent low
pressure purge step is performed using clean and warmed helium to displace the
concentrated hydrogen stream from the bed. This stream containing between
10 and 20 % of hydrogen and also carbon, nitrogen and oxygen compound
impurities, is pumped by D from the VSA to the Thermally Coupled Pressure
Swing Adsorption system (TCPSA) Tl . While a fast cycle VSA system cannot
achieve the same single step hydrogen concentration ratio as a slower cycled
thermal swing system, it will be quite good enough to enable a large reduction of
tritium inventory.

The optional TCPSA system, whose operating temperature is about
150 K, fed with the VSA pre-enriched product further concentrates it for the
ultimate separation in the palladium diffuser. Figure IV-20 shows a simplified
schematic of a TCPSA "compound separator" which uses multiple columns of
stepped sizes to achieve in a single working volume nearly complete separation
of a trace heavy component from a light carrier gas. TCPSA compound
separator can purify the carrier by complete extraction of the heavy component
and subsequently concentrating the heavy component. The compound separator
Ls shown in a double-acting configuration with identical left and right sides
operating 180 degrees out of phase. On each side, a series of adsorbent columns
are connected in series along a flow path in left and right working spaces, with
double-acting pistons coupled at the nodes. The pistons oscillate at the same
frequency, and with a suitable phase shift, so that the total volume of each
working space is cyclically varied to generate pressure swings, while a phase shift
between the pistons at the upper and lower ends generates cyclically reversing
flow through the adsorbent columns along each flow path. Feed gas with a trace
heavy component is admitted by valves Fl and F2 to the left and right working
spaces respectively at a central point of each flow path. The piston at the bottom
of Figure IV-20 is reciprocated in leading phase with respect to the smaller
pistons toward the top of the figure, so that gas depleted in the heavy component
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Fig. IV-20. TCPSA diagram

flows downward in each flow path during high pressure intervals in that working
space, while gas enriched in the heavy component flows upward during low
pressure intervals. Thus, purified carrier gas from which the heavy component
has been extracted can be delivered through valves LI and L2; while
concentrated heavy component can be delivered through valves HI and H2.

A separate TCPSA module T2 operating at 300 K may be used to
concentrate the blanket purge impurity efiQuent, as well as other fuel cycle
impurity streams entering with various impurity levels. This impurity processing
module would finally deliver a concentrated impurity stream from which reduced
hydrogen has been stripped, prior to oxidation for final recovery of tritium from
the impurity compounds.
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While the TCPSA concept appears to offer several attractive features, it
is at an early stage of development. Therefore, the near term reference design
will consider direct feed of the VSA product to the permeator P or it could
incorporate a cascade of VSA modules operating at 77 K for second stage
hydrogen/helium separation and at 300 K for impurity trapping and removal.
Consideration will also be given to separating the 10 - 20 % hydrogen from
Helium by distillation.

Advantages of the proposed process corppared with a Thermal Swing
Adsorption alternative are: low tritium inventory, elimination of hydrogen
purging of adsorbent columns which in comparison with the reference design
[17J reduces the load on the ISS and will be potentially smaller system.

-Design consideration
The VSA system comprises multiple beds in parallel using 10X (Ca- X)

zeolite adsorbent or similar. With feed at 0.2 MPa, and vacuum regeneration at
0.01 MPa, the pressure ratio is 20/1. The estimated cycle time is 5 minutes. An
order of magnitude estimate of tritium hold-up in the VSA system and directly
associated surge tanks is four minutes of blanket output, or about 0.4 g. Each
adsorbent column would be once each day subjected to a periodic thermal swing
excursion to unload water. The hold-up of reduced tritium is clearly reduced by
more than an order of magnitude compared to a thermal swing system with a
two hour cycle. The TCPSA Hydrogen Concentration Module may use zeolite
10X adsorbent at about 150 K.

-Physical configuration
Using a minimum of three VSA adsorbent beds in parallel, each such

bed would contain approximately 100 litres adsorbent. Physical size of the
TCPSA Hydrogen Concentration Module will be determined primarily by the
product of the helium flow through-put, and the cycle frequency. The helium
flow entering from the VSA system is inversely proportional to the hydrogen
concentration achieved by the VSA module. Taking 100 cycles per minute as a
target frequency for the TCPSA - Tl and a nominal hydrogen concentration in
the VSA hydrogen product of 10 %, the total internal swept volume of TCPSA
pistons is estimated to be 70 litres, with a total adsorbent volume of
approximately 15 litres.

The Impurity Concentration Module will process only about 2 litres/min
of gas and would have an internal piston swept volume of only about 1 litre if
operating at 10 RPM.

-Operating considerations
The VSA process is conventional with well known operating

characteristics. For the TCPSA it was found experimentally that its operation is
very stable once the system has primed itself to reach steady state. The unit has
an internal inventory of both product streams to buffer minor flow upsets. The
cycle speed of the module may be used as a highly responsive control variable to
adjust product delivery rates at approximately constant product concentration
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and extraction levels. At any given speed, the flows and working pressure can be
controlled by external valve adjustments. Response to sudden product flow
demand is essentially instantaneous.

-Mechanical design approach
The use of double-acting pistons in the compound separator simplifies

sealing problems, since each piston separates chambers of the left and right
working spaces at the same gas concentration. Thus, leakage across the non-
lubricated pistons does not compromise separation performance, except by
reducing attainable working pressure ratios and energy efficiency. This leakage
can be controlled to tolerable levels by using relatively long close-fitting pistons
of relatively long stroke and small diameter. Such pistons, to provide the
hermetic enclosure required for nuclear industry applications, may be driven and
kinetically constrained by linear permanent magnet couplings. Large diameter,
si: ort stroke pistons may use double bellows seals with a conventional mechanical
drive.

The availability of a high surface area parallel channel adsorbent and its
support is the main TCPSA development challenge.

IV.4.2. Aqueous salt blanket tritium recovery [23]

IV.4.2.1. Desiffx approach

Water distillation combined with Vapour Phase Catalytic Exchange
(VPCE) process is proposed for the tritium recovery from the Aqueous Lithium
Salt Breeder (ALSB) blanket. This is coupled with the ISS (IV.5.1) which for the
ALSB case is very similar to the reference solid breeder case. The process is
consistent with that selected for waste water detritiation (IV.5.2.). A number of
combinations of processes for water treatment have been investigated in the
decade preceding ITER design work, comparing the ov rail cost, simplicity,
proof of the concept, safety, reliability and a number of other selection criteria.
Considered were as stand-alone, or where applicable, combinations of:
Electrolysis (E), Liquid and Vapour Phase Catalytic Exchange (LPCE and
VPCE), Water Distillation (DW) and the Combined Electrolysis and Catalytic
Exchange (CECE). The DW + VPCE and the CECE processes have been most
preferred because these present the best balanced rating against the above
criteria with the DW + VPCE having an added advantage of being proven in
real application on a scale substantially larger than required for ITER.

IV.4.2.2. Process description and design considerations.

The key design data and parameters for water distillation are in Table
IV-10 and its connection with the ISS is shown in Figure IV-21. The size of the
tritium extraction equipment was given by the size of the largest module in
proven industrial application. Tritiated blanket water is desalinated in the feed
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TABLE IV-10. DISTILLATION COLUMN PARAMETERS

Parameter
Number of Theoretical Stages
Pressure [kPa]

Temperature [K]

Column Dia. [cm]

Packing Height [m]
Reflux Ratio

Top
Bottom
Top
Bottom
Top
Bottom

Intermediate Reboiler at Stage

Holdup Profile
(mol/stage)

Total Holdups
(mole)

Power [W]
Top
Bottom
Int. Reboiler
Reboiler
H2

D->
T2

H2O
D2O
T 2 O
T2, grams-

Condenser Duty [W]
Feed Stage
See Figure IV-21.

Product Stage

Stream 1
Stream 8
Stream 9
Stream 30
Stream 27
Stream 11
Stream 2
Stream 20
Stream 28

CD1
130
150
155
21.8
25.3
16.7

-

7.15
3.7
-
-

5
-
-
15

367
283

9
-
-
-

53.9
1406

-
70
99
52
-
1
-
-
-

CD2
120
125
130

24.4
24.8
18.2
10.7
6.60
125
100
1537
6.11
2.11
18.3
6.33
0.02
CG2
8.3
-
-
-

49.8
2562

-
-
-
-
-
-
-
-
-

C D 3
120
100
105

23.6
23.8
18.0

-

6.60
600

-
-

5.9
-
-

17.7
0.009

0.005
-
-
-

0.03
2050

-
-
-
-
-
-
-

15
-

CD4
65
100
105

23.65
2-1.8
11.1
3.97
3.58

10
42
500
2.29
0.29
6.87
0.87
0.07
721
35
-
-
-

210
700

-
-
-
-

32
-
-
-

65

DW2
175
16
23

329
336
260
52
21

10.7
-
-

2122
84
-

672
-

72.9
-

3xlO5

413
19.4

-

N/A
38-
-
-
-
-
-

1
-
-

evaporators and fed into the column at tray 38. The column concentrates the
feed which oscillates within the range 5. to 28. Ci/kg to up to 7 x 10 HTO at
the bottom. The tritium depleted water is returned to the breeder from the top
of the column. Tritium enriched water vapour from the bottom of the column is
mixed with tritium free hydrogen from CD1, and superheated to 200 °C for
isotope exchange on Pt catalyst in the single stage VPCE. After isotopic
equilibration the tritium depleted water is separated from the enriched hydrogen
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Fig. IV-21. ITER ISS line diagram "ALSB case"
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in the condensing section of the VPCE and returned to the DW column. The
tritium carrying hydrogen is returned to CDl for tritium hydrogen separation.
The total height of the packed mass transfer section is 21 m. The column
contains 19.4 moles of T^O and operates at vacuum and temperature of 50 °C.

IV.4.23. Process flow calculations and process control

The system was analyzed by using the FLOSHEET steady state process
simulator and the results are in Table IV-11 for the water streams and in Table
IV-12 for the hydrogen gas product streams. It was assumed that blanket
detritiation will take place over a seven week operating cycle. During this period

TABLE IV-11. ALSB WATER STREAM MOL FRACT

No H , O H D O H T O D 9 O D T O T2O
1 94
2 94
3 1
4 1

0.99
0.99
0.95
0.96

2.1E-04
5.2E-02
4.4E-02

1.1E-05
2.2E-03
1.2E-03

1.5E-04
1.1E-08
7.4E-04
1.4E-04

1.1E-09
6.2E-05
7.1E-06

3.10E-08
2.9E-11
1.36E-06
3.5E-07

- flow in [kmol/h].

TABLE IV-12. ISS PRODUCT FLOWS AND COMPOSITIONS

No H2 H D H T D T T-,
11
20
28

0.9
0.4
0.07

0.99
6E-12
8E-19

2
4
2

.2E-05

.OE-06

.0E-10

7
1
1

.0E-11

.6E-10

.OE-07

3
1.
6

.2E-12
0E+00
.5E-03

3. IE-17 5.3E-23
7. IE-10 3.5E-22
3.9E-01 G.1E-01

TABLE IV-13. TRITIUM CONCENTRATION IN ALSB

No of DW units
1
2
4
6

Cmin

5.09
0.63
0.0013
0.0003

cmaz
28.2
19.5
12.1
8.2

cextt
11.3
7.8
4.8
3.3

relative cost
1.0
2.1
5.7
8.0
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the tritium concentration in the breeder would oscillate between C • and
Cm a x . The respective values would depend on the tritium extraction capability of
the system which, for this study, was determined by the number of DW + VPCE
modules used. On the basis of results shown in Table IV-13 it is proposed that
only one module be used.

Process control of the unit would be consistent with the descriptions in
IV.5.1. and IV.5.2.

TV.4.2A. Physical configuration

The dimensions of the water and hydrogen distillation columns are given
in [24] Table IV-10; its configuration is shown in Figures 6 and 7 in the same
reference.

IV.4.2.5. Commissioning, operation, reliability, safety and maintenance.

The VPCE is designed as a compact, integrated catalytic reactor with a
minimum seal welded flanged connections. The demonstrated capability factor of
the DW equipment is above 95 %.

The equipment and its operation is robust and maintenance free. Pumps
and other equipment which potentially may need some maintenance will be
redundant.

Preliminary Safety Assessment identified issues similar to those for the
waste water and ISS systems mentioned in IV.5.1. and IV.5.2. with one notable
exception - tritium concentration in the bottom of the DW column. Although this
column operates under vacuum and under 50 °C temperature the bottom of the
DW column may require double containment since the tritium concentration is
at the level of 10 mole HTO per mole of H9O. During the column shut-down,
however, when the column content is mixed, the average mole-fraction is 10
T2O in H2O or up to 300 Ci/kg at the end of the burn period.

IV.4.3. LiPb tritium recovery [21]

IV.4.3.1. Design approach

A proposed system for recovering tritium from a lithium lead eutectic
blanket is described here. The system consists of 16 separate subsystems, one for
each blanket section. In case one of the subsystems fails, flows can be diverted to
another subsystem, providing redundancy and increasing reliability.

During burn, the eutectic is frozen within the blanket for safety reasons.
Only a small central zone remains molten to decrease the thermal mechanical
stresses within the channels.

For tritium recovery during machine shut-down, the eutectic is melted,
after removing the cooling water, by introducing hot helium gas. A fraction of
the tritium and helium dissolved in the eutectic is released during this operation
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TABLE IV-14. STAGES OF TRANSFERRING A GAS FROM THE LiPb
EUTECTIC BLANKET INTO THE TRITIUM CYCLE SYSTEM

Note: Data given are for each one of the 16 sections.

First stage: melting of the eutectic in the channel with He and
T release. He and T are pumped out from the
channel to the FCU during this stage.

Duration 10 hours
Gas amount 180 moles
The rate of gas supply to FCU 18 raole/h
Gas composition:

He (90-95) % (mole)
HT, H2, T 2 (T/H = 1/1) (5-10) % (mole)
HTO, H20, T20, CO fi 0.1 % (mole)

Tritium permeation to
coolant 0.13 g

Second stage: r sprocessing of irradiated eutectic in
recovery apparatus

Duration 50 hours
Gas amount 160 moles
The rate of gas supply to FCU 3 mole/h
Gas composition: T2, HT, H2 (T/H = l/l)
Tritium permeation to glove

box 0.01 g/day

and is pumped out of the blanket by a vacuum pump. This takes place in stage 1
(Table IV-14). In stage 2, the eutectic is pumped from the blanket to the tritium
recovery system for further tritium recovery.

IV.4.3.2. Design considerations

The blanket contains a total of about 1000 tons of lithium-lead eutectic,
and a maximum of about 0.5 kg tritium. With the proposed system, it should be
possible to recover tritium from the eutectic within a period of one to three days.

Polonium (one of the lead activation products) is also removed from the
eutectic to the level of its maximum permissible concentration. Auxiliary blanket
systems include a gas vacuum system, a water cooling system, a power supply for
electrical heaters, and a monitoring and instrumentation system.

IV.4.3.3. Process description

A block diagram of the blanket tritium recovery system is shown in
Fig.IV-22. The system includes the following subsystem: tritium recovery,
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TABLE IV-15. CHARACTERISTIC PARAMETERS OF THE LiPb TRITIUM
RECOVERY SYSTEM

Note: Data qiven are for each one

Extraction time
Operating temperature
Max. pressure in the

eutectic loop
Flow rate of eutectic
Electric power for heating

the pipes
the tanks

of the 16 sections.

1 - 3 days
250-300 °C

800 kPa
0 - 5 kg/s

50 kW
10 kW

eutectic preparation and purification, and polonium trapping. A more detailed
schematic diagram of the Li - Pb tritium recovery system is shown in Fig. IV-23.
It consists of a system of vessels, pumps, filters, traps, samplers, and flowmeters.

Tritium recovery can be realized by two optional circuits.

-In the first option, the eutectic is circulated continuously along the path:
blanket section - discharge tank - tritium recovery apparatus - standby
tank - blanket.

-In the second option, the irradiated eutectic is pumped to the discharge
tank and is replaced in the blanket by a newly-processed batch of
eutectic. Tritium is then recovered outside the blanket, with the eutectic
following the path: discharge tank - tritium recovery apparatus - standby
tank - discharge tank, or the eutectic may be continuously circulated
along the path: discharge tank - tritium recovery apparatus - discharge
tank.

Design parameters for both options are similar (see Table IV-15). A
tritium extraction efficiency of about 90 percent can be realized in single-pass
operation for both options.

TV.43.4. Physical configuration

The tritium recovery apparatus is a cylindrical distillation tower
equipped with circular plates to increase the degassing surface (Table IV-16). A
melted eutectic layer flows in the recovery apparatus from top to bottom as a
thin stream along tower plates, which are divided into vertical sections. Released
tritium and helium are pumped out, in a vacuum degassing process, to the
tritium purification unit where tritium is separated from helium. The molten
eutectic on the tower plates is heated by a central heater which is isolated from
the eutectic by a jacket containing an inert atmosphere.
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TABLE IV-16. TRITIUM RECOVERY APPARATUS

Note: Data qiven are for each

Column:
Diameter
Height

Plates:
Number of plates
Distance between plates
Thickness of eutectic layer

Operating temperature
Residual pressure
Free surface
Electric power for heating

one of the 16 sections.

1.0 m
2.0 m

50
50 nun
5 mm
300 - 400 °C
0.1 Pa
30 m"
40 kW

Lithium and lead vapour are condensed on a water cooled wall and are
periodically melted and pumped out from the apparatus. Tritium, helium, and
gaseous impurities are pumped from the apparatus through a large cross section
pipe. The entire device will be manufactured from austenitic stainless steel. The
tower plate material is expected to be austenitic stainless steel with a
molybdenum coating to protect against corrosion.

IV.4.3.5. Commissioning, operation, reliability and maintenance

The system is designed as a compact, integrated, hermetically sealed
liquid metal loop. Main units of the tritium recovery facility are designed for long
term operation without repair. The units that require periodic repair or
replacement of parts will be installed in glove boxes.

IV.4.3.6. An alternative method of tritium extraction

An alternative method which is being investigated for tritium recovery is
a batch process performed directly within the blanket. This process is based on
blowing helium gas through the liquid eutectic within the blanket

IV.5. AUXILIARIES/COMMON PROCESSES

IV.5.1. Isotope separation

IV.5.1.1. Design approach

Cryogenic distillation is proposed for the ITER ISS since it involves
technology and designs already proven at a scale larger than that required for
ITER, and is acceptable from the viewpoint of cost and safety /28/.
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The design proposed involves a single cascade with several feed-back
streams. Recycles allow for expedient redistributioL of the concentration profile
during restart. It also accommodates variations and disruptions in feed supplies.
The system is also designed to operate in total recycle when external feeds are
shut off.

IV.5.1.2. Cryogenic distillation [24, 25, 26]

-Process description and design considerations
The functional arrangement of the equipment is shown in Figure IV-24

and a detailed process flow diagram can be found in [24]. A summary of design
data is provided in Table IV-17. The hydrogen isotope separation system is
comprised of four cryogenic distillation columns (CDl, to CD4), five
equilibrators (EQ1, to EQ5), one stream splitter (SI) and appropriate heat
exchangers and pumps.

In order to transfer the larger and more tritiated flows through the
system without pumping, the columns will operate at three pressure levels,
namely CDl at L55 kPa, CD2 at 130 kPa, and CD3 and CD4 at 105 kPa. This
necessitates that only smaller, tritium depleted recycle streams need to be
pumped against the higher pressure in CDl.

The purpose of the first column is to separate hydrogen from tritiated
feeds and to provide a tritium sink for the waste water treatment system (IV.5.2).
In CDl, separated hydrogen isotopes are drawn from the column at its two
extremities. The detritiated protium stream is withdrawn at the top, and the
deuterium / tritium stream is advanced to subsequent columns for processing at
the bottom.

Since hydrogen from CDl is required to be suitable for environmental
discharged, the design of this column is conservative with a reflux ratio of 3.7 or
twice the theoretical minimum. Conservative design assumptions result in
somewhat larger equipment, requiring more cryogenic load and higher gas
inventories. The conservative design of CDl has no significant impact on tritium
inventory but provides a robust design with assurance that system capability will
be met even if requirements change during operation. In the lower portion of
CDl, in the mid section of CD4 and in the cascade streams, equilibrators
operating at ambient temperature have been installed. Th ~. purpose of EQ1 and
EQ2 is to promote conversion of HT which is essential for effective withdrawal
of deuterium from CDl. The purpose of CD2 is to produce D2 which is further
purified in CD3. Production of high quality D2 is aided by a small recycle from
the top of CD2 to CDl. EQ3 in the cascade stream to CD3 promotes breaking
remaining HT species to lower the tritium level in the D~ product from CD3.
Tritium enriched stream is sent from the bottom of CD2 through EQ4 to CD4
for further concentration. EQ4 in the feed to CD4 promotes splitting the DT
into deuterium and tritium.

The final distillation column, CD4 is designed to produce a bottom
product of at least 80 % T and 20 % D. The column will produce purities in
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TABLE IV-17. DISTILLATION COLUMN PARAMETERS

Parameter
Number of Theoretical Stages
Pressure [kPa]

Temperature [K]

Top
Bottom
Top
Bottom

Column Dia. [cm] Top

Packing Height,
Reflux Ratio

Bottom

H
Intermed. Reboiler at Stage

Holdup Profile,
(mole/stage)

Total Holdups,
(mole)

Condenser Duty,
Feed at Stage
See Figure IV-1

Product Stage

Power [W]
Top
Bottom
Int. Reb.
Reboiler
H2

D2

T2

H2O
D2O
T2O
T2, [g]

[W]
Stream 1
Stream 7
Siream 8
Stream 9
Stream 30
Stream 27
Stream 2
Stream 11
Stream 20
Stream 28

CD1
130
150
155

21.79
25.28
15.6

-
7.15
3.7
,-
-

4.41
-
-

13.22
253
320
8.68

-
-
-

52.1
1508

-
62
70
99
52
-
-
1
-
-

CD2
120
125
130

24.40
24.42
18.2
10.7
6.60
125
100

1537
6.1

2.11
18.3
6.3

0.009
661
8.55

-
-
-

51.3
2573

-
-
-
-
-
-
-
-
-
-

CD3
120
100
105

23.61
23.79
18.0

-
6.60
600

-
-

5.9
-
-

17.7
0.005
720.8
0.005

-
-
-

0.028
2067

-
-
-
-
-
-
-
-
15
-

CD4
65
100
105

23.65
24.85
11.1
4.0

3.58
10
42

500
2.3

0.29
6.9

0.87
0.07
72.3
35.4

-
-
-

212
712

-
-
-

-
32
-
-
-

65

DW1
555
11
26

321
339
170

-
65
27
-
-

832
-
-

3328
-
-
-

4.6xlO5

458
0.07

-
N/A
480

-
-
-
-
-
1
-
-
-

excess of 99.9 % in certain modes of operation applicable during the non burn
periods of ITER operation or during reduced load on the unit.

-Process flow calculations and process control
The ITER ISS design was analyzed both using the steady state

FLOSHEET process simulation code and the Los Alamos Dynamic simulation
code. The results of steady state simulation are in Table IV-18 and column
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TABLE IV-18. ISS PRDUCT FLOWS AND COMPOSITIONS

No * H2 H P HT D2 DT T2

11 0.96 1.0E+00 1.9E-03 1.5E-09 9.2E-12 4.3E-17 3.7E-23
20 0.41 2.0E-11 6.4E-06 1.0E-10 1.0E+00 2.7E-10 2.3E-23
28 0.07 1.0E-19 1.3E-10 4.8E-08 8.1E-03 3.9E-01 6.1E-01

* - flow in fkmol/h].

design parameters in Table IV-17. The analysis included the most severe cases
where all feed flows are supplied to the system simultaneously. The dynamic
simulation investigated a number of open loop cases of which two are
summarized. The first analysis examined a system from total recycle through
start of 80 % product withdrawal and subsequent product quality changes in 100
hour intervals. The results in Fig. IV-25 indicate that a 95 % steady state
condition was reached within 10 hours after the change was made. The second
group of analysis addressed the response of the system to interruptions in the
CD1 feeds, all stopped after 100 hours. During this time 1.0 mol/h of 99 % T2

product was produced with the protium and deuterium streams adjusted
accordingly. At 200 hours the feeds were restored and the 80 % T2 product
withdrawal set. The system resumed near equilibrium within 20 hours as seen in
Fig. IV-26. The results concluded that a four column cascade responds rapidly
and that the system can produce a small flow of highly concentrated products if
required. The ISS will be controlled using a microprocessor based system, with
all control functions monitored on CRT with keyboards for changing operating
parameters. The interpretation of the control philosophy described in paragraph
IV.5.2. is shown in the P&I diagram in reference [24]. Stable column operation is
maintained by controlling the column boil-up through constant power input to
electrically heated reboilers. The balancing of condensing loads is secured
through refrigerant flow which is controlled to keep the column pressure
constant. The overhead product withdrawal flow is controlled to maintain
constant level in the reboiler. Recycles and cascades are maintained at a constant
flow rates.

-Physical configuration
The dimensions of the distillation columns are given in Table IV-17.

CD1, CD2 and CD3 will be located in a common cold box which will be
approximately 1 m in diameter and 8 m tall. The bottom 2 m. of the cold box will
be 1.5 m in diameter, and will" be removable for maintenance access. CD4 is
located in a separate cold box approximately 0.5 m in diameter, and 5 m tall.
There will be three expansion tanks associated with the process providing storage
for run-down or accidental run-down. CD1, CD2 and CD3 will share a single 3
m tank designed for 0.16 MPa. An expansion tank for CD4 of 3 m is foreseen.
A third 3 m tank is provided as a spare able to replace either of the first two.
(Refer to Sec. IV52).
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-Commissioning, operation, reliability, safety and maintenance
The system has been designed for low maintenance by reducing the

number of valves and pumps and locating them in places where they can operate
at ambient temperature and low tritium concentration. All moving parts are
located in secondary containment. Refrigerant flow control valves are in
cryogenic service, but these are not exposed to tritium. Critical components will
be redundant and valved for safe maintenance without system shut-down. There
may be one five week shut-down each year for general repairs with gas removed
from the CD system and stored in the expansion tanks. The ISS is designed with
the target of 80 % availability although industrial units are capable of 90 % or
more.

The cryogenic distillation columns and associated equipment operate at
0.15 MPa maximum and are installed in a pressure vessel type secondary
containment with vacuum in the interspace. Consequently tritium release from
these systems can not occur in the event of a single containment failure. The
safety assessment considered the following failures:

-Utility failures such as power, water, liquid and gaseous nitrogen, vacuum
in cold boxes;

-Undesired valve closure at equipment outlet;
-Controller failure, such as level, flow, temperature and pressure;
-Catalyst poisoning;
-Analysis failures;
-Interlock failure.

-Distributed design
Under the design exercise the viability of a semi-distributed design was

investigated [25]. The results of comparison between this and the reference
design are shown in Table IV-19. The distributed design considered one separate
'SS unit for hydrogen dominated streams which would produce almost pure
tritium. A second unit for deuterium dominated feeds would produce only 50 %

TABLE IV-1<>. COMPARING INTEGRATED AND DISTR. ISS

Hydrogen,Unit Distributed Integrated
_

205
253
1773
53

318
6860

1
1

No of Columns
CD4 Trit. Invent.
Total Inventory

Condenser Duty
Relative Cost
Complexity

Tj, gram
\\>, mole
D2, mole
T2, mole
T2, grarn
VV

6
318
389

1839
89

534
7137

1.3
1.4
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tritium and the product specification would be met by mixing the two products.
The distributed alternative was found 40 % more complex and 30 % more costly
with 50 % higher tritium inventory.

IV.5.2. Water detritiation [29, 30, 31]

IV.5.2.1. Design approach

A number of combinations of processes for water treatment have been
periodically investigated in the decade preceding ITER design work comparing
the overall cost, simplicity, proof of the concept, safety, reliability and a number
of other selection criteria. Considered were as stand alone, or where applicable,
combinations of: Electrolysis (E), Liquid and Vapour Phase Catalytic Exchange
(LPCE and VPCE), water distillation (DW) and the Combined Electrolysis and
Catalytic Exchange (CECE). The DW + VPCE and the CECE processes have
been most preferred because these present the best balanced rating against the
above criteria with the DW + VPCE having an added advantage of being proven
in real application on a scale substantially larger than required for ITER.

Pretreatment steps will likely involve a combination of filtration, ion-
exchange and evaporation/condensation steps. All of these processes are proven
at the necessary scale.

TV.5.2.2. Distillation plus vapour phase catalytic exchange (VPCE)

-Process description and design considerations
The key design data and parameters for the Water Distillation sub-

system are in Table IV-17 and its connection with the ISS is shown in Fig. IV-24.
Tritiated waste water is fed into the bottom third of the water distillation column
where tritium is concentrated from the feed concentration of 0.1 Ci/kg to 11
Cî kg at the bottom. The effluent, detritiated to 10 Ci/kg, is releasable from the
top of the column to the environment. Tritium enriched water vapour from the
bottom of the column is mixed with tritium free hydrogen from CD1,
superheated to 200 °C for isotope exchange on Pt catalyst in the single stage
VPCE. After isotopic equilibration, the tritium depleted water is separated from
the enriched hydrogen in the condensing section of VPCE and returned to the
DW column. The tritium carrying hydrogen is returned to CD1 for tritium
hydrogen separation. The water distillation equipment is the largest and one of
the most expensive elements of the fuel cycle system. The total height of the
packed mass transfer section is 65 m and for practical reasons would be
separated into three columns working in series. Each of such columns will be
approximately 30 m tall and 1.7 m diameter. In areas of severe earthquake
consideration more of shorter distillation columns can be used or even the
CECE process could offer an advantage. Although large, the equipment contains
only 0.07 mole of T^O, due to the low concentration of tritium in the feed and
limited isotopic enrichment in the process. The columns operate at vacuum and
temperature of 50 °C.
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TABLE IV-20. ISS WATER STREAM MOL FRACTIONS

No
1
2
3
4

•

11
11
0.2
0.2

H2O
0.99
1.00
0.97
0.99

HDO

3.8E-06
3.0E-02
1.4E-02

HTO

5.0E-12
6.2E-06
2.8E-06

D2O
1.5E-04
3.7E-12
2.4 E-04
1.3E-05

DTO

0.7E-18
9.7E-08
5.3E-09

3
6
1
2

T2O
.1E-08
.6E-24
.0E-11
.OE-12

-Process flow calculations and process control
The DW + VPCE process was analyzed as an integrated system with the

ISS using the steady state FLOSHEET process simulation code. The results of
steady state simulation are in Table IV-20 and additional inventory and column
dimensions in Table IV-17 in section IV.5.1.

The system is controlled by balancing stable boil up in the reboiler with
the cooling water flow to the condenser in order to keep the condensing load
constant. The feed to the column is flow controlled. Interstage liquid transfers
and last stage draw-off are each individually controlled by level control in the
column from which the flow originates. The process will be controlled using a
microprocessor based system, with all control functions monitored on CRT in
the control room. The following control system design principles will be
followed:

-Independent operation but functionally integrated with serviced and
servicing systems;

-Automated operation to the extent possible;
-Capability to change control logic through Programable Logic Controller

(PLC) without need for hardware changes;
-Process control powered by an uninterruptible source;
-Transfer to a safe shut-down upon loss of power with subsequent manual

restart;
-Safety related process signals are redundant and physically independent;
-Electrical power controls are activated from sources independent from

control signals sources.

-Physical configuration
The dimensions of the water distillation column are given in

Table IV-17. The configuration of water + cryodistillation system is illustrated in
Fig. IV-22.

-Commissioning, operation, reliability, safety, and maintenance
The VPCE is designed as a compact, integrated catalytic reactor with

the minimum number of seal welded flanged connections. The demonstrated
capability factor of the DW equipment is above 95 %.
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hydrogen oxidation
unit 560 kg/h

31 kmol/h

2xlOa

Bq/m3

2.4X1012 Bq/m3

Coolant loop

560 kg/h, 3.7xlO12 Bq/m3

Column of H2-H20 isotope exchange

0.83 kg/h, 3.7X1015 Bq/m3

->—i

adsorber

7xlO~4

gmol/h,
99.8 at.%T

electrolizer

I

I
47 gmol/h, 3 x 10~3 at.% T I

I
electrolizer

J

Column of H2

isotopic exchange
on Pd

desorber

0.045 kmol/h, 1.5X1012 Bq/m3

Fig. IV-27. Design of the tritium recovery system for normal operations



adsorber
hydrogen
oxidation 1.7-10"2 gmol/h

4.6 kmol/h'
41.7 kg/h 99.8 at %T

1.2-108 Bq/m3

4.6 kmol/h'

— -H

Column of H2-H2O isotope exchange

41.7 kg/h 1.15 kmol/h, 3-1O"2 a t %T

electro-
lyzer

9-1014 Bq/m3

electro-
lyzer

20 kg/h
3.7-1015 Bq/m3

Column of H2

isotopic exchange
on Pd

desorber

i : i
1.15 kmol/h, 3-10"2 at. %T

Fig. IV-28. Design of the tritium recovery system - accidental case
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TABLE IV-21. PARAMETERS FOR THE Pd ISS COLUMN FOR INITIAL CONCENTRATION

Goal

FOR THE H20 - H2

Tritium recov-
ery from the
water coolant

Reprocessing
of water wastes
arising from
accident

Pressure
MPa

kg/h
L

kmol/h
G

VERSION (FIG. IV-27):

0.1
1

0.1
1

560
560

41.7
41.7

31
31

3.9
3.9

Nk Column
height

m

4
4

12.5
12.5

4
4

12.5
12.5

diameter

m

1.7
0.81

0.65
0.31

volume

m3

9.1
2.1

4.1
0.9

Power
consumption
kW
electric
power/heat

2800/0
2800/0

350/0
350/0

mass
Pt,k<?

1.75
0.4

0.8

FOR THE H20 - H2S VERSION (FIG. IV-2 8)

Tritium recov-
ery from the
water coolant

Reprocessing
of water waste
arising from
accident

0.1
1

.1-0.2
S 1

1490
1220

224
183

289
207

39
27

100
80

25
20

—

375
270

2X5
2x4

2x20
2x14.5

1.35
0.53

0.5
0.21

14.3
2.5

7.8
1.0

10/320
1/250

20/45
2/30



The equipment and its operation is robust and maintenance free. Pumps
and other equipment which potentially may need some maintenance will be
redundant.

Preliminary Safety Assessment addressed the same points as noted in
paragraph IV.5.1. Low operating temperature and subatmospheric operating
pressures are the main advantages of this process. Tritiated water concentrations
at the outlet are approximately 10 Ci/kg, for which safe handling procedures are
well established.

IV.5.2.3. Isotopic separation by electrolysis plus isotopic exchange on Pd hydride
[27]

-Design approach
An option for tritium recovery from water is to use electrolyzers and

isotope exchange. Two separate systems are proposed: one for tritium recovery
during normal ITER operation, and the other for tritium recovery in the event of
an accident, including the case of a loss of cooling water for the reactor, the
shielding, and other systems.

Two stages of isotope separation are employed. The first is a F^O - H2
isotope exchange column operating at 323 K, the second is a counterflow
palladium isotope exchange column.

-Design consideration and process description
For the case of normal operation, a rate of tritium permeation into the

water coolant of 3.7 x 10 Bq/day is assumed. This would result in an
equilibrium tritium concentration in the coolant of 3.7 x 10 Bq/m . The
flowsheet for this case is shown in Fig. IV-27.

The volume of water as result of an accident is assumed to be
1 x 10 m and the tritium concentration of the water is expected to be 9 x 10
Bq/m . The process should cleanup the water to the biologically permissible
discharge concentration of 1.2 x 10 Bq/m . A flowsheet for the accident case is
shown in Fig. IV-28.

It should be noted that the high concentration of tritium in the
electrolyzers is a design problem which will require further R&D. Designs for
the palladium columns represent a scale-up of a factor of about 100 from the
laboratory scale apparatus from which design data were derived.

The maximum total tritium inventory for the normal operation case
(Fig. IV-27) will be about 10 g, and the accident case (Fig. IV-28), the total
inventory will be about 180 g.

-Physical configuration
Key dimensions and parameters for isotopic exchange column for the

initial concentration are given in Table IV-21. Data are presented for operating
pressures of 0.1 and 1.0 MPa. In addition to data for the YLft - H2 system, data
are also given for an alternate H2O - H2S system.
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to
TABLE IV-22. PARAMETERS OF UNITS OV HYDROGEN-PALLADIUM HYDRYDE PHASE ISOTOPIC EXCHANGE

Parameter

feed flow, mol/h
tritium concentration
in the initial
material, %
flow ratio

NTSS of section
-in the concentra-
ting part

-in the tritium
recovery part

Column height, cm
column section, cmJ

mass of palladium, kg

Unit

of tritium re-
covery from the
coolant

4.2
3 x 10"J

1

20

5

42
4
0.15

of reprocessing
of water wastes
arising from
accident

1000
3 x 10~3

1

20

5

42
900
45

of protium
recovery
from T-mixture
in the main
fuel flow

7 5 *
97.9

2.18**/0.976***

1.4

3

48
120
7.2

- total concentration of deuterium and tritium;
i~ in the upper part of the column (clean-up from protium);

***** •*•" t h e b o t t o m part of the column (concentration of protium);
- height of separation section and flow transformation unit section is 6 cm. The flow

transformation unit comprises 2 sections.



Parameters of the units with hydrogen palladium hydride phase isotope
exchange on the stage of the final concentration are given in Table IV-22. The
height of the equivalent theoretical plate is 0.005 m. The palladium isotopic
exchange column operates at near atmospheric pressure and temperature.

The proposed method of isotopic separation could be used also for main
plasma fuel stream purification. Parameters of a device for this case are shown in
the last column of Table IV-22.

-Commissioning, operation, reliability and maintenance
The system described here is designed as a compact, integrated unit for

both initial and final concentration. Units will be designed with glove box
confinement.

IV.5.3. Fuel management and storage [32, 33, 34]

The Fuel Storage System as proposed in the Conceptual Design
Description will permit the tritiated hydrogen mixtures to be stored as a solid
metal hydride or hi storage tanks in gas form. It will consist of three main
components; fuel management systems, hydride storage beds, and storage tanks
that are configured to satisfy the functional requirements. In the "Integration
Reference" design, zirconium cobalt (ZrCo) is used as the active media for the
hydride storage beds which will be located in the inert atmosphere gloveboxes.
Uranium and LaNiMn intermetaUics are alternatives which may be U",ed in
similar getter beds in the ITER design according to the detailed specifications of
individual applications, and based on the results of long range R&D involving
large getter beds operated with tritium. In the design integration reference, the
hydride beds would have a maximum possible storage capacity of 60 moles of
hydrogen isotopes. Global availability of 99 % will be assured by providing
50 % redundant hydride storage beds which will also compensate for capacity
that is lost due to bed poisoning. The design parameters for the hydride beds are
shown in Table IV-23.

TABLE IV-23. DESIGN PARAMETERS OF THE HYDRYDE BEDS

ZrCo + 1.4 Q2 = ZrCoQ2.e

Grams of ZrCo/mol 150.15
Density ZrCo, g/cc 7.63
Design Density ZrCoT2.8# 9/cc 2.00
ZrCo Required per Hydride Bed, kg 6.44
Primary Container Volume, 1 3.22
Capacity per Hydride Bed, moles 60.00
Hydride Beds per Glovebox 10.00
Floor area of Each Glovebox, m 10.00Volume of Each Glovebox, m3 25.00
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The storage tanks will be double walled vessels with pumped interspaces
and with both the inner and outer walls designed to withstand all anticipated
pressures.

The storage configurations proposed to meet the requirements of each
of the four main functions are as follows.

-Shut-down storage
The Shut-down storage requirements will be met by providing a total of
20 hydride beds to store the 2.4 kg T2 inventory as DT. Each bed will
contain 6.44 kg of ZrCo.

-Backup shut-down storage
The backup Shut-down storage requirements will be met by providing a
combination of double walled storage tanks and hydride beds locally in
the appropriate process system. A total of 10 hydride beds will be
provided for backup storage of the residual hydrogen isotopes in the
cryogenic distillation columns following warmup if necessary. A total of
12 tanks with volumes and operating pressures as listed in Table IV-24
will be provided for separate backup storage of the tritiated gases in the
ITER tritium systems if necessary.

TABLE IV-24. BACKUP SHUT-DOWN STORAGE TANKS

Pressure Volume
Function Bars m3

PI Propellant Gas Inventory < 20 0.26
PI Vacuum System Inventory < 1 0.75
PI Extruder Pellet Waste & Gas Puffing Inv < 1 0.36
On-line Primary Vacuum Pumps, Inventory < 1 3.7
Regenerating Primary Vac Pumps & Ar Inv < l 3.7
Ar Separation DT Traps & Buffer Tank Inv < 1 1.2
Spare Ar Delay Tank < 1 6.0
Fuel Processing, Mole Sieve/Electrol Inv < 1 3.0
Fuel Processing, Permeator/Cat/WGS Inv < l 4.0
Fuel Processing, Electrolysis Liquid Inv 15 1
Neutral Beam Line Inventory < 20 9.5
Isotope Separation, Spare Expansion Tank < 1 2.9

TABLE IV-25. IN PROCESS SURGE TANKS

Function

Isotope Separation, DT Feed Tank
Fuel Processing, Spent PI Prop Feed Tk
Isotope Separation, Blanket Purge Feed Tk
ISS, Spent Neutral Beam D2 Feed Tank
Exhaust Gas Detritiation Feed Tank
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Bars

< 1
0.4

< 20
< 20
< 20

Volume
m3

1.7
14.2
1.2
1.9
2.9



-In-process surge storage
The in-process surge storage requirements will be met by providing a
total of 5 tanks will the operating pressures and volumes as listed in
Table IV-25.

-Fuel makeup storage
The fuel makeup storage requirements will be met by providing a
combination of double walled storage tanks and hydride beds. A total of
10 hydride beds will be provided for storage of 1 kg T2 as DT. Three
tanks, each capable of holding 180 gr T2 as DT at less that 0.1 MPa
absolute pressure will also be provided. These tanks can be used for
accountability measurements and as buffer tanks for the DT feed
stream.

A tank capable of holding 10,000 moles of D2 and a tank capable of
holding 4,000 moles of H2 will also be provided. Since both the D 2 and H2 will
be essentially tritium free, the internal pressures will be based on operational
considerations.

-Hydride beds
Each glovebox will contain 10 hydride storage beds and will be divided

into two sections. The upper section will contain the necessary process valves,
piping, vacuum equipment and instrumentation. The lower section will contain
the secondary containers, water cooling lines, and the secondary container
lifting/ lowering jacks. The secondary containment assembly will consist of a top
plate, a flange that win be welded to the glovebox partition, and a cylindrical
pressure vessel. The top plate and the pressure vessel will be sealed to the
glovebox by O-rings via the flange. All power and gas connections will pass
through the top plate. Copper cooling coils will be brazed to the outer surface of
the pressure vessel to remove heat during hydriding operations. The lifting/
lowering jacks will be provided for maintenance and will not be required to
support the pressure vessel during normal operations.

During hydriding (loading) operations the space between the inner and
outer pressure vessels will be backfilled with nitrogen to increase heat transfer
between the bed and the cooling coils. During storage and dehydriding
operations that space will be evacuated to insulate the bed. A major feature of
this design is the measurement of the steady state temperature of the loaded
vacuum insulated beds to determine the tritium decay heat and thus the tritium
content of the bed.

Routine control and monitoring of Fuel Storage will be by a dedicated
computer, with a backup computer for over-ride control if an abnormal event
occurs. Hydride bed heating will be initiated by the dedicated computer with
overtemperature protection provided by two independent, dedicated,
temperature controllers for each bed. The Fuel Storage CDD contains a more
complete description of the operation, control and monitoring of the hydride
beds and a discussion of safety related aspects.
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IV.5.4. Atmosphere processing [35]

For areas which contain significant quantities of radioactive materials
the ventilation systems which are provided must work together with containment
(structure and isolation) to:

-maintain a safe area atmospheric environment under normal operating
conditions, and:

-control contamination spread within the buildings
-prevent releases to the environment in the event of a release of

radioactivity from the process system.

To meet safety needs with sufficient reliability, multiple confinement
barriers are provided. The first barrier is the process system itself. The
provisions made for decontaminating the process systems for maintenance, and
for coping with internal system failures are discussed as part of the system
description.

The process systems are contained in secondary confinements consisting
of caissons, glove boxes, or other enclosures. The atmospheres in this secondary
confinement are usually inert gases, to prevent explosive mixtures and , in the
case of torus vacuum, prevent the ingress of air into the torus in the event of a
boundary failure. Detritiation systems are provided for this secondary
containment to effect clean up as close to the source as possible in the event of a
release. These detritiation systems are generally recirculation systems which are
either constantly in service or on hot standby, so a minimum of special action is
required in the event of a release of tritium. Confinement pressure control (and
exhaust capability) is provided by a discharge purge flow from the recirculating
detritiation systems which is routed to the stack via a final "polishing" system.

These secondary confinements are, in turn housed in leak tight rooms or
buildings. These rooms or buildings generally have air atmospheres, that are
kept at specified subatmospheric pressures. The pressure gradients between
rooms (or areas) are such that the air flow (or any leakage) is toward the area of
highest contamination, to prevent the spread of radioactivity to clean areas. The
atmospheric pressures are maintained and any required air changes are provided
by the Radioactive Ventilation System (RVS) and air quality (temperature and
humidity) arc maintained by closed loop hot/chilled water and internal
atmosphere circulating systems. These systems are shown schematically in
Fig. IV-29 and are described in detail below.

IV.5.4.1. Torus maintenance cover gas detritiation. [36]

-Design considerations
During maintenance periods, the torus will be filled with an inert gas,

possibly helium. The maintenance bays required for remote handling tools
confinement and for failed components repair are then open and attached to the
vacuum vessel. The total volume open to the TMCG is then of 5500 m3. To
prevent the coL'amination of the bays by a reverse flow of the torus gas, and to
minimize the tritium concentration rise by the tritium outgasing, a 2000 m /h
stream of the cover gas will be processed by the TMCG, and recycled to the
torus via the maintenance bays. The purified gas thus provides a sweeping flow
for the maintenance bays.
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-Process description
After leaving the torus the processed gas enter a first set of HEPA

filters suitable for operation at 150 °C. Approximately 99 % of the 1 diameter
particles are removed by this first set of filters. The gas is then cooled down to
30 CC before it enters a second set of combined HEPA and charcoal filters. The
efficiency of this second combined filter set is 99.97 % for particles of 0.3 . At a
velocity of 1.2 m/s the pressure drop across the filter is only 240 Pa. Lubricant
vapours outgasing from the remote handling tools are removed with an activated
charcoal trap, with the drawback of a possible cosorbtion of hydrocarbons.
Leaving this charcoal bed, the gas is warmed-up to 450 °C before entering a first
recombiner with an excess of 10 ppm of O9 above the concentration required by
the oxidation reaction stochiometry. In this recombiner oxidation of
hydrocarbons, ammonia, CO, and nearly all the hydrogen species takes place. In
a second recombiner the excess O2 is reduced down to 0.02 ppm in presence of
an excess of 100 ppm of H^. Leaving the second recombiner the gas is cooled
down to 15 °C before entering a molecular sieve bed in which the gas water
content is trapped. They are 2 driers working alternately, one being in
regeneration when the other is working. The dry gas at the outlet of the working
drier is routed to a buffer tank before reentering the torus. The drier
regeneration is done recirculating a fraction of the dry gas leaving the working
drier. This gas is first humidified to a dew point of - 20 °C to dilute the trapped
tritiated water to an acceptable level (< 150 Ci/kg). The regeneration gas
leaving the drier flows first through a cold trap working at 160 K, where water
vapour and traces of nitrogen oxides are trapped, and then through a molecular
sieve bed working at 77 K where N2, CCK (CO) and Ar will be removed by
cryosorption.

The flow sheet of this system is illustrated in Figure IV-30. In
Table 111-28 are given the normal operating conditions with a preliminary glow
discharge cleaning, in Table 111-29 arc given the same conditions without glow
discharge cleaning. Tables IV-26 and IV-27 give the main parameters of the
whole system and the main parameters of the water recovery system.

IV.5.4.2. Inert Gas Detritiation [37]

-Design considerations
The main function of the IGD system is to reduce the concentration of

oxygen below 100 ppm in the areas covered with inert gas, and to decrease
tritium contamination below an acceptable level for rccirculated gas
(5 x 10 Ci/m ). At a purification rate of 12000 m3/h and an air ingress rate
supplying an oxygen flow of 1.2 m3/h, the concentration of O2 maintained in the
inert gas area is 100 ppm.

Al 100 ppm O2, the water production rate is 1.73 kg/h, or a total of
1.75 kg/h including moisture carried by air inleakage. This water is removed with
a side circuit comprising two driers. For conceptual design, the use of helium as
inert gas is assumed.
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TABLE IV-26. CRYOTAP AND CRYOSORBER PARAMETERS (TMCG)

Cryotraps

Process flow (2 on line)
Mass flow
Average temperature
Pressure
Vessel diameter
Vessel height
Cooling surface, 20 baffles

vessel v.alls
Linear velocity
Capacity for water fig H2O/40 cm3)
Normal cycle time

Cryosorber

Process flow (2 on line)
Mass flow
Temperature
Pressure
Vessel diameter
Vessel height
Molecular sieve 13 X, volume

weight
Linear velocity
Capacity for N2 (inlet gas 1% N2)
Capacity for N2 with CO,CO2 and Ar
Normal cycle time
Regeneration temperature

250 m3/h
40.1 kg/h
160 K
160 kPa
0.3 m
0.5 m
2.83 itr
3.53 m2

1 m/s
1.6 ka
8 h

250 ra3/h
40.1 kg/h

77 - 87 K
160 kPa
0.3 rn
1.8 m

127 1
80 kg
1 m/s

16 Nm3

11 Nm3

8 h
300 °C

-Process description
The flow sheet of this system is illustrated Fig. IV-31. After a first

filtration on HEPA filters, required to remove activated dust, the flow of gas to
process is warmed-up to 150 °C before entering into a recombiner, containing a
palladium deposed on alumina catalyst, where it will combine with a small excess
of H2 in order to convert all the O2 present in the gas to water. The hydrogen is
added in a quantity corresponding to 200 ppm for the stoichiometry of the
catalytic reaction, plus an excess of 500 ppm to reach reducing conditions at the
recombiner outlet, but limited to a maximum concentration of 0.5 %. In the
same oxidation step, the tritium present in the gas will be oxidized into tritiated
water. At steady state with 100 ppm of O9 in the feed gas entering the
recombiner, the increase in temperature in the recombiner reaction zone is
2.3 K. Due to the low specific heat of He at the recombiner conditions (150 °C
and atmospheric pressure), the increase in temperature can be large with higher
amounts of O 2 and H2-
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TABLE IV-27.
SYSTEM

MAIN PARAMETERS OF THE TMCG PURIFICATION

Overall
Filter and blower
Recombiner
2 driers
Cryosorber
Helium tank

High Temperature Recombiner
Diameter
Bed depth
Bed volume
Methane reduction factor

Second Recombiner
Diameter
Bed depth
Bed volume
Oxygen reduction factor

Drier Parameters
Vessel diameter
Bed depth
Molecular sieve, 5 A
Superficial velocity
Outlet dewpoint
Heater

Floor Area

9*15 m
1.8*3.5 m
1.8*5 m
2*3.5 m
2*2.4 in

diam = 4 m
volume = 50 m

1.43 m
0.3 m
0.4S m3

500

1.16 m
0.3 m
0.32 m3

500

1.31 m
1 m

800 kg
0.45 m/s

- 72 °C
80 kW

After cooling down to 15 °C, a fraction of the process flow (1/3) is
diverted to a drier, with a nominal processing capacity of 4000 m /h, in which
the formed water is trapped. Then the two flows are again combined before
being blown back in the inert gas atmosphere rooms. The drier regeneration is
achieved by diverting a fraction of the dry gas flow to the drier in regeneration.
This drier is heated-up to 290 °C. The adsorbed water is desorbed and
condensed in a cooler at 6 °C. This water is drained periodically to be processed
in the Waste Water Detritiation System. The recombiner and drier parameters
are given respectively in Tables IV-28, IV-29, and IV-30.

Nitrogen, argon and other gas impurities can be removed by purging to
the EG system (described further). At an air in-leakage rate of 4 m /h, the
concentration of N2 in the system depends on the purge gas rate as follow:

Purge Rate

25m3/h
50m3/fi
280m3/h

Concentration

11.2%
5.6%
1%
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Fig. IV-31. Recombiner circuit of inert gas room detritiation system.
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TABLE IV-28. MAIN RECOMBINER PARAMETERS (IGD)

Flow at standard conditions
Mass flow
O2 reduction factor
Temperature
Approximate pressure

Catalyst, volume
pellet diameter

Bed, depth
diameter
superficial velocity

Heater, internal
line heater
line heater(maximum)

Design pressure

12000 m3/h
1925 kg/h
500
150 °C

atmospheric

1.6 m3

3 mm
0.3 m
2.3 m
1.2 m/s

15 kW
8 3 kW
120 kW

200 kPa

TABLE IV-29. IGD STANDBY RECOMBINER PARAMETERS

Flow at standard conditions
Mass flow
O2 reduction factor
Temperature
Approximate pressure

Catalyst, volume
pellet diameter
spatial velocity

Bed, depth
diameter
superficial velocity

Heater, internal
line heater
line heater (maximum)

Design pressure

4000 m3/h
642 kg/h
500
150 °C

atmospheric

0.U m3

3 mm
12000 h X

0.25 m
1.6 m
0.84 m/s

5 kW
111 kW
120 kW

200 kPa

TABLE IV-30. MAIN DRYER PARAMETERS (IGD)

Standard adsorption flow
Adsorption mass flow
Standard regeneration flow
Regeneration mass flow

Bed depth
Bed diameter
Superficial velocity
Sieve weight
Sieve type
Outlet dewpoint

Heater
Maximum regeneration temperature

4000 ra3/h
642 kg/h

1500 m3/h
241 kg/h

1 m
1.77 m
0.4 5 m/s

1500 kg
5 A

- 72 °C

120 kW
295 °C
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IV.5.4.3. Glove box detritiation system.

-Design considerations
This system is designed to meet the following functional process and

safety requirements for inert gas atmospheres in glove boxes:

-to establish inert atmospheres in glove boxes using an inert cover gas (Ar
or N2), after the glove boxes have been opened to air.

-to maintain inert gas pressure at a value slightly negative with respect to
adjacent air areas.

-to maintain inert gas chemical purity by removing any air in-leakage from
adjacent areas, or other impurities.

-following a release of tritium (routine or upset) into the inert cover gas,
decontaminate the cover gas, recover any released tritium, and prevent
any tritium release to the adjacent areas and to the environment.

Additional requirements include:

-the system shall be design to process an inert gas volume of 2000 m with
an assumed air in-leakage (including instrument and valves actuation
air) of 0.2 %/day, with a relative humidity limitation of 40 % at 25 °C.

-the inert gas shall be maintained in a slightly reducing state
(H2 ~ 0.01 %) and the oxygen concentration in the processed gas shall
be < 10 ppm.

-the tritium contamination will be reduced by a factor of < 500 for a
reference case release of 10 g of tritium in the glove boxes covering gas,
with a maximum downstream tritium concentration of < 5 x 10 Ci/m
in the processed gas fraction that is not recirculated.

-the system shall be capable of removing any process gases (tritiated
hydrogen isotope mixture and/or tritiated impurities) which could be
released into the inert gas atmosphere due to a failure of the contained
equipment.

-Process description.
Two processes should be considered depending of the nature of the

covering gas, the risk of a high gaseous tritium release, and the unlikely presence
of reacting impurities:

For glove boxes containing getter beds, the utilisation of a inert covering
gas (Ar or He) combined with a tritium gas trapping on getters is foreseen.

Normal oxidation is foreseen as used for the Tokamak Building Inert
Atmosphere Detritiation, is used in all other cases.

The proposed GBDS process principle for inert gases is the following:

The flow of gas to process is first cooled down to room temperature
before entering a metal getter bed working at 20 °C, in which all the
gaseous tritium and a fraction of the tritiated water oxides will react to
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give metal hydrides. At this temperature the only other impurity that
could react with the getter is Oo, but only a small fraction of the present
oxygen will gives rise to metal oxide formation. Then the flow of gases
will be warmed-up to 450 °C in order to oxidize all the impurities
(mainly CH4) in a catalytic reactor. A small addition of O2 may be
required at this stage. After leaving the oxidation reactor trie gas is
cooled down to 150 °C before entering a second catalytic reactor, there a
small excess of H2 is added to convert all the O9 present in the gas to
water. After cooling down to room temperature the processed gas flows
through a dryer, in which the water is trapped. The getter bed is
regenerated at 400 °C to recover pure tritium (hydrogen) than could be
routed directly to the Fuel Cleanup. The dryer is regenerated at 290 °C
with a countercurrent of dry gas in order to recover the trapped water.

IV.5.4.4. Circulating air detritiation system. [38]

-Design considerations
The minimum CAD system capacity, which essentially meets design

specifications, is of 45 000 m /h. Of this, an effective capacity of 36 000 m /h is
allocated to the Reactor Building, and 9 000 m /h to the Tritium Building for:

-Continuous recovery of chronic tritium release to reduce tritium
concentrations to 1 MPC in areas which require frequent entry
(18 000 m3/h).

-Recovery of acute tritium release at a rate completing cleanup room in
less than 24 hours. The CAD design, with an rapid stand-by capacity of
18 000 m /h, meets this target with the exception of the torus upper
hall, which requires 64 hours to reduce tritium concentrations to less
than 10" Ci/m , following a tritium release ir. this area of 10 Ci.

As shown in Fig IV-32, a modular design made up of 4 x 9 000 m /h
units in the reactor building is used for flexibility to exploit the available capacity
of each unit to maximize effect. This enhances the overall system reliability,
reducing requirements for stand-by capacity.

Each unit comprises one recombiner and 3 x 4 500 m /h driers, of
which one is on regeneration and two on adsorption.

Estimates for the CAD system are based on an assumption that two
units would be used continuously for the recovery of chronic tritium releases,
while the two others units would be on stand-by, or used for rapid cleanup of a
single room.

The exhaust from all CAD units in the Reactor Building is detritiated
for the second time by the EG system. For the Tritium Building, CAD may be
used as a stand alone unit, and is therefore designed for higher detritiation
efficiency.

The detritiation efficiency of the CAD and EG systems is given in Table
111-34.
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Detritiation factors, facilities for double detritiation of the exhaust, and
flexibility to increase the detritiation efficiency by isotopic exchange, as required,
provide adequate means to control tritium emissions to the environment.

The main factor which determine the flowrates is the control of chronic
tritium releases from tritiated coolant, purge gas and bakeout circuits. If the
tritium concentration in the coolant is in the range of 0.1 to 1 Ci/d and total
coolant losses in containment of the order of 1 to 10 kg/h the tritium recovery
would be those given below:

T2 in coolant

Leak rate

lkg/h

10 kg/h

0.1Ci/l

2.4 Ci/d

24 Ci/d

lCi/1

24 Ci/d

240 Ci/d

For rapid detritiation, the large volume of the reactor upper hall is the
main factor affecting the system size.

The floor space and power of the CAD is illustrated in Table IV-31.

-Process description.
After filtration, the gas is first cooled down to 6 °C to condense the

largest fraction of the atmospheric humidity content. Then it is warmed-up to
150 °C before entering a catalytic recombiner, containing a palladium deposed
on alumina catalyst, where all the tritium present will be oxidized to water.
Leaving the recombiner the gas is cooled down again to room temperature. The
next step is to dry the gas on molecular sieve driers. Each module is equipped
with 3 driers, 2 working one in regeneration. Leaving the driers the gas is
returned to the processed rooms. The drier regeneration is made diverting a
fraction of the dry processed stream leaving the driers in operation, to sweep the
drier bed warmed-up to 290 CC. At the outlet of the drier in regeneration this
stream is cooled down t J 6 °C in a condenser where the stream water content is
trapped.

The main recombiner and drier parameters are given respectively in
Table IV-32 and IV-33. The flow sheet of the system is illustrated in Fig. IV-33.

-Rapid detritiation procedure
Normally the majority of the rooms hi the Reactor Building will be

served by an Radioactive Ventilation System, which wili provide the normal
ventilation service and air conditioning (heating, cooling and humidity control is
done by closed loop radiators / circulators within each area). If a significant
tritium release in the area is detected, the room ventilation will be shut-down,
and the area switched for tritium recovery to the CAD system. The changeover
between the two system is illustrated in Fig. IV-34.
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TABLE IV-31. CAD FLOOR SPACE AND

Number of units
Effective capacity per unit
Nominal size of driers
Recombiner dimensions

height
Driers dimensions

height
Floor space per module

total height

Power consumption per module

POWER
5

9 000 m^/h
4 500 m3/h

2.3*6 m
3.4 m

2.3*4.3 m
3.4 m

150 m^
5 m

170 kW

TABLE IV-32. MAIN CAD RECOMBINER PARAMETERS

Flow at standard conditions
Mass flow
Detritiation factor
Temperature
Approximate pressure
Catalyst volume

pellet diameter
activity at 150 °C
spatial velocity

Bed depth
diameter
superficial velocity

Pressure drop, incl. inlet/outlet

Power
Internal heaters
Line heater
Line heater, maximum

Design pressure

9000 m3/h
6020 kg/h
1000
150 °C

atmospheric
0.5 m3

3 mm
19.5 s"1

14200 h"1

0.3 m
1.45 m
1.2 ra/s
2.5 kPa

20 kW
35 kW
200 kW

200 kPa

TABLE IV-33. MAIN CAD DRYER PARAMETERS

Standard adsorption flow
Adsorption mass flow
Standard regeneration flow
Regeneration mass flow

Bed depth
Bed diameter
Superficial velocity
Sieve weight
Sieve type
Outlet dewpoint(in dewpoint -20°C

Heater
Maximum regeneration temperature
Regeneration cycle time

Cooler
Cooling water temperature
Max. outlet inlet temperatures
Maximum heat transfer

2530 m3/h
3000 kg/h
1400 nr/h
1671 kg/h

1 m
1.4 m
0.4 m/s

980 kg
5 A

- 72 °C

200 kW
295 °C
12 h

10 °C
15 "1 295 °C
222 kW
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FV.5.4.5. Radioactive ventilation system.

-Design considerations
This subsystem is designed to meet the following functional process and

safety requirements, for accessible areas which are normally free of
contamination, but which contain systems having sufficient radioactive inventory,
that an uncontrolled release of this inventory to the environment would be a
significant fraction of the daily chronic emission limit:

-under normal (clean) conditions, to provide sufficient air throughput to
ensure acceptable air quality for continuous access by operating staff,

-under normal (clean) conditions, to maintain the atmospheric pressure of
these Zone 1 areas at a slightly negative value with respect to ambient
atmospheric pressure, and

-in the event of contamination, to detect the presence of airborne
radioactivity, isolate the contaminated area from flow-through
ventilation, and connect the affected area to the Recirculating Air
Detritiation System for pressure control and decontamination.

This sub-system will:

-provide a minimum of TBD air change rate per hour for each of the
areas served by the system, when the areas are free of activity,

-maintain a pressure differential of - 30 - 60 mm H2O with respect to
ambient pressure for the Fuel Cycle Building and - 1 kPa for the
Tokamak Building,

-detect tritium contaminations at a level of 10" Ci/m and activation
product contaminations at a level of (TBD) Ci/m ,

-achieve isolation of any area within few seconds ( 1 to 3), to prevent the
release of more than 10 Ci of tritium and (TBD) Ci of activation
products,

-ensure leakage through isolation dampers shall not exceed 0.01 % /h, at
the maximum differential pressure, of the volume isolated,

-Process description
The design of this subsystem will be based on fission-plant practise, and

as such involves no new technological elements. Process design can only proceed
when building parameters and heating and cooling loads have been defined.

IV.5.4.6. Exhaust gas detritiation system. [39]

-Design considerations
The exhaust gas processed by the EGD system is mainly air, which

provides an excess of oxygen for simultaneous detritiation of relatively small
helium streams and other inert gases.
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The EGD system provides a second series detritiation of exhaust
withdrawn from the major Atmosphere Detritiation Systems in the Reactor
Building. The general interconnection of these systems is illustrated in
Fig. IV-35. The selected nominal system capacity is 4000 m /h. This capacity
exceeds the expected routine gas feed rates. A large fraction of detritiated gas
will be recycled to the inlet buffer tank to maintain the internal system flow
constant at 4000 m /h. The recirculated gas increases the detritiation factor for
the feed gas approximately by the ratio of the total flow and the feed gas flow.

The exhaust from the EGD system is discharged via exhaust fans at the
same rate as the feed gas supply. The selected minimum detritiation factor for
the system is 20 000. The estimates for the maximum exhaust gas flows are given
in Table 111-32.

-Process description.
In order to ensure a continuous flow all the exhaust gas from the

different atmosphere detritiation systems are collected in a buffer tank. Leaving
this tank, the gas flows first through a filter in which any residual activated dust is
trapped. Then the gas is cooled down to 6 °C to condense the largest fraction of
water vapour. After the cooler the gas is warmed up to 155 °C before entering in
a recombiner working at 180 °C. There the residual hydrogen content is oxidized
into water. Leaving this recombiner the gas flows through a second recombiner
working at 150 °C to ensure the final oxidation of hydrogens. The gas flowing out
of the second recombiner is then warmed up to 450 °C before entering a third
recombiner working at 500 °C. In this last recombiner any residual trace of

TABLE IV-34. STANDARD RECOMBINER PARAMETERS (EGD)

Flow at standard conditions
Mass flow
Detritiation factor
Temperature
Approximate pressure

Catalyst, volume
pellet diameter
activity at 180°C
spatial velocity

Bed, depth
diameter
superficial velocity

Pressure drop, incl inlet/outlet

Heater internal
line heater
line heater (maximum)

Material
Design pressure

4000 m3/h
4755 kg/h
50000
180 °C

atmospheric

0.5 m3

3 nun
24.5 s"1

12100 h-1

0.25 m
1.6 m
0.84 m/s
2.2 kPa

5 kW
3 3 kW
8 0 kW

SS,type 304 / 316
200 kPa
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TABLE IV-35. MAIN DRYFR PARAMETERS (EGD)

Standard adsorption flow
Adsorption mass flow
Standard regeneration flow
Regeneration mass flow

Bed depth
Bed diameter
Superficial velocity
Sieve weight
Sieve type
Outlet dew point

Heater
Maximum regeneration temperature

Regeneration cycle time
Standby time
Adsorption cycle time
Normal humidification rate

4000 ra3/h
4755 kg/h
1500 m3/h
1783 kg/h

1 m
1.77 m
0.45 m/s

1500 kg
5 A

- 82 °C

120 kW
295 °C

15 h
16 h
62 h

2.48 kg H2O/h

hydrocarbons will be oxidized. The flow of gas is then cooled down to room
temperature and flows through a drier in which all the water vapour is trapped.
Leaving the drier the gas is either release through the stack or recirculated to the
buffer tank. The flow sheet of this system is illustrated Fig. IV-36. The
recombiner and drier parameters are given respectively Tables IV-34 and IV-35.

IV.5.4.7.Emergency detritiation system.

The need for a separate system to carry out these functions has yet to be
determined. The functional requirements of this system can be met by
maintaining elements of the CAD and EGD systems in a constant "ready" state.
Therefore, the following ext is provided for discussion purposed only.

-Design considerations
This system is an Engineered Safety System designed to ensure

protection of the public by maintaining confinement pressure subatmospheric in
the unlikely event that the normal process systems are unable to do so. This
system is an independent and self-contained system which is designed to provide
a minimally capable but highly reliable system to cope with extreme situations. It
is not intended for use under normal conditions. Its functional requirements are:

-to detect the loss of pressure differential in areas containing substantial
contamination (or high risks of tritium releases),

-to reestablish a negative pressure with respect to ambient in any affected
area and to maintain this subatmospheric condition as long as required.
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-to process the resultant exhaust gases to remove radioactive
contamination (gaseous, vapour and/or dust) to the level where the
activity meets appropriate release requirements.

Main performance requirements are:

-the system shall be designed to process an air volume/day which is
>2% of the largest volume that this system can be connected to.

-the system shall be capable of maintaining the pressure within this area
at - 0.5 kPa for the Tokamak Building and - 0.2 Pa for the Fuel Cycle
Building assuming a relative humidity of 75 % and a tempeiature of
30 °C.

-the system shall limit releases of radioactivity under these conditions to
less than:

Tritium; < 1000 Ci per day,
Beta/Gamma; < TBD Ci per day

-System description.
The process elements for this system would ensure the same functions

as those used for the normal CAD ar J EGD systems. No separate design has
been provided.

IV.5.4.8. Waste gas detritiation system

All parts of the Tritium System have to be evacuated from time to time
for maintenance purpose, for tritium stripling, or for control of valves tightness,
etc. The pumped gases must be detritiated before feeding the EGD, this is done
by the Waste Gas Detritiation System which is a central system connected with
the vacuum pumping system of the tritium system.

The pumped gases are stored in a buffer tank processing by the Waste
Gas Detritiation System that is a system similar to the EGD except that the last
catalytic oxidation reactor will work at a temperature of 700 °C instead of 500 °C.
The release of this system is directed to the EGD, where the final processing will
take place.
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V. FUEL CYCLE DESIGN INTEGRATION [40.41J

V.I. INTRODUCTION

Conceptual designs used for design integrator were combined to
provide an overview of the complete fuel cycle design. The design integration
exercise consisted Oi die following steps:

-Physical interface elements, such as buffer storage to provide flow-
smoothing, were analyzed.

-The relational logic for location of individual process elements was
examined, and layout diagrams indicating the desired relationships was
prepared. The Conceptual Design layouts are shown in Section V!.

-Hazard control aspects for the tritium process areas, e.g. confinement,
access, and hydrogen hazard minimization were examined, and an
atmosphere control scheme was proposed.

The flow sheet and mass-balance work permitted actual loads to process
units to be calculated since many subsystems are connected by recycle streams.
This permitted checks on the consistency of the design assumptions. With known
flows, it is possible to revise the design of the individual process elements, and
properly size buffer storages. With approximate sizes of elements known,
adbsystem "foot-prints" could be identified. These were reviewed with Remote
Handling specialists to ensure the practicality of maintenance access. Safety
considerations played an important role in establishing layout requirements. In
particular, it was decided that as far as possible, the Fuel Cycle sub-systems
shoi'Jd be located in a separate structure from the Tokamak to minimize the
potential hazards of upset in one building on the other, and to locate tritium
systems where access would not be restricted by Tokamak operation.

In the future, design integration will focus on reducing tritium and
hydrogen inventories by optimizing the flow hold-ups. Reduction in process
specifications is expected to further reduce overall inventories. Alternative
process elements will be included in the flow-sheet exercise as experimental data
becomes available from home organizations. Treatment assumptions for solid,
liquid and gaseous (detritiation) flows will be substantiated as the plant design
evolves,

V.2. DESIGN INTEGRATION

V.2.1. Design approach

The HER Fuel Cycle svstem provides for the handling of all tritiated
water and gas mixtures. The main units of the system and their interconnections
are shown in the overall process flow diagram (Fig. V-l). Process options for
each unit have been selected and combined to a complete fuel cycle concept.
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For design and sizing the fuel cycle components, the inlet/outlet flows of
each unit have to be determined, taking into account all feed streams from
connected units and recycle streams. A commercial process flow sheet simulator
was used to calculate the mass balances by computer, because of the large
number of interdependent units, chemical species and recycle streams involved.
The resulting flow rates to the units permitted checks on the consistency of the
design assumptions. With known steady flows, it is possible to revise the design
of the individual process units, and properly size cuffer storages.

The fuel cycle design is an iterative procedure. Parallel to the on-going
design of the individual subsystems, the designs are combined (design
integration) and the flow sheet and mass balance work is performed in order to:

-verify that acceptable process options exist for all essential Fuel Cycle
functions.

-identify and determine connections between units
-define the actual loads to the units (the fuel cycle subsystems involve

many "recycle" loops),
-discover missing data and requirements
-reveal inconsistent requirements
-integrate and combine units (optimization)
-provide database for next design step

The following sttps are applied to produce an integrated flow sheet
concept:

-review of a consistency of requirements.
-update of the DID which are used as input for the CDD's.
-current versions of the CDD's are reviewed and adjusted to meet the

requirements,
-additional requirements arising from the CDD's are incorporated in the

DID.
-the new DID / CDD data are used as input for the simulation and

modified to achieve consistency,
-repetition of this procedure until convergence of the requirements.

The flow sheet modelling retains the option quoted in Table II-2 with
the following varia ions:

Block Reference Option used as model

10:Blankct Parge Electrolyzers LPCE integrated into
(Q2O of breeder waste water
and beryllium) detritiation

The information required to perform the mass balance calculations
include the torus fuelling rates, required purity of fuel and feed streams, allowed
tritium concentrations and release rates, volumes to be detritiated, ,etc.
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V.2.2. Documentation of the Design

-Row sheet
The flow sheet shows the units and the interconnections during the burn
phase. Each unit and stream is identified by a unique number

-Design Information Document
The function and requirements of the units are defined in [1].

-Conceptual Design Description
Processes for each unit are described in conceptual design descriptions.
Preliminary designs of the fuel cycle subsystems have been made on the
bases of the DID.

-Models for mass balance calculation
The CDD's define the models of the subsystems to be used in the
process simulation program.

Simulation of the flow sheet

-Input data
The models ask for a complete set of input data. The first estimates of
the requirements (DID) are used as input for the simulation.

-Output of the simulation
The resulting flow rates to the units permit checks on the consistency of
the design assumptions. With known flows, it is possible to revise the
design of the individual process elements accounting for recycled flows
coming from other sytems.

V.2.3. Summary of options used in design integration

The processes identified for the integration exercise, together with their
main alternatives are discussed in |41J. A short description and the main
assumptions are given below. The numbers in brackets refer to the process flow
sheet in Fig. V-l.

V.2.3.1. Fuelling (4,5,20)

Pellet injectors (PI,4) provide 75% of the fuelling rate required. Gas
puffing (20) contributes to 25%. The total flow of the PI and gas puffing and the
D2/T2 ratio is reduced to compensate the small D^ flow from the neutral beam
injectors (NBI,5) . The flows are assumed to be time averaged for a certain
operation scenario including duty factors and different fuelling rates during
ramp-up.
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V.2.3.2. Torus vacuum pumping (25), cryotransferpump (7)

Torus vacuum pumping (25) options for burn and dwell pumping
include both compound cryopumps (CCP) and turbomolecular pumps (TMP).
Argon-spray CCP's are used in the initial design integration effort, since the
design for this pump is well advanced. For initial pump-down and torus
conditioning, TMP's will be used.

Cryotransfer pumps (7), orfer compact means of achieving He, Ar and a
preliminary impurity separation , and are therefore included in the design
integration.

V.2.3.3. Fuel and impurity processing (8,6,9)

Fuel Processing removes impurities from tritiated hydrogen streams. In
the present design integration the permeator option is selected for the fuel
impurity removal (8). NBI and PI gas impurities will be extracted via the
moJecuJar-sieve path, as this path is most suitable to high gas flows with lower
tritium concentrations.

The impurities from the different sources are collected in (6) and
processed by the impurity processing (9). The selected impurity processing
recovers the tritium from the impurities by cracking them into hydrogen isotopes
and non tritiated impurities.

This option, which avoids inventories of tritiated water, uses a
permeation membrane and 2 cata'ytic beds, one to "crack" hydrocarbons and the
other to reduce water vapour via the water-gas-shift reaction.

V.2.3.4. Blanket tritium recovery (10)

In accordance with the "first" option for ITER, the water-cooled ceramic
breeder is shown in the flow sheet.

The option for purge gas processing involves cryosorption on molecular
sieve of the tritium produced in the blanket, along with the swamping hydrogen
and any impurities present. The impurities are subsequently separated and
collected in (6). The processing of the water produced or arising from coolant
leakage is integrated into the waste water detritiation using Liquid Phase and
Vapour Phase Catalytic Exchange (13). The ITER option described in [18]
proposes electrolyzers to process this water.

Test sector tritium recovery will be carried out as part of test sector
design, as tritium recovery is in some cases a part of the blanket test.

V.2.3.5. Auxiliaries Mid common processes (right side of Fig. V-l)

Tritiated Water Processing required to dctritiatc water collected in the
facility to concentrations suitable for re-use or environmental discharge can be
accomplished by a combination of Water Distillation (DW, 14) and Vapour
Phase Catalytic Exchange (VPCE, 13). The DW processes enrich the tritium
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TABLE V-l. FLOWSHEET SUMMARY

Equipment

1 PI Imp. Removal
2 HC Imp. Removal
3 NBI Imp. Removal
4 PI System
5 KBI System
6 Impurity Collection
7 Prem.Imp.,He and Ar
Separation

8 Fuel Imp. Removal
9 Impurity Processing
10 Purge Gas Proc.
11 HeGDC Imp.Removal
12 TMCG
13 VPCE/LPCE
13 to 13 from 28
14 DW (Water Distill.)
15 Q2O Management
16 EGD (Exhaust Gas Det)
16 to 16 from 18,19
16 to 16 from 18,19,23
16 to 16 from 2,9
17 IGD (Inert Gas Det.)
18 RAD Reactor Bldg
19 ED (Emergency Det.)
20 Gas Puffing
23 TVD
24 Pi-Fuel Preparation
24 NBI-Fuel Preparation
25 Torus Pumping
25 to 25 from 7
26 RAD T-Bldg
27 ISS (Fuel Management)

27 to (ISS) from 8,9
28 Blanket

Stream Numbers

8 -29 -10
24 -32 -30 -74
18 -19 -31
50 2 3 - 5 -8
7 12 20 -13 -18

not in operation

-81 -80 -4

32
9

22
91
86
39
36
46
90
22
65
78
63
75
21
52
59
57
1

76
80
11
70
69
95
29
11
17
28

25
-69

-2 3
16
84

-41
-38
47
33
49
98
54
61
79
74_

100
51

-62
-68
-77
67

-12
35

-70
96
IS

-45
23
85

26
-22

-26
-17
27

-15
-4 5
89

-89
56
55
3J

-75
-78
-73
-55
-63
-61

-79
81

-20
14

-83
-99
31

-67
-34
-27

82
-40

-21
-33

-37
-49

-47
44
73

-54
-64
-58

72

6

-98
34

-71

-84

10
-82

-88

-48

-94
77
66

-53
-60

-1

-9

-97
48

-72

15

-85

-42
64

-44

-50

-39

87
-86

83 19 40 -16
(Cryo Transfer Pump)

-90 -
not
not

62
-4 3

not

not
-2

88

-25
in
in

15

in

in

-87 -28
operation
operation

-56

operation

operation

- : Streams leaving the equipment (Block)
underlined : Zero flow rate > Stream not considered in tables. The

simulation is done considering the machine in operation. The underlined
blocks are only in operation during machine maintenance.

(and deuterium) concentrations of the water prior to feeding it to Isotopic
separation (see item below).

Tritiated water must be collected, filtered, stored and purified before
enrichment in the DW. This is done by the Q^O Management (15). It is a logical
unit, the different function may be placed at different physical locations.

Tritiated Atmosphere Processing uses proven catalytic oxidation and
drier technology.

Solid Waste Tritium Recovery (2) assumptions will be substantiated as
the plant design evolves.
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TABLE V-2. STREAM CONNECTIONS

Stream

1
2
3
4
5

e
7
8
9

10
11
12
13
14

*15
16
17
18
19
20
21
22
23

*24
25
26
27
28
29

*30
31

•32
33

Equipment
From

24(PI)
24(PI)
Torus

4
4

Torus
Torus

4
25
1

F.Mngt
24(NBI)

5

11
6
9
5
3

24(NBI)
9
7
8

H.Cell
10
8

28
10
1
2
3
2

10

To
20
4
4

Torus
Torus
25
5
1
7
6

24(NB1)
5

Torus
25
6
9

F.Mngt
3
6
5
16
0

F.Mngt
2
6
6

10
28

F.Mngt
F.Mngt
F.Mngt

6
13

Stream

34
35

*36
*37
*38
*39
40

*41
42
43
44

•45
46
47
48
49
50
51
52
53
54
55
56

*57
*58
59
60

*61
*62
63
64
65
66

Eqviipsient

From
8,9

Torus
Torus

12
12
25
7

11
14
16
16
12

F.Mngt
14
13
13

24(PI)
Bldg
Bldg

17
17
17
15

Bldg
19

18
19
19
18
18

To
F.Mngt

25
12

Torus
16
11
6

Torus
Discharge
Stack

15
15
13
13

F.Mngt
14
4

18
17

Bldg
16
15
14
19

Bldg
18

Eldg
16
15
16
15
15
16

Stream.

67
68
69
70
72
73

*74
75

*76
*77
78

*79
80
81
82
83
84
85
86
87
88
89
90
91

»93
*94
95
96
97
98
99

100

Equipment
From

F.Mngt
20
7
7

F.Mngt
2,9

2
18,13

T-Equip
23

18,19,23
23
4
4
7
7

28
10

F.Mngt
10
10
10
10

Coolant
14

T-Bldg
26
26
26

To
24(PI)
Torus
25,6
25

24(PI)
16
16
16
23
15
16
16

24(PI)
24(PI)

6
6

10
28
10

F.Mngt
F.Mngt
13
13
9
14

Coolant
26
2b

T-Dldg
15

Stack
17

Zero flow rate ---> stream not considered in tables

Isotopic Separation (27) is based on cryogenic distillation of hydrogen
isotopes, which has already been demonstrated at a scale sufficient for ITER.
The design integration exercise defuses the actual loads to the ISS .

The fuel management is assumed to control the chemical purity, flow
rates and isotopic composition of the gas mixture and to send it to the
appropriate location in the isotopic separation system. It is a logical unit, the
different functions may by placed at different physical locations.

Fuel storage will use metal hydride beds with a maximum capacity
of 180 g. of tritium per bed for long-term storage of tritium (21). For large
quantities of fuel gases containing relatively low tritium concentrations ( < 1%),
metal tanks will be used for storage (22).

V.3. RESULTS

Steady state (time averaged) flows of tritiated species during machine
operation have been calculated. The flow rates are presented in a flow summary
(Tables V-l to V-8), containing all flows to each unit, to the environment and to
the torus.
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TABLE V-3. FLOW SUMMARY:FEED STREAMS TO THE BLOCKS AND ENVIRONMENT IN FIGURE V-l (PART 1)

?! imp

Removal

N3I Inp

Removal <•&: K3I
I/ip
Col lection Cont.-•>

to 6.ock
' -or
S:-eai *

•ot.F.o-

Flowates

Nyarose-i

' r - t i i x .

, water

£20

, '20

, Arr*r,8

« 3

KTJ

! • . « - . - .

; - " -

' : - .

. , - : - c 3 c -

Cy3f-

: =

C=2

1

8 1

2.1810-02

1 9-44-C2

1.3-33-01

' .3526-0 '

3.5947-07

1.6928-05

'.6923-05

' .7973-07

S..639-36

8.-639-06

2.5 ' t3-D6

' . • 3 -9 -04

' . • 8 - 9 - 0 4

3.42-5-35

3. -2 -5 -C;

3.42-5-35

•.7-C7-;5

- . ' • : 7 - ; 5

7.• : • - : • : .

3
5
182

3.

2.

3

1

3

1

1

1

8

8

2

•

3

i ^

1

1

7

7SJ1-C2

• 3 ' 2 0 3

7823-02

C013-01

5926-06

691804

6918-04

7963-06

4591-05

4591-05

5149-05

'843-03

•543-33

41°5-0<.

4195-3-

.•.195-0*

.'C9S-04

, ':5s-o.

,c i : : -03

2*' "

-.i-33-C2

e.3553-^

1

i,

3

2

2

1

3

1

£

8

2

1

1

5

3

; 3

' 1

! «

•3SC-32

1384-34

OC'9-02

0019-02

5947-07

6923-05

6928-C5

7973-C7

-639-36

4639-36

5 '6306

•S.9-0 .

•8-5-0-

-215-C5

».C5iO«O3

..C555»C3

2.2-46-01

2.3082-0'

J
.4215-C5 i

l

. ' • 3 7 - 0 5

. - . 7 . C ;

.c- . : -c;

5
torus
•t

2.-383-31

2.'334-33

'.C019-0'

1.0019-C1

3.59.7-06

1.6923-04

1.6926-C4

1.7974-06

8.W39-05

8.4639-05

2.5 'e3- :5

".18.9-03

• .18 -033

3.-215-;.'.

3.4J15-C-

1.7'37-C4 .

1.'1C7-C4

7.0-4C-C3

5

2 - ; N S I )

12

2.93EC-02

2.933C-02

5

8.5330-31

B.53E3-01

6
1

103

4.e261-C4

4.8261-C5

3.3330-06

3.3330-06

3.5947-07

1.6928-05

1.6928-05

1.7973-07

8.4639-06

8.4639-06

2.5163-06

1.1850-0.

1.'850-04

3.4215-05

3.42-5-05

3..2-5-05

1.7137-35

1.7-7-35

7.C.43-13

6

3

4.7495-03

2.6S30-C8

4.7495-04

1.2349-07

3.5927-C6

1.6918-04

1.6918-04

1.7963-06

8.4591-05

B.459'-05

2.5149-05

1.1B43-03

'.1843-03

3.4195-Ot

j 3.4195-0*.

3 . .19 ' -0 -

1.7098-04

t . 7098-04

7.0U1-09

6

10

254

1.

5.

5

1

1

-

1

0C27-01

3244-03

1966-05

.6953-02

.8983-02

.85S2-C2

.8964-02

.£983-02

6

8

26

2.

1.

5

5

3

1

1

1

3

c

1

2

6625-01

V23-C3

2532-02

2532-02

67.3-C7

.818S-C5

.6-88-05

.2C23-O1

.6743-C3

. ' 3 '1 -02

.4697-02

.4713-05

6

7

40

2.

9.

6.

6.

!

2

4746-C3

89S5-C5

1866-C6

1866-06

j

i

|

.4647-33



TABLE V-4.FLOW SUMMARYrFEED STREAMS TO THE BLOCKS AND ENVIRONMENT IN FIGURE V-l (PART 2)

-> Cent.

Irap

Collection He/Ar Sep

Fue l . Irp

Inp.Proc Imp.Proc

Purge

GasProc.

Purge

GesProc. VPCE/LPCE Cont.-->

to Block

fron

Str«ar *

Tet. ' ICM

Fle>.r«tes

nydrcjen

; Ce^ter'U"!

{ Tritium

water-

VzO

•2=

fcrcnie

NSJ

N73

Hethsne

CBi

CU

Nitrogen

Oxygen

CO

C02

Argcn

Hel'ir-4

6

7

82

2.4054-01

2.2178-06

'.0815-04

1.0315-04

1.2632-03

5.9485-02

5.9485-02

6.3159-04

2.9742-02

2.9742-02

2.5743-07

1.2251-05

1.2251-05

3.5644-07

3.3795-06

2.9571-06

5.9713-02

2.1629-C4

M3-5-C6

6

7

S3

8.7927-00

4.3300-07

1.5025-01

1.5025-01

4.0353-09

1.9967-07

1.9967-07

8.8405-03

4.1631-01

4.1631-01

6.9967-08

1.1652-01

9.8771-02

4.0353-04

7.4351*00

1.4152-06

7

25

9

1.6165*02

7.5145-01

3.455S-C1

3.655S-0-

1.2632-03

5.9485-02

5.9485-02

6.3163-04

2.9744-02

2.9744-02

8.1406-02

4.1631*00

4.1631*00

1.2023-01

1.1685*00

1.0090*00

6.3748-02

7.4366*01

2.4648*00

8

7

22

7.1012*01

7.-.155-01

3.5055*01

3.5055*01

3.6743-07

1.8188-05

1.8188-05

1.2023-01

3.6743-03

2.1311-02

1.4697-02

2.4713-05

9

6

16

1.1880*01

1.6386-02

2.0343-01

2.0300-01

1.2671-03

5.9671-02

5.9671-02

6.3357-04

2.9835-02

2.9835-02

8.8688-03

4.1764-01

4.1764-01

1.3959-01

1.3955-01

1.3944-01

7.9263-02

7.4692*00

2.4645*00

9

C02

91

7.6531-01

7.6531-01

10

28

27

1.5822*02

2.2150-02

1.2560-06

2.3146*01

2.3000-C3

9.9988-03

9.9988-03

9.9958-03

9.9988-03

9.9988-03

1.3500*02

10

28

84

1.1741*05

1.1613-02

1.1542*00

1.1480*00

1.8624-02

9.9987-03

9.9987-03

9.9S87-0J

9.9987-03

9.9987-03

1.1729*05

10

F.Mngt

86

1.0556*02

1.0556*02

[13]

10

335

2.21(.a-O1

2.3146*01

2.2973-03

9.9983-06

13

F.Nnjt

46

7.5644*02

7.5844*02

13

14

47

2.2609*02

2.2479*02

3.2989*00

7.7125-04

13

10

89

2.4197*01

2.4179*01

1.8573-02

1.9997-05
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TABLE V-5. FLOW SUMMARY:FEED STREAMS TO THE BLOCKS AND ENVIRONMENT IN FIGURE V-l (PART 3)

VPCE/LPCE
- •> Cont. OW DW

Q20

Mngt

020

Hngt EGO Cont.-->

to Block

from

Stream *

Tot.Flow

Flowrates

Hydrogen

Deuteriun

TH t i u n

Water

020

T20

Arrtnon i a

NO3

NT3

Methane

CD4

CU

Nitrogen

Oxygen

CO

COJ

*rgon

Heliun-4

[13]

10

905

1.0492*00

1.0329*00

1.6276-02

9.9983-06

14

13

49

2.5223*02

2.5064*02

1.6478*00

4.2664-04

14

15

566

1.1111*04

1.1109*04

1.6667*00

3.4444-04

15

16

44

5.0489*01

5.0489*01

7.8984-05

7.7353-05

2.5345-10

1.1934-08

1.1934-08

15

17

55

1.7495*02

1.7494*02

1.3856-03

1.4200-04

15

18

64

1.4234*03

1.4234*03

2.5220-02

2.7198-06

15

i n 1 dent.

65

8.7502*03

8.7485*03

1.6274*00

1.2102-04

15

26

98

7.1211*02

7.1209*02

1.2611-02

1.3600-06

16

9

217

1.2071*01

7.2937-07

2.2917-05

2.2917-05

2.5340-07

1.1934-05

1.1934-05

2.5345-07

1.1934-05

1.1934-05

2.6568-0?

1.2S15-O5

1.2515-05

1.6973-01

1.3955-01

1.7071*00

1.2104-01

7.4692*00

2.4648+00

16

17

54»

2.1715*03

1.0865*00

4.3471-03

3.4429-08

3.5285-09

1.9960*02

4.4339-04

7.5886-02

2.3615*00

1.9683+03

16

18

6 3 '

4.8301*04

4.2601-02

4.6153-11

4.6153-11

9.1864-02

1.6217-06

1.7554-10

3.8207*04

9.6279*03

1.4680*01

4.5123+02

2.5445-01

16

H2

66

4.9253*01

4.9283+01

16

2/9
7l7

1.2071*01

7.2937-07

2.2917-05

2.2917-05

2.5340-07

1.1934-05

1.1934-05

2.5345-07

1.1934-05

1.1934-C5

2.6566-07

1.2515-05

1.2515-05

1.6973-01

1.3955-01

1.7071*00

1.2104-01

7.4692+00

2.4648*00



TABLE V-6. FLOW SUMMARY:FEED STREAMS TO THE BLOCKS AND ENVIRONMENT IN FIGURE V-l (PART 4)

ECO 100 RAD

Gas
Puff ing

PI
F u e l P r e p

P! NB1 Torus
Fuel P r e p Fuel P r e p Purp ing - - >

00

to B'.ock

froP

Stream #

To t . f l ow

Flonrates

Hydrogen

Deuterium

T r i t i um

Water

D20

T20

Aimtoni a

ND3

NT3

Methane

CD4

CU

nitrogen

Oxygen

CO

C02

Argon

Hellum-4

16
18/19
75

4.830^*04

4.2601-02

4.6153-11

4.6153-11

9.1864-C2

1.6277-06

1.7554-10

3.8207*04

9.6279*03

1.4680*01

4.5123*02

2.5445-01

"6
18/19/23
78

4.8301*04

4.2601-02

4.6153-11

4.6153-11

9.1864-02

1.6277-06

1.7554-10

3.8207*04

9.6279*03

1.4680*01

4.5123*02

2.5445-01

17
R.Sldg
528

5.2570*05

2.6179*C2

7.10C3-G5

7.1000-05

2.4023*32

4.0944-03

3.5539-04

4.8296*04

5.3679*01

1.8362*01

5.7140*02

4.7626*05

17
Hake-up
100

2.1317*03

1.0623*02

5.9514*01

1.9640*03

18
R.Bldg
519

1.4255*06

1.23!/'00

1.3613-06

1.3613-06

1.7076*02

2.5266-02

1.3650-06

1.1269*06

2.8461*05

4.5300*02

1.3309*04

7.5051*00

18

"2
59

1.2554*03

1.2554*03

20

24(P!)

HO

1.8505*01

9.1177*00

9.3874*00

24CPI)
F.Hngt
67

1.9144*02

1.9144*02

24(P1)

F.Mngt
72

1.0067*02

4.9600*01

5.1069*01

24(PI)
4
80

3.8645*03

3.8641*03

2.2446-01

2.3082-01

24CPI)
4
81

8.2164*01

4.0483*01

4.1682*01

24(N3!)
F.Mngt
11

3.7918*02

3.7918-02

25
torus
6

7.5100*01

7.5115-01

3.5191*01

3.5191*01

1.2627-C3

5.9461-02

5.9461-02

6.3134-04

2.9730-02

2.9730-02

8.8388-03

4.1623-01

4.1623-01

1.2018-01

1.2018-01

1.2018-01

6.0092-02

6.0092-02

2.4658*00



00 TABLE V-7. FLOW SUMMARY:FEED STREAMS TO THE BLOCKS AND ENVIRONMENT IN FIGURE V-l (PART 5)

-•> Cont. BlankettBe) Blanket
RAD
r-Sldg

RAD

r-Bldg P e l l e t s Propel I ant NBI

Gas
Puffing 1SS ••>

to Block
f rori
Strean #

TOt.FlOK

Flonretes

Hydrogen

Deuterium

T r i t i un

water

020

T20

Ammonia

NO 3

NT3

Methane

CD4

CT4

Ni trogen

Oxygen

CO

C02

Argon

Heliun-4

25
Ar
14

7.3900*03

7.3900*00

25
torus
35

3.0COO-02

3.0006-04

1.4058-02

1.4058-02

5.0440-07

2.375J-C5

2.3753-05

2.5220-07

1.1876-05

1.1876-05

3.5308-06

1.6627-04

1.6627-04

4.8010-05

4.8010-05

4.8010-05

2.4005-05

2.4005-05

9.8420-04

25
7
70

7.9135-01

3.8970-06

1.3523*00

1.3523*00

3.6318C8

1.797C-06

1.7970-06

7.9565-C2

3.7468*00

3.7468*00

6.2970-07

1.0486*00

8.8893-01

3.6318-03

6.6916*01

1.2737-05

125]
7
69

8.7927*01

4.3300-06

1.5025-00

1.5025*00

4.0353-08

1.9967-06

1.9967-06

8.8405-02

4.1631*00

4.1631*00

6.9967-07

1.1652*00

9.8771-01

4.0353-03

7.4351*01

1.4152-05

Blanket
'C(Be)
28

1.3500*02

2.2150-03

1.2560-07

'.3237-04

2.7014-06

1.4660-06

1.4660-06

1.4660-06

1.4661-06

1.4660-06

1.3500*02

Blanker
10
85

1.1741*05

1.1717*02

1.1542-01

1.1506-01

2.3481-03

9.9987-04

9.9987-04

9.9987-04

9.9887-04

9.9987-04

1.1729*05

26

«2
95

6.2802-02

6.2802*02

26
T-Stdg
96

7.1206*05

2.4410-02

6.8001-07

6.8001-07

8.4336*01

1.2615-02

6.8051-07

5.6293*05

1.4217*05

2.1630*02

6.5484*03

3.7490*00

Torus
4
41

5.5515*01

2.7352*01

2.8163*01

Torus
4

5

1.5000-02

1.3010-02

9.8052-04

1.0096-03

Torus
5

13

1.0800*00

1.2192-06

1.0799*00

5.7117-05
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TABLE V-8. FLOW SUMMARY-FEED STREAMS 1 (, THE BLOCKS AND ENVIRONMENT IN FIGURE V-l (PART (>>
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Footnotes to Stream # in the Tables V-3 to V-8

1 #8: 75% pellet fuelling.
DID: Tot.flow of 437
mol/hr to account for 100%
fuellir.g, and the
uncertainty of pellet
erosion and propellant
flowrates. See stream # 4
to torus and # 29 to ISS

2 #18: DID: Tritium
concentration 1.5%
(correspond to a T-flow of
16% of tot.pumping
requirement). Calculated
back streams from the
torus result in the much
lower value given here.
See stream # 7 to NBI and
31 to ISS

3 #10: Q2 concentration in
impurities is 10%. More
realistic would be <50%.
See stream # 26 from Fuel
Imp.Removal (Block 8)

4 #2 5: Q2 and He take over
is expected to be larger.
See stream # 10 and 19.
Radionuclides are not
considered but the total
impurity flow is 10 times
higher than in the CDD of
D.K.Sze

5 #33: The reference design
uses electiolysis. Here a
LPCE integrated in the
waste water detritiation
is used (SULZER NET-
Contract). This process is
more demanding tor design
integration, but the
effect on the hydrogen
load (stream # 8 8 + 8 7 and
48) to the ISS is small.

6 #56: no cooling water
detritiation

7 #21: < 150 Ci/day

8 #52: Inleakages: Air: 6
m3/hr, Routine T-Release:
200 Ci/day (HT/HTO=1), T-
Conc: 425 MPC, N> < 10%,
02 < 100 ppm

9 #51: Routine T-Release:
3.8 Ci/day (HT/HTO=1), T-
Conc.: 1 MPC

10 #1: 25% Fuelling

11 #34: CDD: 71 mol/hr
(recovered Q2 from
impurities not included?)

12 #48: CDD: 667 mol/hr, here
the blanket water
detritiation is included
(LPCE)

13 #43: Release of 0.6
Ci/day. The active
ventilation and accidental
releases are not included.
Additionally a feed stream
to block 16 of
unidentified sources has
to be considered, (similar
to block 15).
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V.3.1. Flow summary

All streams of the flow sheet are listed in Tables V-3 to V-8 according
the units they are flowing to (each stream is only listed once).

The total flow rate and that of each component is given in gmol/hr. At
present, pressure and temperature are ignored by the program.

V3.2. Notes

-The isotopic equilibrium between water and hydrogen is only considered
in block 10 (Blanket purge gas processing) Stream # 84 and # 27).
Otherwise equilibrium of the different hydrogenated species is not
calculated.

-The total impurity concentration in hydrogen before the ISS should be <
1 ppm. As first approach, the same impurity distribution is assumed in
the purified stream.

-The mass balance calculation is a steady state model using time averaged
flows. This has to be considered in batch processes such as cold traps
and molecular sieves.

-The fuel management is assumed to control the chemical purity, flow
rates and isotopic composition of the gas mixture and to send it to the
appropriate location in the isotopic separation system. It is a logical unit
- the different functions may by placed at different physical locations.



VI. FUEL CYCLE BUILDING LAYOUT

The Fuel Cycle Building (FCB) covers an area of 33 by 44 m and is 46 m
tall. It has five full floors of which two have a partial mezzanine The building is
located in a quadrant between the NBI power supply room and the vacuum
pump room W 07 (in the Tokamak Building) at the ground level. The individual
elevations and important sections are indicated in Figs. VI-1 to VI-7.

VT-1 DESIGN APPROACH

The design is made considering the following reasons:

-Separate building for Fuel Cycle processes.
-Minimal length of process lines between systems.
-Maintainability of components, particularly major components.
-Access compatibility with atmosphere pressure gradients used for
contamination control.
-Single point operational access.
-Use of a separate central control area for Fu^l Cycle processes.
-Vehicle access to shipping and processing areas.

VI.2. LAYOUT DESCRIPTION [42]

-Access
Normal access to the facility consists of single point entry at the ground

floor in the centre of the building. A vertical access 'tower' having dimensions 6
to 8 meters is located at the edge of the building and contains stairs, personal
transport elevator and, if required, a freight elevator. The central location
facilitates individual access to all work locations at each level of the building, and
an additional opportunity for secondary access control between the tower and
individual floors or rooms. There will be two alternative escape routes in the
extreme corners of the building.

-The fuel purification (rooms W 07 )
To minimize piping runs, these systems are installed as close as possible

to the main exhaust backing pumps room in the adjacent Tokamak building. The
space is will accommodate several modules of the two alternative purification
systems, namely the Molecular Sieves and the Permeator based fuel purification
systems and three alternative modules for the impurity treatment streams.

-Isotope separation (ISS), (rooms T 03 / R 03)
The ISS is located in a two level room on floors T ' and 'M' to provide

adequate space for maintenance of cold boxes and equipment in them. Pumps
will be located in glove boxes or in a hard shell (pressure vessel type) secondary
containment. There is a normally closed opening between the CD room and the
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Fig. VI-6. Tritium building layout. Section A-A
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Tritium maintenance room in the basement which can be used to move
equipment as required for maintenance. This opening is part of the vertical
transport access for all components from all floors into the Maintenance room
(W 02) on the lowest floor of the buildmg. A large door may also be required in
that part of the building at the ground level 'T' in order to facilitate removal of
items from the building.

-Waste water storage and treatment (rooms W 05 / 06)
Water storage and treatment systems are functionally connected to the

Waste Water Tritium extraction, the Water Distillation columns and the Isotope
Separation System. The water treatment system is placed in this room, near the
wall shared with the FCU room. This facilitates the transfer of pumps and other
equipment through the sliding door into the tritium maintenance room W 02.

-Waste water tritium extraction (room W 04)
This system contains the distillation columns (DW) which are the largest

single components used in the Fuel systems. These may have to be transported in
prepacked sections or in large units to be packed in situ. These components
would have to be transported and handled vertically and installed through the
roof or through appropriate opening in the adjacent exterior wall.

- Fuelling (rooms R 91 to R 93).
These rooms must be located in the Tokamak building.

-Tritium extraction from solid breeder and test blanket tritium recovery (rooms
M 01 - 05).

These systems have been located on the entire *M' level. There will be a
wall to isolate the test module room from the Breeder Recovery room, to
facilitate individual atmosphere quality control in the event the test module
contain activation products.

-Tritium storage, shipping and receiving (room T 01)
This system is located in an L shaped space on the ground floor of the

building, to provide a truck access.

-Tritium laboratory (room W 01).
The detailed requirement for the Tritium Laboratory arc not yet known.

However, the specific position of this room was selected to be close to the FCU
systems which it will most likely serve.

-Air tritium purification systems (H 01)
The aii treatment systems to serve the FCB have been placed on the top

level of the building, and can cover the entire area if necessary.

-Fuel cycle process control centre (room R 01).
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The process control centre for the Fuel Systems has been located at the
elevation 'R'.

-Maintenance issues.
The maintenance capability of equipment located in this building is

considered here. With the possible exception of some components. This building
is only tritium contaminated and will be maintained without leaving this building.
Components located in the Tokamak building, such as vacuum pumps and pellet
injectors, are expected to be contaminated also with activation products and
consequently will be maintained in the hot cells. Other equipment such as ADS,
which are also located in the Tokamak building, will be maintained in situ or in
an alternative maintenance facility. In general tritiated components will be first
internally purged, then if required, externally decontaminated, and finally
removed or repaired in situ. Faulty equipment which is removed will be
packaged and transferred into room W 02 for repair or room W 03 for storage or
disposal.

For tritium systems essentially no remote handling repair is foreseen.
However there may be equipment which could, due to the presence of activated
products, have shielding needs. The equipment with such requirements could
include ion exchange columns in the water treatment room or filters at the main
exhaust backing pumps room. In the event of IX columns the resin could be
slurried into shielded containers or as recommended to be replaced with the
vessel as a cartridge. Filters are foreseen also to be replaced as a cartridge. In
general transfer of equipment through the facility will be done only after the
equipment was secured against activ'ty release at its point of origin.
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VII. SAFETY CONSIDERATIONS

VII.l. TRITIUM INVENTORIES [43]

Estimated inventories of tritium are shown in Tables II-3 to II-6.
Alternative scenarios involving lower T/H ratios, and lower exhaust throughput
have also been examined. The applicability of these values depend on
experimental confirmation of ITER Physics issues regarding fuelling and He
pumping.

VII.2. SAFETY SYSTEMS FOR OVERPRESSURE ACCIDENT.

In the present conceptual design of ITER it is not foreseen to use high
pressure high temperature water. Tritium related safety issues associated with
high pressure water have consequently not been studied at the present level of
development. However, if in the future, heating of the machine structure using
such a technique will be considered, careful attention will have to be paid that
this solution will not impair the building confinement function and the tritium
confinement in case of leak of high temperature steam into the building. For
such a situation passive safety features like:

-Water Pool (inside reactor building)
-Ice-Condenser System (inside reactor building)
-Large Suppression Volume (outside reactor building)
-Filter-Vent System (outside reactor building) [45]

need to be studied. These concepts have been proposed and/or employed for
nuclear power generation stations.

Nevertheless design of the cooling system should include an effort to
reduce the amount of water available for release, and to reduce the rate at which
the water can be released.

VII.3. FAILURE MODES AND EFFECT ANALYSIS [44]

Because the fuel cycle system must handle tritium and its compounds, as
well as activated paniculate materials, it has substantial safety implications, and
will continue to be subjected to safety analysis as the design progresses.

As an essential part of the fuel cycle safety assessment, a preliminary
failure modes and effects analysis (FMEA) has been performed on the following
subsystems:

-Gas puffing
-Pellet injection
-Torus vacuum pumping with compound cryopump
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-Plasma exhaust gas purification
-Hydrogen isotope separation
-Fuel storage
-Driver blanket tritium recovery
-Primary cooling
-Waste water detritiation

Designs of these subsystems will be modified and optimized as further
development takes place, and as operating modes are further defined. Despite
the early stage of the design, it is nevertheless timely to subject the subsystems to
the FMEA, to establish the FMEA process and to support the design during the
EDA phase.

Designs of the fuel cycle subsystems are described in Section 4 of this
report.

There are only limited data on which to base the FMEA; consequently,
the analysts made use of the design and operating experience of the Tritium
Systems Test Facility at LANL in the USA, and the Tritium Processing
Laboratory of JAERI in Japan.

A full report of the FMEA performed on the subsystems listed above is
given in [44].

VII.4. GUIDELINES FOR FUEL CYCLE SYSTEM DESIGN

VII 4.1. Multiple barrier confinement

Multiple barrier confinement of tritium is the fundamental method for
ensuring safety of workers and the public. This method for controlling tritium
has been developed over many years in the USA, Japan, USSR, and the EC.
Following are the essential principles.

VII.4.1.1. Primary confinement

-Components (valves, sensors, tubing, pumps, etc.) are to be designed as
the primary tritium barrier.

-Component materials (gaskets, shields, electrical insulators etc.) must be
tritium compatible to ensure long life and a minimum production of
tritiated materials.

-High temperature components (operating above 100 C) should be
designed with double walls to avoid tritium permeation into the
secondary confinement volume.

-Design of the catalytic reactors to avoid explosive reactions. Combustible
concentrations in the input streams should be monitored and controlled
by continuous operation of gas analyzers and interlocks.

-Design against over-pressure in primary components. Where necessary
use expansion volumes and pressure relief devices. This is an essential
element of the passive safety design of the tritium systems. Components
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requiring particular attention with respect to over-pressure design are
the hydrogen isotope distillation columns, the solid absorption beds
operating at cryogenic temperature, the metal hydride storage beds
containing large inventories of hydrogen isotopes, and any other
component in which plugging or the loss of cryogenic refrigeration could
cause a significant pressure increase.

VII.4.1.2. Secondary confinement

-Components containing significant quantities of tritium should be
enclosed by secondary confinement barriers such as gloveboxes, or other
tritium leaktight enclosures. The atmosphere within the secondary
confinement boundary should be connected to an atmosphere
detritiation system.

-In the case of components with a significant inventory of hydrogen
isotopes, the atmosphere within the secondary confinement boundary
should be inert, to avoid the possibility of a hydrogen detonation.

-The secondary confinement atmosphere, if it is air, should be slightly
negative relative to the surrounding pressure, to prevent tritium leakage
outward.

-The atmosphere in rooms containing inert gases, such as the fuelling
room, the torus vacuum pumping room, and the neutral beam injection
room, should be slightly positive with respect to adjacent air filled
rooms, to avoid air in-leakage.

-Oxygen concentration in the inert secondary confinement atmosphere
should be maintained at a low level to reduce surface contamination
with tritiated moisture generated by the HT/HTO conversion on the
surfaces of the primary and secondary confinement.

-Confinement leak-tightness is needed, to minimized the exhaust purge
flow required to keep confinement subaimospheric.

-Surface materials of the secondary enclosures should be selected with
respect to ease of tritium decontamination.

-Detritiation systems should avoid, where practical, the formation of
HTO.

VII.4.1.3. Tertiary confinement

-In most cases, the third and final (protective) barrier are the building
wall and the isolation system. The room atmosphere must be connected
to an atmosphere detritiation system.

-Atmospheric pressure gradient and flow balances among the
confinement regions is needed to prevent cross contamination during
any mode of operation (normal, maintenance, or accident).

-Confinement operating pressure should ideally be sufficiently low to
prevent significant positive confinement overpressure in the event of any
failure. Steam condensation (suppression) pools or vent\filter systems
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may be required if large energy (steam) releases can occur which could
result in substantial overpressure transients.

VII.4.2. Fail safe design

As noted in the previous sections, the ITER fuel cycle system consists of
many interconnected subsystems and components. In an accident, the related
subsystems and components must be operated in a way to maintain the system
functions and/or to mitigate the off-normal condition. Since process systems can
have different missions in various operating states, it Ls not always possible to
define the "safe" failed state. Where practical, however, "fail safe" design should
be used. Other desirable design features are predictable "failed" states, snaking
faults self annonciating, and designing systems to be self protecting, i. e. on loss
of electrical, cooling or control support, the system will shut itself down in a
manner to prevent damage.

An additional requirement for ah* systems is that they withstand the
stresses imposed on them by external systems with which they communicate in
order to prevent the propagation of failures.

VI1.4.3. Isolation irom torus

Tritium subsystems may require isolation from the torus and from each
other in the event of the following accidents.

-Loss of function of a tritium subsystem for any reason.
-Loss of function of other tritium-related subsystems in the torus or its

extensions (i. e. NBI).
-Failures such as LOCA or LOVA
-Driver and test blanket failures such as LOVA.

Isolation from a failed system may be required to protect the unfailed
tritium systems, and to prevent propagation of these accidents. In-torus LOCA,
and LOVA could generate serious damage, especially to the torus vacuum
pumping system and the NBI vacuum pumping system. In the event of a reactor
room over-pressure caused by a LOCA, isolation of the room air detritiation
systems would be required to protect systems from damage due to the large
volume of steam flow.

V1I.4.4. Control performance and reliability

Ah* tritium subsystems utilize process controllers, monitors, local
process interlocks, and isolation systems. Because detectors have a key roll in
maintaining tritium safety, their response time and reliability are essential.
Careful development of calibration procedures and documentation is required.
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VII.4.5. Personnel access

Suitable access for operation and maintenance will have to be provided.
Equipments for which access may be limited by radiological conditions will have
to be designed for remote operation and maintenance. Such equipment will
include components near the torus (e. g. gas puffing valves), in neutron streams
(e g. pellet injectors and NBI), and/or components which contain torus dust,
(e. g. vacuum pumps), and activation products (e g. primary cooling system).

Subsystems in the Tritium Building should normally be accessible by
personnel; however, some of the components will be radioactive because of
impurities in the process gas stream and the primary cooling water. These
components are:

-Front-end components (filters, condensers, cold traps, etc.) In the
purification systems of the plasma exhaust fuelling system, NBI, RF, and
diagnostics.

-Front-end components (filters, condensers, cold traps, etc.) in the
blanket tritium recovery system. Helium purge gas of the ceramic
breeder would include fission products originating from uranium, which
will exist as an impurity in the breeder.

-Front-end components (filters, ion-exchange columns, etc.) in the
tritiated water processing systems of the primary coolant, and waste
water from secondary and tertiary confinement systems. Corrosion
products from the primary cooling system will be highly activated.

-Front-end components (filters, holding tanks, etc.) in the secondary and
tertiary confinement systems. In the case of an accident followed by a
dust release from the reactor, these systems will be the barrier against
exhaust of radioactive particles to the atmosphere.
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VIII. R&D PROGRAMME SUMMARY

VIII.l. NEAR-TERM R&D RESULTS

VIII.1.1. ITER Technology R&D Task FC1: Fuelling.

The Task objective to develop a reliable pellet injector with repetition
rates and injection velocities necessary for ITER was approached through the
following actions.

In Europe, a test stand trial launcher has produced 600 shots with the
same piston without launcher maintenance. Pusher sabots in combination with
bare pellets can be reliably separated at 4 ± 03 km/s as demonstrated by 30
successive shots in series. On the basis of this success a prototype two-stage gun
for 10 pellets per condensation cycle and with a 100 sabot magazine has been
assembled on the JET test stand outside the torus hall and is undergoing
mechanical and cryogenic commissioning for integrated testing to take place
imminently. The JET Torus hall preparation to receive the launcher is complete.

In Japan, a 2 Hz extruder for 3 mm diameter and 4 mm long pellets was
successfully tested. Single shot tests accelerated these pellets to a velocity of
1.5 to 1.6 km/s. The R&D tasks for a very high speed pellet injector are being
defined.

In the Soviet Union, 4 mm diameter and 4 to 10 mm long pellets have
been accelerated to 0.6 to 1.25 km/s. With the same test stand, mass and velocity
loss in a straight guide tube up to 30 m long were measured. The weight loss was
not more than 8% for 90% of the pellets. Successful tests were also done with
2 mm diameter and 2 mm long pellets in 70 pellet series at 1 and 2 Hz frequency
and injection velocity of to 1.3 km/s for the T-15 Tokamak.

In the USA, cylindrical (4 mm diameter) pellets of frozen hydrogen
(12 mm long) and frozen deuterium (18 mm long) have been formed and
injected from a pipe-gun type freezing cell into accelerator guide rails and
detected by optical pellet monitors. Pellets were accelerated by ablating the back
of the pellet with magnetically compressed intense electron beams. A 14 keV,
0.4 A beam was applied during 1.11 ms to a pellet placed in the 0.4 m long
acceleration path. This produces incremental speed increase of 300 to 400 m/s
with a maximum speed of 575 m/s compared with the program objective of
10,000 m/s. The electron gun formed intense beams of 14 keV, 11 A and
300 microseconds. The magnetically compressed 3 mm electron beam has a
current density above 100 A/cm and a power density of above 1.4 MW/cm . A
number of burn velocities from 1 to 4 m/s was measured and the velocity
increases approximately with the square of beam voltage.

VIII. 1.2. ITER Technology R&D task FC2 - Pumping

The objective to demonstrate reliability of He pumping cryopanels and
to demonstrate scale-up of turbomolecular pumps to ITER relevant throughputs
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compatible with ITER nuclear and magnetic environments was approached
through the following actions.

In Europe, fabrication technology of inorganic bonded cryosorption
panels has been developed. Feasible methods are cementing, brazing, plasma
spraying and mechanical fixing. A total of 412 different specimens of 50 mm
diameter and 20 panels up to 400 mm diameter have been fabricated. A total of
330 specimens were cycled 100 times between 78 and 573 K (425 for carbon) to
investigate their resistance to thermal stresses. 238 specimens (71 %) passed
these tests successfully.

Pumping speed and cryosorption capacity screening tests were carried
out with a representative group of 50 specimens. The best results have been
achieved with activated charcoal, followed by molecular sieves. Cementing
produced better results than other bonding methods.

Cryopanel tests (400 mm diameter) included studies of the poisoning
behaviour with impurities assumed to be characteristic of ITER. In 84
pumping/regeneration cycles simulating one week of non-stop ITER operation
no reduction of pumping speed was experienced. It was concluded that there is
no need for a separation barrier between the condensation and sorption zone
during regeneration. The maximum pumping speed measured for helium was
4.18 I/cm2!

A tritium absorption test is in progress with a lubricated turbomolecular
pump. The pump bearing failed after the operating time in excess of 7600 hours
of which 4000 hours was at the pump discharge pressure limit. This is considered
to represent a natural life span the pump bearing. The last 1320 hours were
operated with tritium during which 3 % of the tritium was absorbed by the oil
which then contained 0.15 Ci/1. During the tritium operation the bearing
temperature rose by 10 C.

The test pump has been dismantled and is undergoing inspection. The
bearing will be replaced with greased bearing for restarting the test.

In Japan, fabrication and performance testing of a ceramic rotor
vacuum pump have been completed. Although too small for ITER torus
evacuation, the tests have demonstrated its suitability for the ITER environment
and for further scale-up.

Two pumps have been developed: a ceramic turbomolecular pump and
a new ceramic turbo-viscous pump designated for "roughing" applications. The
turbomolecular pump features 16 SUN^ disks 210 mm diameter on a ceramic
shaft, levitated by gas bearing and is driven by a gas impulse turbine at
25,000 RPM. A non-contact spiral groove seal isolates the vacuum from the
pressure side. The two pumps in scries have a throughput of 0.5 m /s. The
construction of the turbo-viscous pump is similar. It has 11 discs of 150 mm
diameter.
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VIII.1.3. ITER Technology R&D Task FC3 - Fuel Purification and Isotope
Separation

The objective to demonstrate the performance of essential elements for
a flexible high capacity extraction process for impurities in the fuel and blanket
loops, and for separation of hydrogen isotopes was approached through the
following achievements:

The design of an Ar spray cryotransfer pump for separation of Argon
downstream of the Argon spray compound cryopumps was completed with the
following design parameters. The pumping system consist of three trains each
having three condensers, one train is pumping, the second is in regeneration and
the third in stand-by. The first pump stage, designated for collecting water,
ammonia and CCU, has diameter and length 0.9 m. The second stage, designated
to collect CO, oxygen and methane, has 0.9 m diameter and is 2 m long. The
third stage has the same size as the second stage and collects H, DT and N. The
refrigeration requirements and operating temperatures for the first, second and
third stage are 350 W, 80 K; 600 W, 30 K; and 200 W at 4.5 K respectively.
Regeneration temperatures for the first stage is 300 K, and for the second and
third stages 90 K.

Fuel purification tests were undertaken at a molecular sieve based test
loop with impurities such as nitrogen, oxygen, methane, carbon oxides and argon.
The method purified fuel with several percent levels of impurities to less than
10 vpm at 80 K as limited by the cryostat. It was observed that up to 60 ml of DT
was cryotrapped per gram of sieves at 90 K and a temperature correlation of this
was produced. Regeneration succeeded in full separation of DT by releasing it
from the bed at less than 160 K, i.e. before any impurities are released.

Tritium oxidation studies were undertaken and samples examined by
optical and electronic microscopy and Auger spectroscopy. Austenitic steel, Z6
CNM 18-10, examined under X-ray showed corrosion layers of 50 micrometers
thick which precipitated in the weld region between the melted and heat affected
zones. This is explained by chromium precipitating as carbides in the weld
affected zones. This hypothesis is supported by the observation of chromium
depletion in the weld affected zone. The preliminary experiments also indicated
that austenitic stainless steels such as 316 L or 304 L could be corroded even at
room temperature, in particular in the weld region.

The development of a Thermally Coupled Pressure Swing Adsorption
(TCPSA) process for separating hydrogen from breeder purge gas and for
separating impurities from fuel culminated by successfully demonstrating the
process with two rigs, one small scale single stage separator and one multistage
compound separator, both with conventional adsorbents. Almost pure products
were obtained. Extrapolation of the experimental program to ITER conditions
would result in a size characterized by the swept volume of displacers in the 300
liter range. Latest evaluation of the experimental program results lead to an idea
to divert the attention to the Vacuum Swing Process which would be used as
complimenting or directly displacing the TCPSA process. The VSA promises to
be significantly simpler with the exception of valves, has no moving parts.
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TABLE V11I-1. ITER FUEL CYCLE LONG RANGE R&D COST DISTRIBUTION

AREA 1991 1992 1993 1994 1995 TOTAL

7.0 Fuel Cycle
7.1 Fuelling
Gas puffers
Shallow pellet fuelling
Deep fuelling, prototype

7.2 Primary Vacuuw Pup ing
Conpound cryopuap train
Turboaolecular purp train

7.3 Fuel Purification
Catalytic reactor
CMSB electrolyzer

17.4 Blanket Tritif Recovery
Ceraaic breeder recovery
Lithiua-lead tritiua recover

[7.5 Cowon Processes
Post-accident release ngt.
TritiuB recovery fro» sol idsJ

liquids, gases
Fuel gas agt., separation

and storage

SUBTOTALS

0.1
0.8
0.9

1.3
1.2

0.8
0.3

0.9
0.2

0.5

0.4

0.8

8.2

0.2
1.0
1.2

1.7
1.5

1.1
0.3

1.2
0.3

0.7

0.5

1.1

10.8

0.3
1.6
1.9

2.7
2.4

1.6
0.5

1.9
0.4

1.1

0.8

1.6

16.8

0.2
1.5
1.7

2.4
2.1

1.4
0.5

1.7
0.3

1.0

0.7

1.4

14.9

0.2
1.1
1.3

1.9
1.6

1.1
0.4

1.3
0.3

0.7

0.5

1.1

11.6

1.0
6.0
7.0

10.0
8.8

6.0
2.0

7.0
1.5

4.0

3.0

6.0

62.3



TABLE VIII-2. INTEGRATED TESTING REQUIREMENTS FOR FUEL
CYCLE COMPONENTS

Fuelling:
The single stage and two stage gas guns can be tested in separate

installations. However, since DT operation is foreseen and large quantities of
propellant are involved, cryogenic columns would be needed.

Primary vacuum system:
Two separate trains are foreseen to be tested: Compound Cryopumps

(CCP) and Turbomolecular Pumps (TMP). Each would be equipped with
integral backing pumps.

Fuel purification:
Two trains envisaged. Each combines at least one of the two impurity

separation approaches with a compatible impurity processing step.

Blanket tritium recovery:
The LiPb and ceramic breeder T recovery experiments would be done

in separate facilities. The ceramic breeder test requires cryogenic distillation
columns. For LiPb no ISS is required.

Key technical issues:
Details of the programme, including key technical issuer ?sed

milestones, test specifications, and facility requirements are providec "R-
FC-1.3-0-22 (10.9.90). The key technical issues are summarized below:

FCY-1 FUELLING

FCY-1.1. Gas-puffing: Fast-acting valves developed for current generation
tokamaks provide a technological basis for continuous edge-fuelling on ITER.
Tritium compatibility and radiation "hardening" of the valves require
development.

FCY-1.2. Shallow pellet fuelling: Pellet injection for fuelling beyond the scrape-
off layer requires development of continuous, reliable DT pellet extrusion and
fast, high flow propellant valve operation. The mechanical design of the DT
extruder and demonstration of consistently high quality DT ice in an integral
extrusion plus acceleration device are critical issues.

FCY-1.3 Deep fuelling requires development of protective sabots, saboting and
sabot-stripping mechanisms for accelerating high velocity pellets with a 2-stage
repetitive light-gas gun. Required pellet injector reliability targets are extremely
demanding for the concepts available. First stage piston reliability is a feasibility
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issue. Reducing PI propellant loads, and DT ablation would have important
impacv on tritium inventories in downstream systems.

FCY-1.4 Alternate acceleration techniques would be required if gas gun systems
fall short of planned performance objectives. Approaches include centrifuges for
continuous edge fuelling and rail-guns, electron-beam rocket accelerator or
compact toroids for deep fuelling. Objectives of these approaches include
avoidance of propellant and solid, e. g. sabot, waste, and formation and
acceleration of DT fuel masses without disintegration.

FCY-2 PRIMARY VACUUM PUMPING

FCY-2.1 High vacuum compound cryopunps require development of tritium
and impurity-tolerant He pumping panels able to withstand regeneration (up to
10 cycles), and pump structures for short operating cycles (ideally quasi-
continuous) to keep tritium inventories low. The large isolation/regeneration
valves must be designed for the required leak-tightness, dust and tritium
tolerance, frequent operation, occasional quick closing, and remote seal
replacement. Cryogenic backing pumps require large scale proof of principle
tests for He/DT pumping, and demonstration for process g?s recycle for backing
Ar-spray compound cryopumps.

FCY-2.2 Oil-free (tritium compatible) turbomolecular pump: Scale-up by up to
10 times over currently available pumps, integration of magnetic bearing, dust-
tolerant emergency bearing, and dynamic stability and adequate eddy-current
heat dissipation of pump rotor/shaft are required. Tritium-compatible
mechanical backing pumps matched to TMP outlet pressure require
development to reduce tritium inventory, increase pumping speed (particularly at
low pressure), improve reliability, and prevent dust ingress either, through inlet
design or via a separate upstream filtering device.

FCY-2.3 Alternate pumping schemes including metal films for energetic He
trapping and superpermeable or asymmetnc DT permeation, and alternate
hot/cold surfaces to pump particles (thermomolecular pumping) coupled with
cryo-diffusion pumping of He plus DT require verification of concept feasibility,
pumping speed and tritium inventory. These concepts are non-mechanical, and
compatibility with divertor duct environment to maximize pumping speed needs
to be determined.

FCY-3 FUEL PURIFICATION

FCY-3.1 Catalytic reactor (permeation membrane plus water-gas shift plus
catalytic cracker), for which critical issues are the permeator lifetime and
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regeneration thermocycle, tolerance in tritium, methane cracking and water gas
shift catalyst performance, and the dynamic performance of the loop which must
be determined to achieve low DT buffer inventories. Integrating catalytic reactor
and permeator into a single component to process impurities without oxidation
would permit simplified components with very low tritiurr inventories, but
requires proof of principle with respect to catalytic reaction kinetics and
permeator performance at suitable operating temperatures.

FCY-3.2 CMSB-electrolyzer (cryogenic molecular sieve plus oxidizer plus cold
trap plus electrolysis cells), for which the critical issues are the long term
retention of tritium on the adsorber and the tritium inventory and long term
performance of DTO electrolysers.

FCY-3.3 Two alternate processes are considered: Intermetallic beds for
separation of He and impurities from DT, and High Temperature Isotopic
Exchange (HITEX), which involves hydrogen (protium) substitution for tritium
when exposed to a hot (1170 l^ wire. For intennetallic beds, the issues involved
include those noted in using these materials as fuel storage beds (see Common
Processes), and the reactions and reaction kinetics of the bed material
interactions with impurities. For HITEX, the issue is the amount of dilution
(protium) gas needed, and the potential formation of a carbon barrier layer on
the Pt wire.

FCY-4 BLANKET TRITIUM RECOVERY

FCY-4.1 Ceramic breeder tritium recovery. Demonstration of a process which
allows the recovery of tritium without oxidation. This entails design of the very
large HT cryosorption beds, permeators and tritiated water recovery components
followed by operation of the integrated loop. Chemical and component
interaction requirements dictate the need for an integrated loop test.

FCY-4.2 Recovery of tritium from LiPb eutectic with acceptable tritium
inventories and losses. Development of permeation barriers tolerating the
operating environment.

FCY-4.3 A low HT inventory alternative for tritium recovery from the ceramic
breeder employing pressure-swing adsorption (PSA) The issues involve scale-up
of the process and development of a sorbent-carrier composite which would have
long life and would not form and release particulate matter.
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FCY-5 COMMON PROCESSES

FCY-5.1 Public and worker protection following releases of high concentrations
of HT or HTO. Key issues for post-accident release management are
development and verification of protective suits for plant intervention at high
concentrations, and containment pressure relief, and tritium decontamination
after large accidental tritium and steam releases. An efficient process at ambient
temperature for converting HT to HTO and collecting HTO must be developed
with the aim of minimizing the potential offsite consequences of accidental
releases inside confinement.

FCY-5.2 Processing of solid, liquid, and gaseous waste streams. The main
development issues are respectively: tritium recovery processes for graphite
waste, safe processes for tritium recovery from tritiated water where flow rates
and tritium concentrations are both elevated, and DT recovery from high flow
inert atmospheres without conversion to DTO. Minimising environmental
discharges at reasonable cost for ITER-scale operation is a key issue which
requires high efficiencies at high flow rates.

FCY-5.3 Separation, storage, and management of hydrogen isotopes. The main
issues are respectively: ability of multicoluun isotope separation systems to cope
with wide fluctuations in flow and composition of input streams, He and impurity
effects on non-Uranium storage bed materials, and inventory segregation,
determination and minimization under all operating conditions.
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VIII.2. LONG-TERM R&D NEEDS [46]

An R&D program covering the anticipated Engineering Design Activity
(EDA) period has been prepared. This program is closely matched to the design
options discussed in this report.

Fuel Cycle long-Range R&D is structured according to the Fuel Cycle
system categories used in the Conceptual Design Activity (CDA). Task resource
estimates are tabulated in Table VIII-1. This includes direct costs associated with
the construction and testing of test components and assemblies, including
laboratory facility modification. "Engineering" work refers to the manufacturing
and testing of prototypes, while 'Technology" refers to the solving of technical
issues directly connected with the system or component. R&D for ALL "primary
design options" is essential in the 1991 to 1995 time frame to validate design
concepts. It is anticipated that design, construction and test results will be useful
for siting discussions and that demonstration of working tritium handling
components will be required for discussions with regulators leading to
construction approval. It is important that work begin on these tasks as soon as
possible to provide a credible experience base with tritium for components at
ITER-relevant scale. Most important in the view of tritium experts is the need to
demonstrate safe, reliable operation of integrated component assemblies, to
demonstrate that system interactions have been properly considered in the
design. Tests requiring integrated testing are summarized in Table VTII-2.

Where a major potential performance, safety, or cost advantage is
associated with an option at an early stage of development, or significant
development risk exists for the primary design option, "alternate" solutions are
provided.

In addition to the resources required for ITER Specific Engineering and
Technology, the home organizations of the ITER parties are assumed to carry on
with a similar sized "base program" of Fuel Cycle R&D. The "alternate" solutions
are assumed to be funded by base programs.

No redundancy in testing is assumed in the cost estimates, although
some would be desirable in providing the data base for confirmation of reference
option selection. Where tritium-testing is required, extended testing of
components in tritium (1995-97) is envisaged to provide information for final
component designs and for regulatory discussions leading to construction
authorization.

The reduction of tritium inventories and reliance on solutions requiring
minimum intervention in the case of process upsets is a major design and R&D
requirement for all elements of the Fuel Cycle system.
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IX. COSTING

IX.1. METHODOLOGY

The intent of the capital cost estimate is to include the following items:

Equipment Cost including:
-Design Cost;
-Procurement;
-Manufacturing at Supplier or construction site;
-Assembly at Manufacturers Facility; and
-Packaging.

Installation Cost including:
-Unpacking;
-Receiving and Inspection;
-Transport to and Placement at Location;
-Fastening to Ready Foundation, Finishing Foundation;
-Connection of Utilities and Wiring;
-Installation of Process Lines and their Interconnection;
-Installation of Local Control System and Interconnection with Central
Control System;
-Calibration and Construction Alignment;
-Facility Clean-up, Ready for Commissioning.

Commissioning and any operating cost will not be included in the capital
cost. Transportation cost will be covered in the blanket overall system estimate
and applied subsequently to the project.

The estimate combined initial estimates from the home design teams,
followed by independent judgement on the basis of actual costs for similar
equipment. Subsequently the initial cost estimates were compared and discussed
during the Fuel Cycle summer workshop. In general two types of cases, dictating
different approach, can be recognized:

Type A - Engineered Processing Systems;
Type B - Modular Systems.

The results and references can be found in Table IX-1. The detailed
explanation of how the individual cost accounts were developed is given in
reference (47].
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TABLE IX-1. FUEL CYCLE COST ACCOUNTS

Account

1)411
1)412
D413
D414
1)44 1
D442
1)443
1)451
D452
1)453
1)454
D455
D456
D457
D459
Total

Systems contained

Burn-Dwell High Vacuum
Roughing/Backing -Burn,Dwell
Conditioning High Vacuum
Roughing/Backing -Conditioning
High velocity Pellet injection
Ultra-high velocity Pellet inj.
Gas puffing / Fast valves
Cryogenic Distillation
Fuel Storage and Management
Fuel Processing
Blanket Tritium Recovery
Tritium recovery from Water
Atmospheric Detritiation
Nuclear Building HVAC
Tritium Monitors

Final
[MS]
42.9

6.0
19.4
17.9

27.8
3.0

20.0
15.4
10.9
22.3
20.0
41.5
50.0

3.0
300.1
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X. CONCLUSIONS

X.I. STATUS OF CDA FUEL CYCLE DESIGN ACTIVITY

During the CDA phase of ITER, the design of all elements of the Fuel
Cycle was addressed. Preliminary design requirements were prepared, and
updated as the ITER design evolved. Responsibilities were assigned at an early
stage for preparation of individual subsystem conceptual designs, and these were
carried out by the home teams of the ITER Parties. In most cases, the designs
were supported by tasks in ongoing, ITER relevant R&D programs. Design
choices for which a reasonably advanced data base existed were incorporated
into a consistent overall design. The level of Fuel Cycle design thus performed
made possible substantial progress on component layout, safety assessment, and
subsystem costing. The conceptual designs were also used as the basis for
establishing long range R&D program tasks and milestones. The scope and
depth of Fuel Cycle design in the CDA phase permitted key Issues and design
steps for initiation of EDA Phase work to be identified.

This Technical Report contains the design summaries for the main
process options studied during the CDA phase.

X.2. ACHIEVEMENT OF DESIGN OBJECTIVES

The objective of the ITER Fuel Cycle Conceptual Design Activity has
been met. This was to identify and define processes which address all the
requirements of ITER, and are acceptable from the point of view of
performance, safety and cost. At the present time, the state of the design and
R&D base for some subsystems is insufficient to justify a clear choice of process.
However, promising options exist with the potential to meet all subsystem
requirements if the planned R&D activities (Section VIII) are carried out in the
time-frame proposed.

It should be noted that we have taken a conservative approach to the
design integration effort, and have selected as the "reference" designs, for design
integration purposes, those concepts about which there is low technical
uncertainty and limited R&D required to establish feasibility. In some areas, we
are also considering a number of alternative design options, about which
technical information is known in less detail. Some of these alternative options
may prove to be superior to the reference designs when the necessary R&D and
design work are completed to advance these concepts to the same status as the
reference designs. Experimental results for these alternative options should be
closely monitored in the EDA phase and a decision made concerning the
potential to supplant reference options in the 1992 to 1993 time frame.

Final confirmation that the conceptual design meets performance and
safety objectives depends on design details that can only be defined after
requirements are confirmed, process options are selected matching these
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TABLE X-t. ITER FUEL CYCLE DOCUMENT FILING CATEGORIES

Description File 4

Administration - General
IMC
NET Project Board
ITER Design Mtgs

Technical - General Studies

FC Design Consolidation
Short-term RSD
Long-term R&D

Design Interfaces

Design Integ. Meetings
Physics
Safety & Reliability
Layout
Maintenance
Other Nuc. (FW, Div, Blkt)
Basic Machine (Coils, W )
Heating and Current Drive
Costing

Fuelling

Gas Injection
Pellet Injectors
Alternates (CT)

High (Primary) Vac.

CCP Approaches (+ Valve)
Turbopump Concepts
Alternate Pumping Cone.
Vacuum Calculations

FC-0
FC-0
FC-0
FC-0

FC-1

FC-1
FC-1
FC-1

FC-2

FC-2
FC-2
FC-2
FC-2
FC-2
FC-2
FC-2
FC-2
FC-2

FC-3

FC-3
FC-3
FC-3

FC-5

FC-5
FC-5
FC-5
FC-5

. 1

.2

.3

. 1

.2

.3

. 1

.2

.3

.4

.5

.6

.7

.8

.9

. 1

.2

.3

. 1

.2

.3

.4

Roughing/Backing Vacuum FC-6

Mechanical FC-6.2
Cryogenic FC-6.2

Plasna Exhaust Processing FC-7
(incl. KBI, PI gas Proc.)

Molecular Sieve Cone. FC-7 . l
Permeator Concepts FC-7.2
Cat. Oxidation Cone. FC-7.3
Cat. Reduction Cone. FC-7.4
Electrolysis FC-7.5
Other Cone. FC-7.6

Breeder Tritium Processing FC-8

Ceramic Breeder FC-8.1
ALSB FC-8.2
LiPb FC-8.3
Test Modules FC-8.4

FC Common Processes FC-9

General Functional Req. FC-9.1
Isotope Separation (CD) FC-9.2
Fuel Management & Storage FC-9.3
Water Detritiation FC-9.4
Trit. Atmosphere Proc. FC-9.5
General Requirements FC-9.5.1
Torus Maintenance CG FC-9. 5. 2
Inert Gas Detrit. FC--9.5.3
Glove Box Detrit. FC-9.5.4
Recirc. Air Detrit. FC-9.5.5
Active Ventilation FC-9.5.6
Exhaust Gas Detrit. FC-9.5.7
Emergency Detrit. FC-9.5.8

Solid Waste Trit. Recovery FC-9.6
Tritium Monitors FC-9.7



requirements, and the selected options are fully integrated with each other, so
that interconnecting pathways and physical layout of processes are identified. In
other terms, the design integration exercise carried out in the CDA phase must
be repeated using final process choices, and taken to a substantially greater
degree of detail.

Although all subsystems which comprise the Fuel Cycle were addressed,
a number of areas (such as solid waste management, HVAC, and process
vacuum for diagnostics and RF, etc.) which involve an overlap of design
responsibility with other units were not considered to the same degree. While
extensive discussion on needs and tentative design solutions occurred with
members of these units, formal design requirements and conceptual design
description are not prepared by the Fuel Cycle Unit. In general, with the
exception of waste management, tritium aspects of the design of subsystems to
carry out these functions do not involve the development of additional new
technology. Critical R&D aspects of solid waste management are included in the
Long Range R&D Program.

Taking account of these remarks, and our concerns for the manner in
which the EDA work is carried out (X.3), we are confident in the following
conclusions:

The design concepts contained in this report provide a
necessary and sufficient basis for initiation of detailed Fuel
Cycle design in the ITER EDA Phase. No fundamental
technical obstacles have been identified which cast doubt on the
contention that a concerted technical effort in the EDA phase
will produce a satisfactory Fuel Cycle design.

X.3. EDA CONSIDERATIONS

The efforts of all home associations in providing CDD's. resulted in a
conceptual design process which functioned acceptably. However, limitations in
tL j design review process, and the availability of resources for design integration
in the central team presented obstacles that must be addressed if Fuel Cycle
design is to be successfully pursued in the EDA phase. A substantial "central
team" design effort on fuel cycle will be required to produce a consistent design
meeting ITER technical and safety criteria and providing a sufficient basis for
discussions on siting and regulatory approval.

Particular attention must be paid to resolving the following issues in the
early stages of the EDA:

-Preparation of firm design requirements: Design requirements,
particularly those based on the physics parameters affecting fuelling and
exhaust, are still relatively "soft", i.e., subject to wide range of
uncertainty. Selection of design options may be affected by shifts to
either end of the ranges of uncertainty. Convincing data are required to
reduce the uncertainties in these parameters.
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-Clear assignment of design responsibility: Plant auxiliary systems with a
strong nuclear component (e.g., cooling, containment, ventilation,
atmosphere control, and waste management) must be subject to a
balanced design effort during the fcDA phase. The design of these
options should be closely linked to Fuel Cycle designs.

-Definitive choices in design of interfacing systems: Confirmation of the
reference option and a detailed blanket design is needed to confirm the
adequacy of the design of the blanket tritium recovery subsystem.
Choice of plasma facing materials attachment, bakeout procedure, and
erosion rates also significantly affect Fuel Cycle design as they
determine exhaust impurity components and permeation of tritium to
coolants. Neutral beam and RF pump off gas flow rates and
composition strongly influence the Fuel Cycle optimization. These
depend on vacuum system design which must be further defined for
these systems. Tritium recovery from solid wastes is required to close
the fuel cycle, and must be considered as part of the overall active waste
handling and processing systems.

-Design optimization strategy. During the EDA stage, the design must
be optimized both internally and with respect to non-fuel cycle systems.
For this, design requirements must be completed and the relative
importance of optimization parameters (examples: cost, technical risk,
safety and reliability) must be established on a project wide basis. Also
needed for system optimization are operational scenarios as a function
of time for each operational mode. Component tritium holdup and
buffer inventory requirements can only be determined from dynamic
simulation of realistic operational scenarios. A dynamic modelling
capability to support the optimization effort is therefore needed.

-Safety assessment role: Ideally, safety engineers should work with Fuel
Cycle designers in a well defined and consistent manner which permits
early incorporation of practical safety philosophy, yet retains
independence from the design. The objectives of the safety assessment
process (e.g. regulatory approval and acceptability for siting), the work
program and resources required (from various design groups) and
schedule of activities need to be established at the outset of the EDA.

-Timing and content of long range R&D tasks: Since each long range
R&D task plays an important role in establishing an clement of the Fuel
Cycle design, responsibility for these tasks must be assigned to the
appropriate partners and be continued or initiated as soon as practical.

These issues concern not just the Fuel Cycle Unit, but the overall ITER
EDA design team. To address them effectively will require a Project-wide
Structured design process incorporating formal design documentation, review,
and decision making steps.
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