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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
(ITER) 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.

CONTENTS

I. INTRODUCTION
II. EXECUTIVE SUMMARY
1. INTRODUCTION
2. DESIGN REQUIREMENTS
3. FIRST WALL (FW)
3.1 First wall armor
3.2 First wall design and integration with
blanket/shield modules
4. DIVERTOR PLATE (DP) DESIGN
4.1 DP design for Physics Phase
4.2 DP design for Technology Phase
5. TECHNOLOGY R&D PROGRAM

11
13
13
13
16
16
19
19
21
22
23

HI. FUNCTION OF SYSTEM

25

IV. DESIGN REQUIREMENTS

27

V. CRITICAL DESIGN ISSUES
1. DIVERTOR PLATES
2. FIRST WALL

29
29
29

VI. DIVERTOR PLATE DESIGN
1. MATERIAL SELECTION
1.1 Armor material for the physics phase
1.2 Armor material for the technology phase
1.3 Structural material
2. EROSION LIFETIME
2.1 Normal erosion
2.2 Disruption erosion
3. DESIGN CONCEPTS
3.1 Physics phase
3.1.1 Configuration
3.1.2 Divertor plate concepts
3.1.3 Supporting system
3.1.4 Cooling system

31
31
31
33
34
35
35
39
43
43
43
47
50
54

3.2

4.

5.

6.
7.
8.

9.

10.

Technology phase
3.2.1 Configuration
3.2.2 Niobium sub-module
3.2.3 Module structure
3.2.4 Mounting concept
3.2.5 Load management
3.2.6 Manifolding/cooling
3.2.7 Fabrication of dirator sub-module
3.2.8 Alternative configurations and techniques
THERMAL AND MECHANICAL ANALYSIS
4.1 Thermal-hydraulics
4.1.1 Overall aspects
4.1.2 Burnout estimates
4.1.3 Physics phase
4.1.4 Technology phase
4.1.5 Conclusions
4.2 Thermo-mechanics
4.2.1 Physics phase
4.2.2 Technology phase
4.3 Effect of separatrix sweeping
4.4 Electromagnetics
4.5 Runaway electron damage
OPERATING LIMITS AND OVERALL LIFETIME
5.1 Peak heat flux
5.1.1 Engineering peak factors
5.1.2 Critical heat flux
5.2 Maximum allowable material temperature
5.3 Erosion of the armor
5.4 Runaway electron impact
5.5 Neutron damage
TRITIUM INVENTORY
BAKING AND CONDITIONING
SAFETY ANALYSIS
8.1 Loss of Coolant Accident
8.2 Activation and decay heat analyses
MANUFACTURE AND TESTING
9.1 Soviet Union
9.2 Japan
9.3 European Commvnity
9.4 United States
ADVANCED DIVERTOR CONCEPTS

57
59
59
59
60
61
62
62
62
63
63
63
64
65
68
68
70
70
72
73
79
80
82
83
83
84
85
85
86
86
86
89
89
89
91
93
93
94
95
97
98

VII. FIRST WALL DESIGN
101
1. ARMOR MATERIAL AND DESIGN
101
1.1 Physics phase
101
1.1.1 The need for a First Wall (FW) armor
101
1.1.2 The FW armor material
102
1.1.3 The FW armor design
103
1.2 Technology phase
106
2. EROSION LIFETIME
107
3. OVERALL DESIGN CONCEPTS
110
3.1 First wall/blanket/shield integration and segmentation . 110
3.2 Concept description
Ill
4. THERMAL AND MECHANICAL ANALYSIS
115
4.1 Thermal-hydraulics
115
4.2 Thermo-mechanics
118
4.2.1 First wall (FW) geometry
118
4.2.2 CFC/carbon tiles
118
4.2.3 Bare/coated steel wall
120
4.2.4 Influence of the blanket box on FW
thermoelastic stresses
120
4.2.5 Influence of cycle time on thermoelastic
stresses
120
4.2.6 Crack growth
120
4.2.7 Neutron irradiation effects
121
4.2.8 Mock-up analysis
121
4.3 Electromagnetics
121
4.4 Runaway electron damage
124
5. LIFETIME AND OPERATING LIMITS
26
5.1 Lifetime evaluation
126
5.2 Heat flux and burn time limits
126
6. TRITIUM INVENTORY
127
7. BAKING AND CONDITIONING
131
7.1 Baking requirements
131
7.2 Conditioning requirements
132
7.3 Possible scenario for baking/conditioning
132
7.4 Design study for baking
133
8. SAFETY ANALYSIS
136
9. MANUFACTURE AND TESTING
138
9.1 FW manufacturing technology
138
9.2 FW testing
138
10. SEPARATE FIRST WALL
141
10.1 Introduction
141
10.2 Conceptual design
143

10.3 Thermohydraulic analysis
10.4 Thermomechanical and global stress analysis
10.5 Compliant layer optimization
10.6 Elastic attachment mechanism
11. START-UP LIMITER
11.1 Operational conditions and design requirements
11.2 Possible structural solutions and lifetime
VIII. CONCLUSIONS

143
144
144
144
145
145
145
147

I. INTRODUCTION
The plasma facing components (PFC) for ITER will be crucial for the
achievable overall machine performance because of mos? challenging operating
requirements leading to PFC designs at the limits of technology. The main PFC
are:
- the First Wall (FW) located on the plasma facing surface of the blanket
segments
- the Divertor Plates (DP) required for the removal of impurities and thermal
power from the plasma edge.
This report summarizes the results of the technical PFC work during the
2.5 years of the ITER Conceptual Design Activity (CDA) with the following main
achievements:
(i) The definition of design requirements in collaboration with the other ITER
groups described in chapter IV.
(ii) The development of design concepts on the basis of home team proposals
and the assessment of their performance including the identification of
critical issues This forms the major part of the report in chapter VI and VII
for the divertor and first wall, respectively,
(iii) The initiation of R&D work during CDA and the definition of the R&D
program required to support the contemplated Engineering Design Activity
(EDA), which is reported separately.
This PFC effort was performed by the core PFC group and a large
number of specialists contributing by the performance of tasks at the home team
and by participating in expert meetings and workshops. The ITER PFC group
would like to express their appreciation for this most valuable support received
by the ITER partner's home teams.
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II. EXECUTIVE SUMMARY
11.1. INTRODUCTION
The plasma facing components (PFC) for ITER will be exposed to
severe and not yet well predictable operating conditions, that so far are not
experienced in other technologies. Thus, the PFC design will be crucial both for
the achievable plasma performance and the machine availability.
Fig. II.-l. illustrates the integration of the main PFC in ITER with the
reference 22 MA double null plasma for ignition studies:
- about 750 m 2 of first wall (FW) are integrated with the blanket
segments
- about 200 m of divertor plates (DP) are required for removal of
impurities and thermal power from the plasma edge.
The ITER Conceptual Design Activity has now for PFC led to the definition of:
- likely operating requirements
- basic design concepts including their assessment
- R&D plans to support the contemplated Engineering Design Activity
II.2. DESIGN REQUIREMENTS
The PFC design depends critically on the operating conditions which
currently can only be predicted with some uncertainty for a wide range of
conceivable scenarios in the two operation phases, see Table II.-l.:
- the initial physics phase with emphasis on ignition studies and about
10 pulses of up to 400 seconds burn, and
- the later technology phase with pulses of about 2000 seconds and an
integrated burn time of at least 1 year
Main PFC-design requirements include:
- for the first wall (FW), a mean neutron load of about 1 MW/m , a
peak surface heat flux of 0.6 MW/m , up to thousand disruptions with
about 2 MJ/m energy deposition in 0.1-3 ms and possibly run-away
electrons up to 300 MeV with 30 MJ/m incident energy density
- for the divertor plates (DP) peak surface heat fluxes up to 30 MW/m
and up to 20 MJ/m peak disruption energy deposition with the
possibility for run-away electron incidence
- the need for remote maintenance, leading to segmentation into 64 DP
and 96 FW/blanket units;
- the choice of water as the basic coolant, which allows a compact design,
low temperature and low pressure operation with passive safety
features such as natural convection shutdown cooling, and
13
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FIG. II-l. First wall design concepts integrated with blanket segments

- the choice of austenitic stainless steel as the basic structure material for
the blanket segments because of the extensive data base and adequate
performance of this material.
II.3. FIRST WALL (FW) DESIGN
II.3.1. FW armor
Based on experience in present large tokamaks, for the Physics Phase
full coverage of the FW with low Z armor tiles on the FW steel panels will be
needed to protect against melting and thermal fatigue caused by disruptions, to
shield against the neutral beams and injected pellets, and to minimize high Z
impurity inflow during startup and disruptions.
Several options for the FW armor material were studied. Carbon fibre
composite (CC) has been selected as the reference material primarily because of
the unique thermal shock resistance demonstrated in tokamak operation and
simulation tests. There are some indications that these CC materials can be
tailored for the specific requirements e.g. by infiltration with beryllium or boron
in order to reduce radiation enhanced sublimation, tritium retention, impurity
outgassing and oxidation by steam or air. Thus it may be possible to mitigate
some of the main problems stemming from the use of carbon armor such as high
tritium inventories (150 to 750 g), safety concerns about oxidation by steam or air
above 1000 °C and complicated conditioning procedures including baking at
350 °C after exposure to air or water and more frequent conditioning after e.g.
disruptions. The lifetime of the FW armor tiles (with 2-3 cm initial thickness) is
mainly determined by disruption induced erosion and neutron damage induced
swelling. Most tiles should survive the Physics Phase without replacement.
The armor tiles are mechanically attached to the FW steel structure to
facilitate remote maintenance, see Fig. II.-2. and Table II.-l. Use of both
radiation and conduction cooled tiles is envisaged. Radiation cooling permits a
predictable and robust solution; however peak tile temperatures of up to 1800°C
will be reached, leading to safety and plasma purity concerns. Hence, these tiles
should cover not more than 10% of the FW and should be deployed in areas of
expected high heat fluxes ( > 0.4 MW/m) because of their robustness and the
reradiation of up to half of the hot spot heat flux to cooler tiles with average heat
loads. Thus, the radiative tile protects the steel FW panel also against peak
normal heat fluxes in addition to the protection against disruptions. High
emissivity coatings of e.g. Aluminium- and Titanium-oxide on the steel FW panel
are an essential feature under development. Conduction cooling is envisaged for
most of the FW, where modest heatloads and CC-temperatures of 500-1000°C
offer improved passive safety by minimising tritium retention and carbon
oxidation risks.. The full benefits of temperature control in such a narrow range
depends on signiticant progress in the development of refractory compliant
layers, which could maintain the contact pressure between tile and steel panel
under all conceivable deformations including neutron damage.
16
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The armor tiles have also the role of local "sub" limiters for start-up,
protection against high alpha particle loads around large FW openings such as
neutral beam ducts and RF-launchers, and for protection of the FW against high
energy run-away electrons by use of tungsten inserts.
For the Technology Phase the aim is to reduce the coverage with CCtiles due to considerations of lifetime, conditioning, and tritium inventory. If
tungsten is selected as a divertor armor, it is envisaged that a tungsten coating
(about lmm thick) would be applied by plasma spray on the steel FW. With this
proposal several issues should be investigated in more detail during the EDA
such as high Z plasma contamination, damage of the W-coating and steel
substrate by disruption and run-away electrons as well as safety aspects.
11.3.2. FW design and integration with blanket/shield modules
The FW panel on which the FW armor tiles are mounted is
integrated with the underlying blanket/shield segments, forming a single box.
Two design concepts are being developed, see Fig. EL-1.:
(i) Round poloidal cooling tubes brazed into an electron beam welded steel
panel are shown in-board with a high toroidal segmentation for
mjnimimiiTTi electro-magnetic disruption loads. This is the most suitable
solution for the narrow toroidal FW panel width with a minimum
number of tube joints to collectors. The double walled containment of
the cooling water facilitates the achievement die stringent limit for total
water leakage into the plasma chamber of 10 g/s. The armor tiles are
attached via CC bolts in poloidal grooves of the steel panel.
(ii) Rectangular toroidal cooling tubes joined by hot isostatic pressing (HEP) or
roll bonding with plates into the FW panel are shown outboard, since
this approach is more compatible with a large toroidal FW panel width
and the required port geometry. The FW panel has to be rigidly
supported at a narrow span for adequate resistance against electromagnetic disruption forces. The armour tiles are attached via ceramic or
CC-bolts in support studs joined by HIP or brazing to the steel panel.
The fatigue life of these FW panels is estimated to be adequate under
normal cyclic heat loads provided that radiative tiles are used in areas of heat
fluxes above 0.4 MW/m . However, a critical issue under evaluation is the nicely
reduction of the FW fatigue life by electromagnetic and thermal effects of
disruptions including damage by run-away electrons.

II.4. DIVERTOR PLATE (DP) DESIGN
The divertor plates, located above and below the plasma region within
the torus vacuum vessel, establish the interface between the plasma and the
material surface of the tokamak device. During normal operation these plates,
19
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FIG. II-3. Main divertor plate concepts for physics phase and technology phase
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with an area of 200 m , must withstand and remove approximately 100 MW of
heat conducted to them from the plasma boundary. Here also the plasma
(including the helium produced by the fusion reaction) is neutralized for
subsequent exhaust by the torus vacuum pumping system.
The divertor system for ITER represents one of the most difficult design
tasks for ITER. Physics Reference scenarios used for the design of the system
include static peak power loads in the range of 14 to 20 MW/m . With
"engineering" peaking factor this results in peak power loads of up to 30 MW/m
to the divertor plate. These design requirements are characterized by
considerable uncertainty, which will be reduced as the understanding of plasma
edge conditions improves during the course of the EDA R&D effort. In light of
this uncertainty and of the importance of the divertor to overall machine
performance, the approach has been to design as high a performance system as
possible under the constraints presented by the machine.
II.4.1. DP design for physics phase
As DP armor for the Physics Phase, carbon fibre composites (CC) are
selected primarily because of the extensive operating experience of carbon based
plasma facing materials in current tokamaks,the expected wide range of allowed
plasma edge conditions for carbon, its unique thermal shock resistance, the
potential for tailoring CC to specific requirements such as achieving high thermal
conductivity.
The allowed maximum CC-surface temperature of 1000°C should avoid
run-away erosion by self sputtering at plasma edge temperatures up to 100 eV.
Beryllium is considered as back-up DP-armor hi view of promising
results at JET. Of particular interest is the potential for in-situ repair by plasma
spray, lower tritium inventory and reduction of baking requirements.
The DP-armor has to be bonded (brazed) to the heat sink in view of the
high heat loads. For the heat sink, alloys based on copper, molybdenum or
niobium are proposed. However, each of the candidate materials is associated
with critical issues:
- Cu: risk for melting in a few seconds following loss of cooling, large
thermal expansion mismatch to CC leading to brazing difficulties
- Mo: loss of fracture toughness under irradiation
- Nb: modest thermal conductivity and risk for hydride formation.
The DP-design for the Physics Phase is shown in Fig. II.3, main design
parameters are summarized in Table II.-l. The curved DP shape saves about 1.5
m in total vacuum vessel height compared to a flat DP, which otherwise would be
preferable. The DPs are highly segmented into electrically insulated modules to
avoid large electro-magnetic disruption forces. These modules with two heat sink
tubes each are connected to coolant manifolds at the out-board side. For
replacement the vertical coolant supply pipes are remotely cut and rewelded.
The CC-armor tiles are brazed around the heat sink tubes, an approach
which is expected to have some major advantages over designs with flat tiles:
21

- better brazing integrity due to elimination of stress singularity
- less risk for propagating tile failures since a tile remains in place even
after brazing failures.
A sacrifical CC-armor thickness of at least 1 cm is desirable for
disruption resistance. Thermal analysis showed that this could be achieved by a
combination of:
- lower peak heat fluxes than 30 MW/m
- higher CC-temperatures than 1000°C
- improved thermal conductivity compared to present CC
- separatrix sweeping by more than 0.2Hz x _+.12cm (on the outboard
DP)
The erosion life of such carbon DP's is predicted to last the whole physics phase
for normal operation, and to range between 20-50 disruptions based on analysis
and simulation experiments via laser and electron beams.
Other major concern with the CC DP armour are:
- the degradation of the thermal conductivity by neutron damage, which
could be partly compensated by armor thinning due to erosion,
- the tritium retention in co-deposited eroded carbon on the cool DP
surface, which can be mitigated by frequent removal of these layers to
prevent tritium inventories of up to 1 kg per year of operation.
For the chosen design with round tubes and twisted tape as turbulence
promoters, a critical heat flux limit (caused by burn-out due to film boiling) of
about 50 MW/m is predicted on the basis of several experiments with water at
60°C, 3.5 MPa and 10 m/s. Taking into account likely peaking effects and
necessary margins, the allowed nominal static DP peak heat flux should not
exceed 15 MW/m . For higher DP heat fluxes, sweeping of the separatrix would
be required, both for maintaining adequate burn-out margins and armour
thickness.
Other critical DP engineering issues are:
- The risk of severe damage by run-away electrons without means for
protection.
- The fatigue life and reliability of the bond between armor and heat
sink, considerating the large number of tiles at high load, where
present R&D indicates failure limits of 10-15 MW/m .
- The requirement for rapid plasma shutdown (in 1-2 seconds, preferably
passive) to avoid DP damage after loss of cooling (including film
boiling), or after loss of sweeping.
- The difficulty of conditioning between pulses due to low water
temperatures limited by critical heat flux.
II.4.2. DP design for technology phase
As DP-armor for the Technology Phase, tungsten is considered as
alternative to carbon mainly due to prospects for significantly lower sputtering
erosion rates, better irradiation resistance, potential for in-situ repair, lower
22

bake-out and conditioning temperatures, and better protection of the heat sink
against run-away electrons.
Fig. II.-3. and Table n.-l. show the DP-design concept for the
Technology Phase. A 2 mm thick W coating is diffusion bonded onto a niobium
(alternatively Mo or Cu) alloy heatsink with rectangular coolant channels. This
W coating would permit in-situ repair by plasma spray and is expected to have
the following erosion lifetime:
- the whole technology phase for normal sputtering
- 10-30 disruptions without runaway electrons based on analysis and
electron beam experiments. First simulations by plasma guns indicate
thf. possibility of higher disruption lifetimes due to vapor shielding.
Critical issues with this tungsten DP-concept include:
- extremely low allowable W concentrations in the plasma
- neutron activation, volatilization of oxides due to reactions with steam
and air above 600°C, and the indication of potentially high tritium
inventories.
- W peak temperatures of up to 1500°C with the W coating and Nb
substrate at the required heatloads
- the need for experimental verification of the critical heat flux limits for
this rectangular geometry.
Alternatives to such a tungsten DP for the Technology Phase could be
advanced divertor concepts such as those using liquid metal (e.g. Gallium) films
or droplets.
It is clear that overall machine performance will benefit from a strong
emphasis on the better understanding of divertor physics and on improving
divertor technology.
11.5. TECHNOLOGY R&D PROGRAM
About 20 % of the ongoing ITER R&D program with a total annual
effort of $40 M is devoted to the technology of plasma facing components. This
effort is focused on:
- establishing the database for structure and armour materials, including
neutron damage effects,
- demonstrating the manufacturing feasibility on prototypical mock-ups,
- high heat flux testing of the mock-ups in partly new facilities as the
basis for lifetime predictions.
First mock-ups for FW and DP up to 0.6 m length have been
manufactured and tested under representative thermal loads with encouraging
results.
In the recently defined technology R&D program (1991-95) it is
proposed to more than double the effort on PFC. This vigorous R&D
programme should be adequate to support the detailed engineering design of
plasma-facing components leading to a more complete materials data base and
the testing of large scale prototypical components.
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III. FUNCTION OF SYSTEM
The ITER plasma facing components maiDly consist of the divertor
plates (DP) and the first wall (FW).
The first-wall system is located on the plasma-facing surface of the invesscl blanket/shield modules and covers most of the region within which the
plasma is produced. Tho FW consists of an array of armor tiles mounted on the
front face of the blanket/shield modules. The FW structure and coolant are
integrated with the tritium-breeding and nuclear-shielding portions of these
modules. The principal functions of the FW are to 1) define the ultra-clean (lowimpurity) region within which the plasma is produced, 2) absorb the
electromagnetic radiation and charged-particle flux emanating from the plasma,
and 3) protect the underlying blanket/shield components from direct contact
with the plasma and high-energy electrons, particularly during periods of plasma
start-up and shutdown and during plasma disruptions.
The present concept of the first wall (FW) is a water-cooled, austenitic
steel panel integrated with the blanket and, during the Physics Phase, extensively
protected by mechanically attached carbon-fiber-composite tiles. For the
Technology phase a thin tungsten coating on the steel wall is proposed.
The operating conditions most critical to the concept definition and
performance are: temperature limits for the armour, peak heat loads, tritium
inventory, erosion, and conditioning requirements. The operating conditions need
further validation to gain confidence in the performance of the proposed concept.
The divertor plates, located above and below the plasma region within
the torus vacuum vessel, establish the interface between the plasma and the
material surface of the tokamak device. During normal operation, these plates
must withstand and remove approximately 100 MW of heat that is conducted to
them from the plasma boundary. These plates are also the location where the
plasma (including the helium produced by the fusion reaction) is neutralized for
subsequent exhaust by the torus vacuum pumping system. The operational
requirements associated with these functions are among the most challenging of
the ITER design.
Three basic operational modes are considered as the ITER baseline for
the Physics and Technology Phases: ignition, long-pulse hybrid and steady-state
operation. Therefore a range of divertor plate requirements must be considered.
Because of extensive experience in tokamaks, the present divertor concept for the
ignition phase of ITER is based on a graphite armour. Tungsten and beryllium
are also considered as alternate armour materials. For Technology phase a
tungsten divertor plate armour is considered along with graphite due to prospects
for significantly lower sputtering erosion, lower tritium inventory, and a
possibility of in-situ repair of tungsten.
The operating conditions most critical to the concept definition and
performance are: temperature limits for the armour, peak heat loads under
normal and accident conditions (i.e. disruption), erosion/re-deposition rates,
disruption frequency and radiation effects. These conditions need further
validation to gain confidence in the performance of the proposed concept.
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IV. DESIGN REQUIREMENTS
Table IV-1 summarizes the currently assumed main PFC operating
requirements for both operation phases:
- the initial Physics Phase with emphasis on ignition studies with pulses
of up to 400 seconds and a fluence of about 0.05 MW year/m
- the later Technology Phase with pulses of about 2000 seconds mainly in
"hybrid"scenarios with a target fluence of 1-3 MW year/m .
These operating conditions are based on experience from present
tokamaks and uncertain modeling predictions, for a wide range of conceivable
scenarios:
- In normal operation, the peak heat flux on the first wall (FW) is caused
mainly by losses of fast alpha particles on about 1 % of the wall mainly
outboard, between the TF coils and within 3 m of the midplane. It is
assumed that the FW is shaped, so that protruding edges or
unprotected ports are avoided, which otherwise could lead to heat
loads of up to 40 MW/m on the edges.
- The peak heat fluxes in normal operation on the inclined divertor
plates (DP) include estimated physics and engineering peaking factors
for uncertainties of e.g. the scrape-off layer (SOL) width, asymmetries
and geometrical alignment. For the reference ignition and long pulse
scenarios with peak heat fluxes of up to 30 MW/m , the power
deposition profile becomes highly peaked with a width at half height of
only 5-6 cm. This facilitates a significant reduction of the effective heat
flux by a modest sweeping of the separatrix with ± 10-12 cm. Other
scenarios leading to higher peak heat fluxes and incident particle
energies than quoted in the table are considered to be unacceptable.
- The disruption frequency of 5 % for the Physics Phase is based on
present experience for tokamak operation with margins to the limits.
For the Technology Phase a further improvement down to 1 %
disruption frequency is assumed including the development of
disruption control methods.
- During the initial thermal quench in disruptions about 80 % of the
plasma thermal energy (about 600 MJ) are estimated to be deposited
equally on the FW and DP with modest peaking factors assuming e.g.
for the DP a SOL-widening by a factor 3.
- During the following current quench, it is assumed that the remaining
thermal and magnetic energy in the plasma are dissipated by radiation
to the FW and DP. A fraction of the magnetic energy can also
generate so called run-away electrons, at energies up to 300 MeV with
highly localized incident energy depositions possibly approaching 30
MJ/m provided that protruding edges are avoided.
- The target value for the allowed PFC water leakage is based on
considerations of initial pump down and limitation of oxygen content in
the plasma, in particular when using carbon as plasma facing armor.
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TABLE IV-1. MAIN OPERATING REQUIREMENTS FOR THE ITER PFC

(Operation phase

Physics

(Component

|First
|Wal1

1

Divertor

|

Technology

(First
|Wall

Divertor

|

|
|

(Normal Operation

1

0.5
0.4
|
| 0.8
|- Iw-r. neutron wall load
MH/m2 1 1
|- Peak/aver, surface heat flux,MW/m2 |0.6/0.15 15-30/0.6| 0.6/0 15 15-30/0.6|
| 0.6
|- Peak volumetric
g
5
4
|
| heat load in structure
HW/m3 | 20
I1 5
1
2-5
(
J- Number of pulses (full oad) 10 4 1
4
4
400
I
J- Total burn time
h
1 K) -3xl0
1
0.3 | 12-36
|- Peak neutron damage (steel) dpa 1 0.7
5-15 j
|
200
|- Nin. dwell time
s
200
j
|- Incident DT-ions:
{
[1
4000
4000 |
| • peak flux
1020/m2i,| 1
|10-100
50-100 iio-ioo
60-200 I
1 • energy
eV
j- Allowed water leak g/s
lO' 8
10'O8
I
g/s 1

1

1
1
1
1

(Disruptions
I- Number (at full load)
|- Thermal quench:* time
| • peak energy depos..
- Current quench:* time
| • radiative energy depos.
1 • run-away elect, energy
| depos. (at * 300 NeV)

ms
MJ/m2
ms
MJ/m2
MJ/m2

1

12
|

1
1

1

500
0.1-3
10-20
5-100*
2
30

1
200-500
0.1-3

|
|

10-20 j

2

5-100*

J

2

1

30

|

20 ms are used as reference value for the analysis
In addition to the operating requirements other essential PFC design
assumptions include:
- The need for remote maintenance, which leads to a segmentation into
64 DP and 96 FW/blanket units.
- The choice of water as basic coolant, which allows a compact design
with prospects for low pressure and low temperature operation
including passive safety features such as natural convection shutdown
cooling.
- The choice of type AISI 316 austenitic stainless steel as the basic
structure material because of the extensive database including nuclear
application, which indicate an adequate performance for ITER.
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V. CRITICAL DESIGN ISSUES
V.I. DIVERTOR PLATES (DP)
The assessment of the proposed DP concepts lead to the identification
of the following major critical DP issues:
- the feasibility of peak heat fluxes of up to 30 MW/m considering sweeping
limitations, disruption lifetime, fatigue life of the braze joint and critical heat
flux limits
- the need to develop advanced carbon composites primarily with significantly
improved thermal conductivity for longer life
- erosion by disruptions including realistic effects of vapor shielding
- protection of the heat sink against run-away electrons
- electro-magnetic disruption effects including poloidal "halo" currents
- fast and preferably passive plasma shutdown to avoid DP-melting after a loss of
sweeping or loss of cooling
- tritium inventories of up to 1 kg in redeposited carbon and dust on the cool DP
surface
- frequent conditioning of the carbon armor between pulses with low coolant
temperatures ( < 100°C, limited by critical heat flux considerations)
- the feasibility of tungsten coatings as DP armor considering mainly plasma
purity and safety aspects as well as the technology of in-situ repair
- neutron damage, water corrosion and hydrogen effects on Mo-, Nb- and Cubased candidate heatsink alloys
- demonstration of the manufacturing feasibility and performance of prototypical
mock-ups, with emphasis on the integrity of the bonded joint armor-heat sink
under normal loads and disruptions.
V.2. FIRST WALL
The assessment of the proposed FW concepts lead to the identification
of the following major critical FW issues:
- the feasibility of radiative carbon armor tiles at up to 2000°C in view of plasma
purity, neutron damage and safety, considering also the potential of advanced
carbon composites doped with e.g B or Si
- the feasibility of conductive carbon tiles with reliable temperature control in the
safe range of 50G-1000°C via a compliant layer considering neutron damage and
other deformations, e.g. due to disruptions
- the demanding conditioning requirements for carbon armor tiles, in particular
with water at <_ 150 °C
- tritium inventories of up to several hundred grams in hot bulk carbon
(800-1800 °C) and on cool carbon surfaces ( < 600 °C)
- the feasibility of tungsten coatings as FW armor considering mainly plasma
purity, safety and fatigue life of the steel substrate
- the design and feasibility of local sublimiters for protection against high heat
loads in normal operation and during disruptions
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- the fatigue life and progressive deformation of the FW steel structure under
normal heat loads, disruption loads (thermal and electro-magnetic) and runaway electrons including neutron damage
- bulk irradiation effects on stainless steel, e.g. low-temperture fracture toughness
(a particular concern with low-temperature water cooling), cyclic fatigue, crack
growth (concern created by disruptions), joints (e.g. welds, brazing) and stress
corrosion cracking
- the demonstration of overall manufacturing feasibility of the FW panel and
carbon-fiber-composite armour tiles, including the integration of the FW with
the blanket segment.
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VI. DIVERTOR PLATE DESIGN
VI.l. MATERIAL SELECTION
VI.1.1 Armor material for the physics phase
The selection of the plasma facing armor for the divertor plates (DP)
was based on an assessment of the physics and engineering aspects for the
candidate armor materials.
Carbon fibre composite (CC) was selected as the reference DP armor
for the initial physics phase primarily because of the following reasons:
(i) Only for carbon based plasma facing materials there is now an extensive
operating experience in current large tokamaks indicating a clear preference
for low Z materials after transformation from high Z plasma facing
materials,
(ii) CC materials have demonstrated excellent thermo-mechanical properties
and a superior resistance against thermal shocks due to e.g. disruptions or
run-away electrons in both tokamak operation and simulation tests.
Pyrolytic graphite appeared otherwise to be an attractive DP armor, but was
not chosen due to poor thermal shock resistance caused by too weak
interlaminar strength,
(iii) CC materials can, and need, to be tailored for specific DP requirements,
which are primarily to achieve a high thermal conductivity and irradiation
resistance, see Fig. VI.1.1-1:
- Currently industrially available CC materials such as 2D Aerolor 05 or CX2002 U) have been developed without aiming at high conductivity.
- The experimental ID-material MFC-1 indicates possibilities to more than
double the thermal conductivity (compared to industrial CC) by choice of
fibre-type-fraction and graphitizing method.
- Emphasis has now to be given to the development of optimum DP-armor
CC, which most likely will be 3D materials with fine weave in pitch based
fibres.
- Doping with e.g. boron has been shown beneficial for reduction of oxygen
levels, impurity outgassing, tritium retention, radiation enhanced
sublimation (RES) and oxidation by air or steam. However, thermal
conductivity and irradiation resistance are expected to suffer by this
doping, which needs optimisation.
(iv) The erosion life of one about 1 cm thick carbon DP in normal operation is
expected to last the whole physics phase provided the peak carbon
temperature is limited to 1000-1200°C in order to avoid run-away selfsputtering to RES. Neutron damage during the DP life of about 100 burn
hours would increase the peak carbon tempearture by about 150°C at
constant thickness. However, erosion primarily form disruptions is
envisaged to reduce and probably eliminate this irradaition induced
temperature increase. For beryllium, the erosion rate is at least double that
of carbon, which together with the only 2mm thick Be-armor would result in
10 Be-DP replacements during the Physic Phase for normal erosion only.
31

500

1

'

1\

1

I

J

COMPRESSION ANNEALED
- ' P W O L H I C GRAPHITE

400 \

GlidCop

300 -

^ / \
200 =>

q-2002U
AE^OLOR AO5

WO —

;
0
200

,

1 , 1 . 1

400

600

800

;

1

\POCO AXF-50
.
i
i
i

1000 1200

JEMPERAJURE

1400

l°Cl

FIG. VI.1.1-1. Thermal conductivity of relevant materials (unirradiated)

(v)

The target disruption life of the carbon DP is about 100 burn hours
equivalent to one calender year in the Physics phase. For beryllium or
tungsten the disruption life is estimated to about 1/3 or 1/2, respectively,
due to the much thinner armor.

There are, however, several other critical issues associated with the use
of carbon as DP armor in the physics phase:
- The retention of tritium in redeposited carbon in the largely cool DP region,
which could amount to 0.1 - 1 kg of tritium assuming a full DP replacement per
calendar year.
- Outgassing of impurities, which requires baking at 350°C after exposure to air
or water, and more frequent conditioning e.g. after disruptions or due to
chronic water leaks at 250°C.
- Recycling of hydrogen during shut down and start-up may require additional
conditioning procedures between pulses for adequate plasma density control.
Beryllium is considered as back-up DP armor for the Physics Phase
mainly on the basis of accumulating promising operation results from JET. With
Be the potential for in-situ repair of the DP armor via plasma spray has to be
developed, in order to make this option feasible in view of the 4-5 times shorter
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DP-armor life compared to carbon. The higher sputtering erosion with Be (at
reference operating conditions) leads also to concerns about the possiblity of runaway self-sputtering even at low temperatures. Sublimation limits the allowed
peak Be temperature to 900°C. Together with the most likely reduced thermal
conductivity of plasma sprayed material this would result in an allowed armor
thickness of 1-2 mm only.
VI.1.2. Armor material for the technology phase [1]
Tungsten, in the form of a relatively thin coating (2-3 mm), is the
proposed divertor armor material for the technology phase and an alternate to
CFC for the physics phase of 1TKR. Tungsten exhibits several attractive
properties for this application:
- A much lower sputtering rate ( < 1 mm/a) at low ( < 75 eV) plasma
edge temperatures than the oilier candidate materials. The divertor
lifetime for sputtering erosion may reach the entire lifetime for the
technology phase.
- A relatively high thermal conductivity such that high heat loads can be
accommodated with moderate surface temperatures. The conductivity
of plasma sprayed material requires special attention.
- Low thermal expansion coefficient which minimizes thermally induced
strains for better fatigue life. Expansion coefficient is similar to that of
proposed structural materials (Nb and Mo alloys) which minimizes
interfacial stresses.
- Predicted disruption erosion rate is about a factor of 4 less than the
experimentally observed rate for carbon materials.
- Radiation induced swelling is not predicted to be of major importance.
- A major advantage for tungsten is the potential for in-situ repair or
refurbishment by plasma spray instead of complete replacement of the
entire divertor plate.
The critical issues associated with the use of tungsten include:
- The acceptability of high-Z tungsten with resprect to plasma
contamination.
- Neutron activation which leads to increased afterheat in the case of a
loss of coolant event.
- Chemical reactivity with air and steam at high temperatures (>600700°C) which cause greater safety concerns.
- Radiation induced embrittlement at low temperature, however, this
may not be a problem since the tungsten is not a structural component.
- The stability of a melt layer during a disruption which could increase
the disruption erosion, however, the melt layer thickness is generally
much less than the vaporization thickness for the short disruption
times.
Beryllium and CFC's are alternatives to tungsten for the technology
phase divertor armor. Beryllium has the advantages of low Z, in-situ repair by
plasma spray, good thermal conductivity, and a good thermal expansion match
33

with a copper substrate. However, the erosion rate from sputtering is even higher
than that of the carbons and the coating thickness is limited to 2-3 mm by
thermal vaporization at surface heat loads of 10-15 MW/m. Radiation damage
at higher faience is also a concern because of the high He generation rates.
VI.1.3. Structural material
The following structural materials have been selected: (i) dispersion
strengthened (DS) Cu-alloys and Mo-alloys for the Physics Phase and (ii) DS-Cu,
Mo-alloys and Nb-alloys for the Technology Phase.
Table VI.1.3-1 gives the basic properties of the selected materials and
the ranking of the alloys as to thermal stress resistance. As no alloy exhibits clear
outstanding behaviour under the divertor operating conditions, no reference
material has been selected.
DS Cu alloys (glidcop, CuZrO 2 , MAGT 0.2) are the only series within
Table VI.1.3-1 with high thermal conductivity (3W/cmK). They have significant
strength, ductility and resistance to thermal stress. Tensile properties and
thermal conductivity have been proven to be marginally affected after fast
neutron irradiation at ~ 400°C.
The important thermal expansion mismatch with C and W is an
important issue. This problem has been overcome in the first trials to braze CFC
with DS-Cu in flat design concept. However, the high yield strength and thermal
expansions of DS Cu, makes the brazing to graphite tiles rather unsuccessful, at
least up to now, in the monobloc concept design.
Mechanical properties at high temperature with possible Heembrittlement due to neutron irradiation and subsequent creep fatigue
interaction have to be further investigated. No H embrittlement is expected since
only low oxygen grades have been selected. The erosion corrosion due to high
velocity radiolyzed water is expected to be significant (present estimate:
~150 flm/yr) in view of the well established behaviour of Cu. This erosion
corrosion and subsequent pitting corrosion of 316SS cooling loop has to be
assessed under divertor conditions.
The major advantage of Mo-based alloys (Mo-5 to 15% Re, Mo-41%
Re, TZM and Z6) is high strength, and moderate thermal expansion which
matches well with C and W. Mo-alloys are not hydride former.
The thermal conductivity is nonetheless either moderate: 1 W/cmK for
Mo-5 to 15% Re, TZM or Z6, or low: 0.5 W/cmK for Mo-41% Re, inducing
important internal stresses and high maximum temperatures as compared to DS
Cu for a given design concept and heat flux. The main detrimental behaviour will
be (i) the large increase of the DBTT which becomes „>. 235 °C after neutron
irradiation up to 1.7 dpa at 385 °C and (ii) O , pick-up from radiolyzed water
which will decrease the resistance to fatigue. The effect of irradiation on low
cycle fatigue has to be assessed further. First trials showed that general water
corrosion should be significant (preliminary estimate: ~ 100 (im/yr).
Nb-alloys such as Nb-lZr and Nb-SV-1.2 Zr have moderate thermal
expansion that results in good match to that of graphite, CFC or tungsten
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protective tiles. This moderate thermal expansion associated with moderate
Young modulus is favourable for resistance to thermal fatigue. The fracture
remains ductile in tensile tests after irradiation at 70 °C up to ~ l ( r n/cm
(~0.5dpa).
The thermal conductivity is however modest (0.5 W/cmK) inducing
rather high thermal gradients. The pick-up of interstitials such as O, C, N and H
which is very easy either during fabrication or in-service inducing substantial
hardening and increase in DBTT is an important issue for this class of alloy. In
addition Nb metal and alloys are strong hydride formers. The water corrosion
behaviour is expected to be similar to Mo-alloys and has to be assessed carefully
under divertor conditions.
TABLE VI.1.3-1. BASIC PROPERTIES GIVEN AT 400°C FOR DS Cu AND
500°C FOR REFRACTORY MATERIALS
D.S. Mo-41Re Mo-5Re T2M
-Cu

Properties

Z6

Nb-lZr

Thermal expansion

18

6.1

5.7

5.6

5.6

7.8

Young3 Modulus
(10' Mpa)

1.0

2.9

2.6

2.6

2.6

0.63

Thermal Conductivity
(W/cm/K)

3.0

0.50

1.10

1.15 1.15 0.55

Yield Strength
(MPa)

220

800

450

620

400

200

513

316

468

685

442

313

M_

y

fU/m

aE

)

REFERENCE
[1]

Materials evaluation and data base 2. Structural Materials

VI.2. EROSION LIFETIME
VI.2.1. Normal erosion
Sputtering of the ITER divertor plate has been analyzed with four
related studies as follows: an overall erosion/redeposition analysis of the outer
plate using the REDEP computer code for beryllium, carbon, and tungsten [1],
an analysis of the temperature limit of a graphite divertor surface due to selfsputtering and radiation enhanced sublimation [2], an analysis of near-surface
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TABLE VI.2.1-1. ITER DIVERTOR PLATE REDEP ANALYSIS
SUMMARY [FROM REF. 1]
Divertor
Plate
Material

Plasma Other conditions Maximum
Divertor
Gross
Erosion
Temp.,
Rate
T
eo
eV
cm/
burn yr

Carbon

150

Carbon
Carbon
Carbon

100
60
30

Carbon

60

(phy. sputt.only)* 194

with chemical
sputtering

Maximum
Net
Erosion
Rate
cm/»
burn yr

Minimum
Net
Eros ion
Rate
cm/
burn«yr

27

-13

28
23
17

-13
-10
-10

135
88
48

1000

52

-24

130

46
73
49

-28
-32
-18

40
33
18

-.03

.005

150
60
30

454
1180
1370

Tungsten

40

4

.07

54

8

150

with sweeping,
± 10 cm

155

263
329
315

Beryllium
Beryllium
Beryllium

Carbon

Tritium
Co-Deposit
Rate
Rate
kg
burn»yr

-7

95

* All cases physical sputtering only, unless otherwise indicated

sputtered particle transport for the ITER oblique incidence magnetic field
geometry [3], and analysis of surface roughness effects on sputtering, reflection,
and sputtered particle transport [4]. The latter two studies provide detailed
impurity transport information (charge states, transit time, angle of incidence,
etc.) for use in the global lifetime analysis. For carbon, radiation enhanced
sublimation data has been compared to models and additional data has been
obtained at low energy impingement [5].
The REDEP code [1,6] was used to analyze an outer (worst case), ITER
divertor plate. Erosion results were computed for carbon, beryllium, and
tungsten coated divertor plate, for typical plasma conditions (peak heat flux, q^
= 10 MW/m ). Results for carbon are summarized in Table VI.2.1-1. As shown,
the gross erosion rates (deuterium, tritium, helium plus self-sputtering) are very
high. The net erosion rates (sputtering minus redeposition) are much lower, by a
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factor of ~10. Regions of growth can result in significant surface co-deposited
tritium inventory. All values cited assume adequate sticking of the redeposited
carbon. If there is less than adequate sticking, the net erosion rate could
approach the gross rate.
A carbon-coated divertor plate suffers from high net erosion rates and
potentially high co-deposited tritium retention rates. Chemical sputtering
increases net erosion considerably (a factor of ~ 3) over physical sputtering. The
use of a carbon surface appears to be very questionable for technology-phase
ITER operation). Nevertheless, carbon may permit acceptable operation for low
duty factor (~1%) physics-phase operation. This latter conclusion is subject to
the requirement that the redeposited carbon has acceptable mechanical and
sputtering properties — an issue requiring experimental verification.
Divertor PP sweeping results in a substantial reduction in erosion. For
erosion control purposes, sweeping is easier than for power control, since the
sweep frequency is not important: e.g., the strike point could be changed once a
day.
Beryllium has higher net erosion rates than physically sputtered only
carbon, but similar rates to physically and chemically sputtered carbon.
Beryllium, being a metal, has less questionable redeposited material properties
than carbon, and in situ recoating of eroded areas may be possible. Tritium
retention in beryllium is predicted to be substantially less than for carbon. More
data, however, are needed on tritium retention properties of beryllium and, in
particular, on self-sputtering for glancing magnetic angle sheath conditions, for a
more confident assessment of the potential for a beryllium divertor surface.
In spite of the high erosion rates of carbon and beryllium, the REDEP
code predicts that very little carbon or beryllium reaches the plasma core. Pew
sputtered atoms reach even a centimeter or so from the plate, for the highrecycling divertor regime. The core concentration of sputtered carbon or
beryllium is predicted to be on the order of several tenths of a percent.
A tungsten coated plate is predicted to have low sputtering erosion, as
shown. Modest sweeping reduces the erosion rate even more, e.g., by a factor of
~10 for ± 5 cm sweeping. At a 40-eV plasma plate temperature, a tungstencoated plate would permit several years of continuous *. peration with essentially
zero predicted plasma contamination.
A surface temperature limit for a graphite divertor surface was
computed based on models of the eroLon/redeposition process and on
sputtering [2] (Fig.VI.2.1-1). The results indicate a potentially serious limitation
on the surface temperature in the medium plasma edge temperature regime. At
an edge temperature of 100 eV, the surface temperature limit is set by radiation
enhanced sublimation and physical self-sputtering at about 1000°C, for plausible
estimates of the redeposited ion charge states and sheath potential. Stable
operation at edge temperatures above 180 eV is predicted to be not possible due
to runaway physical self-sputtering alone for pure carbon. For the low edge
temperature regime (~ 50 eV) the surface temperature limit is less restrictive
although better information on charge state and sputtered ion transport is
required for a precise assessment.
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Based on the favorable REDEP modeling results for tungsten, a more
detailed assessment was made of the potential for a tungsten coated ITER
divertor plate. This included kinetic analysis and overall erosion/redeposition
analysis. Near-surface sputtered tungsten atom/ion transport was examined in
detail via a coupled WBC, fractal TRIM code analysis [3-4] which examined
effects of surface microstructure. Results indicate that stable operation (finite
self-sputtering) may be possible for a tungsten plate under ITER high recycling
edge plasma conditions for which the (sheath) electron temperature is T 1 7 5
eV. Additional REDEP runs were made for a tungsten plate at several different
edge temperatures and with the presence of contaminants such as oxygen. These
show low peak net erosion rates, 0-0.1 cm/yr for T = 25-50 eV. At T e = 75 eV,
the rate rises to ~ lcm/yr which is still much less than that for carbon or
beryllium.
The results for tungsten are highly model dependent and require
detailed experimental confirmation. In particular, validation and additional
assessment of models for sheath potential, sputtering coefficients, and effects of
surface misalignments is needed. It is concluded, however, that tungsten appears
to offer substantially better divertor performance than low Z materials for a fairly
broad temperature regime.
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VI.2.2. Disruption erosion
The surface of the divertor plate will be subjected to repeated high
energy thermal loads during the thermal auench phase of a plasma disruption.
The energy flux is specified at 10-20 MJ/m deposited over 0.1-3 ms (heat flux in
the order of 100,000 MW/m2). It is expected that there will be 500 full power
disruptions and 1000 1/3 power disruptions in the Physics Phase (5% frequency),
and 200-500 full power disruptions in the Technology Phase. There are, however,
large uncertainties in these specifications, such as the deposition area, peaking
factors and energies of incident particles.
The vaporization and melting of plasma facing materials has been
calculated theoretically by all 4 parties, and there is reasonable agreement among
the results. Future improvement in these codes would include better models of
vapor shielding, angle of incidence, melt layer motion, and magnetic fields.
Figure VI.2.2.-1 and VI.2.2-2 gives a comparison of the vaporization and melting
of carbon, beryllium and tungsten, respectively, using a 1*D model with a moving
boundary layer [1]. These values are listed in Table VI.2.2-1. In these cases, an
initial steady-state- temperature profile was established at a heat flux of 10
MW/m for 10 mm thick carbon and tungsten tiles, and 2mm thick beryllium
tiles. Carbon does not melt; however, the thickness of the melt layer for Be and
W is very small (0.01-0.03 mm) for a 0.1 ms disruption, but increases for longer
times. The calculated melt layer thickness at 0.1 ms and 12 MJ/m for tungsten
is 0.022 mm and 0.007 mm for beryllium. Removal of the melt layer due to
electromagnetic forces, plasma pressure or mechanical vibrations will increase
the total erosion rate [2]. Although the stability of the melt layer is uncertain, it is
assumed that half of the melt layer is lost during a disruption.
Experimental measurements of weight loss and erosion thickness using
high heat flux simulation facilities show large differences from the theoretical
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TABLE VI.2.2-1. CALCULATED VAPORIZATION RATES AND MELT
LAYER THICKNESS DURING DISRUPTIONS
FOR TUNGSTEN,
PYROLYTIC GRAPHITE, AND BERYLLIUM (MICRON/DISRUPTION)

Material Disruption Energy Density (MJ/r/)
Tinva

(ms)

12

20

Vap. Melt Tot Vap Melt Tot
0.1
1.0
3.0

103 22 125 176 15 191
86 124 210 164 97 261
65 217 282 144 198 342

01

C

10
30

Vap. Melt
93 _
78 _
61 -

Be

01
10

Vap. Helt Tot Vap Helt
151 7 158 256 6
150 36 186 253 23
145 77 222 252 55

W

30

Tot Vap Melt Tot
93 132
78 118 _
61 103 -

132
118
103

Tot
262
276
307

- 1 cm tungsten and graphite tiles over Cu substrate
- 2 mm beryllium tiles over Cu substrate
- stationary heat load of 10 MW/m is assumed prior to disruption
- calculations do not include vapor shielding
For carbon, mono-atomic evaporation is assumed

predictions. Tests using electron beams, lasers or ion beams have a large amount
of scatter in the data, and do not agree with each other. This can be partially
attributed to the differences in the energy deposition for the different beams, e.g.
beam size, depth of penetration, etc.
For carbon, experimental results show substantially greater erosion with
electron and laser beam tests, as compared to the simple calculation models.
These tests show that the enhancement is up to a factor of ~5 at higher heat
fluxes and short ( < 10 ms) pulse lengths [3,4]. The enhancement of erosion .is
likely due to carbon or cluster emission, rather than single atom evaporation, and
particle emission. Until more definitive experiments can be performed, it is
recommended for 12 MJ/m disruption energy and 0.1 m pulse duration to use a
value of 0.5 mm, based on extrapolation from the present experimental data [3,4].
For tungsten, experimental measurements with a plasma gun show
factors of 10-100 reduction in measured erosion thickness, as compared with
theory, possibly due to the contribution of significant vapor shielding effects [5].
Using a 30 eV hydrogen ion plasma accelerator with 12 MJ/m and 0.1 ms pulse
length, an erosion thickness of 1 micron on tungsten was measured using both
weight loss and profile measurements, which is a factor of 100 lower than shown
in Fig. VI.2.2-1. Direct measurements on the vapor-plasma cloud indicate a
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thickness of 2 mm, velocity of 500 m/s, and optical radiation center 6-8 mm
above the heated surface. A second experiment with a 50-200 keV electron beam
at 4 MJ/m and 0.1 r*s caused 10 micron erosion in tungsten (compared to a
calculated 20 microns vaporized). The greater erosion in the second experiment
is attributed to the weaker effect of shielding of electrons compared to the
plasma ions. Since disruption particle energies are expected to be 1-10 keV, it is
recommended to reduce the calculated tungsten erosion by a factor of 3 to
account for vapor shielding effects with short pulses (e.g. 0.1 ms). For 12 MJ/m
and 0.1 ms, this gives a total erosion (including partial melt layer removal) of 45
microns. For longer pulses, 3 ms, when a factor 2 of vapor shielding is assumed,
this gives a range of 45-140 microns erosion per disruption for tungsten including
half of the melt layer thickness.
For beryllium, no experimental measurements have been made due to
its toxicity. However, it is reasonable to assume that reduction due to vapor
shielding effect will occur for short pulse lengths (0.1 ms) by a factor of 2 because
of the lower mass density as compared to tungsten. Therefore, at 12 MJ/m , it
is recommended to use a total erosion thickness of 80 microns (including melt
layer) for a 0.1 ms disruption and 110 microns for a 3 ms disruption.
Experimental measurements are needed for beryllium.
For carbon, an expected vapor shielding factor of 2 is proposed for the
experimental results. This corresponds to estimated erosion rates of 140-220
microns per disruption (12 MJ/m ) for the range of 0.1 to 3 ms.
With a steady-state heat flux of 15 MW/m , typical tile thickness are 510 mm for carbon, 2-3 nun for beryllium and 2-3 mm for tungsten. Using the
recommended erosion depths for a 0.1-3 ms, 12 MJ/m disruption, Table VI.2.22 shows the predicted divertor lifetime for the three armor materials assuming
500 disruptions in the physics phase and 200 disruptions in the technology phase.
TABLE VL2.2-2. DIVERTOR EROSION LIFETIME FOR DISRUPTIONS

dumber of
Divertor
Armor Material Tile
Erosion
Lifetime Replacement
erosion Depth
(disruption) or Repair
thickness (•)
Phys. Phase Tech.
Phase
(•)
5-10
Carbon
0.14-0.22 (0.28-0.44) 30-55
3-7
9-17
Beryllium

2

0.08-0.10 (0.16-0.18) 18-25

20-28

8-12

Tungsten

2

0.04-0.14 (0.11-0.17) 14-50

10-35

4-14

* Data given in brackets are without vapour shield effects
* For Be and W it is assumed that half of the melt layer thickness is lost
*• Repair for Be and W.
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Since the divertor will require 3-6 months for a complete replacement by
remote maintenance, it will be physically impossible to replace the divertor more
than a few times during the physics phase. The estimated number of divertor
replacements is somewhat less for carbon compared to tungsten and somewhat
higher for beryllium.
It is important to note that additional tile erosion due to physical or
chemical sputtering has not been included. This will decrease the divertor plate
lifetime further than what was shown in the table, especially for the Technology
Phase operation with longer pulse lengths and availability.
The severity of disruption erosion could be reduced if the following
changes were made: decrease number and energy of disruptions, increase
disruption time by factors. For the tungsten and beryllium surfaces, the use of insitu plasma spray coating to locally repair eroded surfaces could probably be
accomplished in a small fraction of the time required for divertor replacement.
The possibility of disruption control and higher vapor shielding appear to offer
the best hope for improved performance. Further work on disruption effects is
needed, particularly related to relevant ITER conditions and the vapor shielding
effects.
REFERENCES
[1]
[2]
[3]
[4]
[5]

US Contribution, ITER Report TN-PC-1-0-U-1
A. Hassanein, Fusion Technology 1 5 , March (1939) 513.
Japan Contribution, ITER Report IL-PC-1-0-11
EC Contribution, ITER Report IL-PC-8-0-E2
USSR Contribution, ITER Report IL-PC-1-0-9

V I 3 DESIGN CONCEPTS
VI.3.1. Physics Phase
VI.3.1.1. Configuration
The double null magnetic configuration has been chosen for ITER. In
the reactor there will be one upper and one lower divertor system. Vacuum
pumping and helium removal is proposed only for the lower divertor.
The angle between the separatrix and the divertor target plates is 15°
outboard and 40° inboard. The distance between the nominal position of the null
point and the divertor plate strike point is 1.4 m outboard and 0.6m inboard.
The length and the curvature of the plates have been designed with a
compromise between the contrasting needs of an adequate neutron shielding for
the magnets, of a suitable plate extension from the separatrix and of an efficient
exhaust.
The reactor is divided in sixteen sectors. Each sector will have two
divertor segments in the lower and two hi the upper reactor regions.
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FIG. VI.3.1-1. Upper divertor configuration (toroidal segmentation)
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FIG. VI.3.1-2. Lower divertor configuration (toroidal segmentation)
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FIG. VI.3.1-3. Lower divertor configuration (poloidal segmentation)
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Each segment will be poloidally continuous and will intercept both the
inboard and outboard part of the separatrix, see Fig. VI.3.1-1 (toroidal
segmentation). A detail of the lower divertor segment is shown in Fig.VI.3.1.-2.
As an alternative a poloidal segmentation is also considered which
foresees one divertor segment for the inboard part of the separatrix and one for
the outboard, each of them covering the entire sector in toroidal direction.
Between the two segments space is allocated for the remote maintenance, see
Fig.VI.3.1-3.
Each divertor segment consists of:
- the divertor (target) plates
- the supporting structure
- the cooling loop
The requirement of having 700 mm minimum neutronic shield to the
coils is satisfied, except in the outboard collector region, where the shield
thickness is reduced to about 500 mm. Although there is material filling part of
this recess, special means has to be adopted to avoid a peak heating and damage
to the coils also due to streaming. This reduction in the shield is due to the 22°C
inclination of the plates in the outboard part for an adequate exhaust.
The divertor segment is shifted in toroidal direction with respect to the
segments of the supporting components (e.g. see plan view of Fig. VI.31-2) in
order to have the adjacent supports of two divertor segments on the same
structure and so to avoid steps in the divertor surface.
Both of the divertor configurations (poloidal and toroidal) have been
designed to allow the disconnection of the coolant inlet and outlet tubes from
outside the vacuum vessel and the removal of each segment from the inside of
the plasma chamber through one of the horizontal ports using an in vessel
transporter.

VI.3.1.2. Divertor plate concepts
Most of the design and technological development effort is dedicated to
the divertor plate, it being a crucial part of the divertor system and in general of
the tokamak reactor.
This effort has been focused on promising solutions for a low neutron
fluence and a relatively high number of cycles in the Physics Phase of ITER.
In order to avoid large electric loops and the associated high
electromagnetic loads during the plasma disruption, each divertor plate segment
has been divided into several poloidal units, electrically insulated from the
supporting components and from one another (except for the cooling tubes which
are electrically connected through the collectors but do not form large loops in
the toroidal-radial plane).
Tne divertor plate unit consists in general of an armour cooled by a
metallic tube. This division hi narrow units, made for reducing considerably the
electromagnetic forces during the plasma disruption, is also advantageous from
the thermomechanical point of view and for the problem of the heat flux peaking
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FIG. VI.3.1-4. Monoblock concept divertor plate

factors. However, additional complication arises by incorporation of the electrical
insulators.
The poloidal arrangement of the units has been chosen to assure that the
heat load is as uniformally distributed as possible to all the units.
The divertor plate units are joined together by the supporting structures
to form a segment.
For all the concepts proposed for the ITER divertor, the development is
mainly performed in three steps. In the first, the crucial technological processes
of the manufacturing are to be solved (e.g. the joint between the armour and the
heat sink). In the second, the basic feasibility has to be demonstrated
manufacting and testing small size mock-ups. In the third step a : Jevant size
mock-up should be manufactured and tested to assess the design performances.
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The result of the tests on the mock-ups will give a direct comparison between the
different concepts so that a selection can be made.
In any case this development plan should cover the basic technologies
that at present are thought necessary for the divertcr independently from the
specific design which they are applied to.
The main design concepts in development are:
(1) Monoblock Design (first option Physics Phase)
The concept consists of CFC tiles surrounding brazed cooling metallic
tubes [1,2,3] see Fig. VI.3.1-4. Thermomechanical and electromagnetic analyses
have been performed, showing the adequacy of the design to cope with the design
specifications (in particular for the heat flux IS MW/m per steady state) [4-7].
Several types of carbon fibre composites are under consideration by all
the ITER partners.
For the tubes the following materials are considered:
- Dispersion strengthened (DS) copper
- Molybdenum rehnium alloys
- Niobium alloys
This concept has been chosen as first option on the base of the following
potential advantages:
- Reduced stress singularity problems at the brazing joint
- High thermal performances
- Tile does not fall off after accidental melting of the braze interface
- No tube bowing after brazing

CFC f/LES

TU15TED TAPE INSERT
FIG. VI.3.1-5. Armoured metallic tube concept
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(2) Armoured metallic tubes
This concept consists of an armour attached to a rectangular tube with
an internal circular bore, see Fig. VI.3.1-5.
The following material/joint combinations are considered:
- CFC flat tile brazed to DS copper tubes through an intermediate layer.
Intermediate layers can be OFHC copper or molybdenum.
- CFC flat tiles brazed direcdy to molybdenum alloy tubes.
- Metallic beryllium tiles brazed to DS copper tubes
- Beryllium/carbon composites tiles brazed to DS copper tubes.
- Beryllium plasma sprayed coating on DS copper tubes.
(3) Beryllium armour on rectangular channels
For a beryllium armoured divertor plate an alternative design with
rectangular channels is also considered in order to reduce the maximum
temperature at the exposed surface and also reduce tritium inventory in armour
material. In this case the design proposed for the technology phase (see
paragraph VI.3.2) could be adapted substituting the tungsten armour with plasma
sprayed beryllium and the niobium alloy heat sink with DS copper. In this case a
reduction of the number of channels per divertor plate unit is necessary to
compensate the increased electromagnetic forces due to the higher electrical
conductivity of the copper.
VI.3.1.3. Supporting system
Preliminary designs of the supporting system have been studied.
The several divertor plate units are joined with a permanent supporting
system to form a segment. The divertor segment is then attached to the
supporting components with demountable supports.
(1) Divertor units supports
Two main solutions have been proposed both for the monobloc concept;
they are easily adaptable to the other alternative concepts:
- The divertor units are joined two by two with thin flexible plates, which are
brazed to the cooling tubes on one side and to a rigid U beam, parallel to the
tubes, on the other side, see Fig. VI.3.1.-4. All the U beams in a segment are
bolted to a beam running in toroidal direction. This beam consists of a flat plate
welded to the outlet collector in the outboard part and to a circular cooling pipe
in the inboard part, see Fig. VI.3.1.-2. An alumina coating could be used to
electrically insulate the U-beams from the toroidal beams. The heads of the
bolts used for the connections have a welded strip to provide thermal contact
for cooling.
- The divertor units are also in thu solution joined two by two with thin flexible
plates. Bronze poloidal I beams are used in place of the U beams. These I
beams are then bolted together to form a segment, see Fig. VI.3.-6. Similar
electrical insulation is foreseen between the units.
A concern with the flexible plate attachment is the resistance to
disruption loads.
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FIG. VI.3.1-6. I-beam support concept for divertor cooling tube

(2) Segment support
The divertor segments are attached in the lower region of the reactor to
the intermediate shield and hi the upper to the inboard blanket, see Fig. VI.3.1-1
and VL3.1-2.
The segment has its main support in the region where the supply pipes
of the inlet and outlet collectors are located and should be reachable by the
remote handling tools. The inlet and outlet pipes are welded to a flange with a
socket weld, see Fig. VL3.1-7. The flange is welded to a supporting oval cylinder
which is inserted from outside the vacuum vessel and welded to the supporting
components. The flange is welded because a dismountable bolted connection at
this level of the reactor is difficult to cool due to the relatively high volumetric
heating, the poor thermal contact and the long bolt needed [4]. A bolted
connection, which in general ease the maintenance, is considered as an
alternative but a suitable cooling must be found. The cylinder is used to avoid
welding to irradiated material when the divertor segments are substituted. This
implies that a new cylinder must be used every time that the divertor segment is
replaced. The correct position of the divertor segment is achieved through a
conical guide for the flange.
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FIG. VI.3.1-7. Inlet and outlet pipe arrangements
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039.

FIG. VI.3.1-9. Hinged connection concept

Additional supports are located at the ends of the toroidal beams which
join the divertor units. For these beams different attachments and locking
systems are under consideration:
- sliding supports in the inboard parts (see Fig. VI.3.1-8 detail N) and a clamping
mechanism at the outboard support locations (see Fig. VI3.1-8 view on x).
The clamping mechanism consists of a metallic collar which engages the
segment to pads welded to the supporting structures. The collar can be spot
welded to a pad attached to the collector once it has locked the segment.
- hinged connections using pins attached to the bronze I beams see Fig. VI.3.1-9.
These pins are engaged into slots inside ad hoc pads in the supporting
structures.
- locking and jack-up hydraulic system, see Fig. VI.3.1-10,-11. Hydraulic cotters
are used to lock the divertor structure and hydraulic jacks to raise or lower
the divertor for locking or gripping. The hydraulics are mounted in the
supporting components.
Similar supporting systems can be used for the poloidal segmented
divertor. Due to the reduced poloidal dimensions and the reduced thermal
expansion, the inboard segment could be attached at its edges and the sliding
supports could be substituted by pins abuting against counter hooks, see Fig.
VI.3.1-3 detail N (the outboard plate has the additional support at the welded
flange).
VI.3.1.4. Cooling system
For ITER a single cooling circuit has been chosen for each divertor
segment.
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FIG. VI.3.1-11. Hydraulic jack-up system for divertor plate
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The divertor plate units are cooled by tubes running from the inlet
collector poloidally towards the inboard end of the plate and then after a
turnaround returning back to the outlet collector. The same circuit could cool
also the supporting structures. The inner diameters of the tubes in consideration
are 10 to 15 mm.
These cooling tubes are welded (EB or friction) or brazed to the
collectors. These have the cross-section area which is the double of the total
cross-section of the cooling tubes in a divertor segment. In the previous figures
the collectors have been dimensioned for example, according to cooling tubes
with 10 mm diameter. Special means should be used to assure a proper flow
distribution.
The inlet and outlet pipes feeding the collectors are dimensioned in such
a way that the coolant has a velocity of 7 m/s. This high velocity for supply pipes
is necessary to limit the diameter, because of the very limited space to pass
through the intermediate shield or inboard blanket. Outside the vacuum vessel
they are connected to the main coolant loop.
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VI.3.2. Technology Phase
A divertor plate design using niobium as a substrate material and
tungsten as the protective tile material has been proposed for the ITER
technology phase. The configuration utilizes a front plate and a machined base
plate which will be joined using diffusion bonding methods. The niobium base
plate contains cooling passages formed by machining ribs running in the poloidal
direction. The ribs of the base plate are joined to the front plate by the bond
process after the machining process, contouring of the divertor plate can be
performed by a hydraulic press after assembly. Stiffener bars (up-standing legs)
are then attached to the assembled plate and a tubular manifold assembly
(coolant return) is added. Electron beam welding techniques may be used to
attach both the stiffeners and manifold. The stiffeners could also be diffusion
bonded in a separate the assembly operation. The tungsten protective coating
material may be applied to the divertor plate assembly using plasma spray
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FIG. VI.3.2-1. Divertor plate configuration for the technology phase
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techniques or diffusion bonding in the initial assembly and plasma spray
technique for maintenance operations.
VI.3.2.1. Configuration description
The divertor design consists of two major subassemblies, the niobium
plate sub-modules and the module structure. These components are assembled
to form a typical 11.25 degree divertor module. Sub-module refers to the
assembly formed by a niobium plate, its stiffeners and coolant manifold. Module
structure refers to a water-cooled stainless steel subplate on which eight submodules are pre-assembled. The complete assembly with integral coolant
headers will hereafter be referred to as the divertor module.
Division of the divertor face into 8 sub-modules is a result of disruption
analysis which indicates that this is the maximum size that is survivable during a
vertical disruption [1J. Larger sub-modules are well within fabrication limits but
magnetic loads due to eddy currents limit the size.
There are two divertor modules on the bottom and two on the top of
each of the plasma chamber 16 sectors, for a total of 64 modules. An elevation
view of the typical divertor module is shown in Figure VI.3.2-1.
VI.3.2.2. Niobium sub-module
The thickness of the front plate is assumed to be a constant 4 mm in this
design. The rear plate (base) contains 8 coolant channels formed by machining
ribs in the poloidal direction. The internal ribs are held at a constant thickness of
2.2 mm and the outer ribs at 4 mm. Cross-sections of the typical coolant channels
are shown in Figure VI.3.2-2. Since the divertor module width in the toroidal
direction increases with increasing radius, the cooling channels must make a
similar transition. This transition is made by tapering the height and width of the
channel, keeping the area the same. Overall height of the base plate is
maintained at a constant of 16 mm. This design reduces the complexity and cost
by utilizing a constant thickness plate and profiling the channel depth with
numerical milling techniques. It also maintains the required strength of the crosssection (moment of inertia and torsional modulus). Enhanced cooling techniques
such as local increase in coolant velocity (higher Reynolds Number) or surface
roughness can be added at will by machining changes to the channel profile and
texturing the surfaces.
VI.3.2.3. Module structure
Electrical segmentation of the divertor plate, toroidally into 8 submodules to reduce electromagnetic forces that occur during disruptions, requires
the use of a backbone support plate. This stainless steel support plate which
hereafter is referred to as the module structure serves as a base to hold all the
subassemblies together. It also reacts the magnetic loads into the vessel and
provides alignment of the divertor to the plasma. The unit is water cooled, a
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FIG. VI.3.2-2. Cross-section of divertor coolant channels

circuit coinciding with each of the sub-modules. Indirectly, the structure also
cools the attached brackets by conduction.
VI.3.2.4. Mounting concept
Attachment is with niobium or copper brackets which mount to the submodule stiffeners with shear pins and bolt to the module structure from the
underside. The brackets are pre-assembled to the sub-module; this being
required since there is no access to the underside of the sub-module once it is
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mounted on ths module structure. The assembly can be fitted to an alignment jig
at this point and sbims inserted under the brackets to true the plasma surface of
the divertor. Bolts are then installed through the base of the brackets from the
under side of the structure and torqued to specification. See Figure VL3.2-2 for
details for the construction.
Brackets are not actively cooled; they are cooled by conduction through
the shims into the structure. The shims must therefore be a very conductive
material; stainless is not an acceptable candidate. The divertor sub-module is
essentially thermally isolated from the brackets by insert: in the stiffener.
Slots in the sub-module stiffener at each bracket pin allow thermal
growth in the axial (poloidal) direction but restrain loads in the transverse
direction, that is to say the divertor is unrestrained tangentially to its attach
points. The shear pins ride in a rectangular "shoe" which distributes the load
while at the same time allowing the relative growth required (the shoe rides in
the slot). See Figure VI.3.2-1 for a sectional view of the assembly. The shoe is
constructed from a material of high electrical resistance to limit current flow
during halo disruptions [2].
The outboard ends of the sub-modules are pinned rather than slotted.
This fixes the divertor at the manifold end and forces all thermal growth to the
inboard. It is also significant that the inboard end is frse to grow vertically but
not radially [3].
VI.3.2,5 Load management
Disruption magnetic loads will manifest themselves as a constant
torsional movement evenly distributed along the divertor front face and
perpendicular to it. The sub-module stiffener bars serve to improve the torsional
modulus of the sub-module by forming a "C" section. The stiffeners are
strategically placed close to the centroid of this load. The result is that the
moment is reacted as couple with the stiffeners in pure tension and compression.
Shear pins transfer this load through the attachment brackets down into the
module structure. Spacing of the attach points is determined by the torsion load
and the torsional rigidity of the sub-module section.
Thermal reaction loads on the divertor are a result of two mechanisms;
heat up of the structure from 25 to 60°C, the coolant temperature, and nuclear
heating. Plasma heating manifests itself primarily as internal loads in the divertor
face and is covered in detail under a separate article [5]. As mentioned earlier,
the divertor is free to grow tangentially to its attach points and the only load
components that must be contented with is the load perpendicular to the divertor
face. Careful location of the attach points can minimize the magnitude of the
load and also minimise its effects. In Majumdar's analysis [3] the maximum
lateral displacement is 1.1 mm, caused by axial growth in the divertor. There is
no mechanism for preventing this growth or restraining it,; it must be taken out
as bending in the divertor structure. Optimizing the distance between supports
will provide the needed flexibility to "absorb" this displacement without ov.rstressing the structure.
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VI.3.2.6. Manifolding/cooling
Reference for the divertor calls for a single cooling circuit using water at
2 MPa and 60°C. One supply header and one return header distribute the
coolant to each module supply manifold. The manifold splits into 8 branch
headers supplying the sub-modules. Installation is done in the field by remote
welding a header stub on the module to the corresponding header in the vacuum
vessel with an internal pipe welder. All other welds are done in a hands-on mode
during assembly of the module.
Water passes from the 4 cm branch headers into an integral manifold in
the sub-module where it flows through the rectangular water channels. Water
return is via a single 4 cm header tying into the inboard end of the submodule.
The header is most rigidly tied into the sub-module anywhere along its length; it
is supported by pipe hangers spot welded onto the under side of the sub-modules.
This flexible attachment scheme will accommodate differential thermal growth
between the header and the sub-module structure. Each of the 8 headers will tie
directly into the module 10 cm return manifold. Total coolant is on the order of
62.5 kg/sec per module.
VI.3.2.7. Fabrication of divertor sub-module
The niobium plate can be formed by brazing or bonding a flat front
plate to the ribs of a machined base plate. Ideally this is done while the plates are
still flat and then the contour added to the assembly by hydraulic forming
techniques such as rubber hydro-form. A trade-off study indicates that diffusion
bonding meets all of the requirements and is probably the manufacturing
technique of choice.
VI.3.2.8. Alternate configurations and techniques
Machining the front and rear plates results in a waste of approximately
17% of the niobium, not insignificant when 9 million dollars of raw stock are
required for the divertor. Configurations which are fabricated with sheet and
plate stock with minimal waste are interesting alternatives. In one such
configuration, the plate is a composite sandwich structure made in a similar
manner to corrugated paper board (cardboard). The top and bottom plates are
flat stock bonded to a corrugated inner sheet which forms the coolant channels.
The finalized plate looks like, and mounts in a similar manner to, the machined
cross-section. The triangular channels are constant area and taper in width and
height just as in the reference design.
REFERENCES
[1]

62

L.R. Tuner, "Electromagnetic Forces on the ITER Divertor,"
ITER/FFC Engineering Group Meeting, Argonne National Laboratory,
May 22,1989.

[2]
[3]
[4]
[5]

[6]
[7]

[8]
[9]

R.O. Sayer, "ITER Disruption Modeling", ITER Summer Work Session,
1990.
S. Majumdar, "Divertor Global Stress Analysis," ITER PFC Engineering
Group Meeting, Argonne National Laboratory, March 28,1990.
Special Group, "Divertor Plate Locking Design," ITER 1990 Winter
Session, Garching, FRG.
R.F. Mattas, "ITER First Wall Heat Flux and Lifetime Limits," ITER
PFC Enginrering Group Meeting, McDonnell Douglas Astronautics
Co., St. Louis, MO, May 9,1990.
N.F. Kazakov, "Diffusion Bonding of Materials," Diffusionnaya svarka
materialov, Moscow, 1981.
LJ. Korb, "Diffusion Bonded Columbium Panels for the Shuttle Heat
Shield," North American Rockwell, SAMPE Quarterly, Vols. 3-4, 19711973.
I.W. Dunmar, "Plasma-Sprayed Beryllium" in Beryllium Science and
Technology, ed. D. Floyd and J. Lowe, Plenum Press, NY (1979) p.135.
Private communication with staff of Battelle Memorial Institute,
Columbus Division.

VIA THERMAL AND MECHANICAL ANALYSIS
VI.4.1. Thermal-hydraulics
VI.4.1.1. Overall aspects
Water cooling provides a proven technology for removal of ITER
divertor heat fluxes in the 10 to 20 MW/m range. The underlying technology
has been well developed for conventional power plants, minimizing design risk
when compared to competing technologies. Helium cooling and liquid metal
cooling provide potential alternatives to water cooling, but peak heat fluxes are
limited with helium to less than 10 M W / m , and liquid metals are difficult to
handle. In addition, insulated walls would be required in liquid metal systems to
avoid large pumping power requirements in the presence of strong transverse
magnetic fields.
The heat removal mechanism recommended for the ITER divertor is
classified as highly subcooled flow boiling. In this type of boiling, the core or
central bulk of the fluid remains well below the boiling or saturation
temperature. Very small bubbles typically less than a millimeter in diameter, are
generated at the channel boundary. These bubbles typically collapse in less than a
millisecond due to interactions with the subcooled liquid core. This type of
boiling has been used in experiments which removed steady state heat fluxes in
excess of 100 MW/m with very high flow velocities. Flow enhancement
techniques such as internal fins, porous wall coatings and twisted tape inserts are
available to further improve performance. While a demonstrated technology, lack
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of industrial applications has resulted in a relatively sparse research and
literature base for this boiling regime when compared to the saturated flow
boiling typically encountered in power plants and other industrial applications.
With water cooling, critical heat flux (CHF), also know as burnout,
provides the upper bound for heat removal. CHF occurs when bubbles formed
during nucleate boiling at the surface coalesce forming a vapour layer at the tube
boundary. With the vapour blanket the wall further superheats further, leading to
melting and failure of the tube wall. Correlations predicting CHF for the highly
subcooled flow regime with heating on one side of the channel are not available
in the literature, but e-beam experiments indicate that some CHF correlations
for subcooled boiling may be used for the divertor geometry if the peak heat flux
at the tube inner boundary is used in place of the usual uniform circumferential
flux as the correlating parameter.
Design calculations indicate that a burnout margin, i.e., the ratio of the
burnout heat flux to the peak heat flux at the channel boundary, can be as high as
two for the case of a straight tube or rectangular channel, and as high as three to
four for cases where flow enhancement techniques such as twisted tape inserts
or internal fins are used (see Sec.VI.4.1). Higher margins yet are possible with
extremely high flow velocities, but further experiments would be required to
confirm the performance and lifetime.
Several designs and innovative concepts have been proposed and
analyzed in varying degrees of detail by the ITER partners. Designs for which
thermal and hydraulic analyses have been conducted include the following:
- Carbon fiber composites on dispersion strengthened copper, carbon
fiber composites on molybdenum, hypovapotrons, etc.
- Monoblock design with highly orientated pyrolitic graphite on copper
tubes, rectangular flow passages with internal fins, twisted tape inserts,
diffusion bonded panels featuring rectangular channels of varying
depth, etc.
- Carbon fiber composites on various substrates, tungsten on copper
substrates, with twisted tape inserts, etc.
- Porous wall coatings to enhance heat removal and burnout margin,
swirls tape inerts, etc.
In order to provide a design basis for cost estimates and system studies,
two designs, one each for the physics phase and technology phase, have been
selected. Thermal-hydraulic analyses indicate that these designs are capable of
achieving the desired level of heat removal. Testing of the various design under
divertor relevant conditions is in progress in high heat flux test faculties. Results
will be available to aid in the final design of the ITER divertor.
VI.4.1.2. Burnout estimates
Experimental data for critical heat flux (CHF) with Sandia e-beam and
JAERI ion-beam are shown in Fig. VI.4.1-1. The former data are predicted
relatively well by Tong 1975 correlation [1], while the latter indicate relatively
good agreement with Gambill's correlation [2]. The former gives higher CHF
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FIG. VT.4.1-1. Critical heat flux data comparison (based on peak flux at water
interface)

than the latter by ~ 4 0 % possibly based on the differences in experimental
conditions including heated length, tube diameter/thickness etc.
The CHF with velocity of 10 m/s and low inlet temperature (20-50 °C)
coolant would be estimated in the range of 40-60 MW/m based on these
experiments results.
For a pressure drop estimation, a friction factor with twisted tape inserts
suggested by Lopina and Bergles [3] and Gambill corresponds to abovementioned individual results, respectively. There are also some differences
between their estimation. Further study or even benchmark experiments are
neeeded to have better quantification of the CHF and the friction factor thus to
redv.ce the uncertainty in this critical area of the divertor design.
VI.4.1.3. Physics phase
For the physics phase, the proposed "benchmark'1 design consists of 32
modules with 15 mm diameter tubes with CFC tiles attached. This design has
been analyzed by breaking the flow path into several segments and calculating
the exit temperature and pressure for each segment. The Tong correlation as
described above was used to estimate the critical heat flux margins both with and
without tv-sted tape inserts. The outer divertor is assumed to have a peak heat
flux at the divertor surface of 15 MW/m while the inner divertor peak is
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FIG. VI.4.1-2. Critical heat flux levels for physics phase divertor with 15 mm
tubes without twisted tape inserts
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FIG. VIA 1-3. Critical heat flux levels for physics phase divertor with 15 mm
tubes with twisted tape inserts
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15

12 MW/m . Because the divertor geometry and heat conduction tend to focus
the heat flux at the water boundary, a typical heat fkx peaking factor of 1.2 has
been included in the analysis, this peaking factor typically varies from slightly less
than unity to about 1.8 depending on the material conductivity and channel
geometry.
As expected, the least design margin to critical heat flux occurs at the
outer divertor peak flux. Figures VI.4.1-2 through VI.4.1-3 show that the higher
water pressures and velocities combined with lower water temperatures increase
the burnout heat flux, leading to higher design margins or safety factor. Figure
VI.4.1-4 shows the effect of inlet temperature on design margin at lOm/s with
twisted tape inserts. In this figure, margins less than unity would indicate tube
burnout. Based on these calculations, water inlet conditions of SO C and 3.5 MPa
would give the greatest design margins, the selection of flow velocity would
depend on several issues including the concern for tube erosion.
For wall conditioning of the CFC tiles, high divertor surface
temperatures between shots may be desirable, based on experience with current
machines with graphite components. Figure VI.4.1-4 shows that during a shot,
the 130 °C coolant temperatures gives little margin to burnout even if twisted
tape inss-rts are used. If higher wall temperatures for conditioning between shots
are desired, external sources for steam or helium heating of the divertor via
external heat sources would be required, and transition to cooler temperatures
before the shot would be necessary.
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FIG. VI.4.1-4. Design margins for physics phase divertor at 10 m/s velocity with
twisted tape inserts
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FIG. VI.4.1-5. Typical design margins for technology phase divertor

VIA. 1.4. Technology phase
The divertor configuration proposed for the technology phase shown in
Sec. VI.3.2. has also been analyzed by dividing the flow channel into segments
and calculating the temperature rise, pressure drop, burnout margin and other
flow parameters at the exit of each segment. For the rectangular channel, the
hydraulic diameter (4 x Area/wetted perimeter) is used in the analysis in place of
the tube diameter. Peak heat fluxes assumed are the same as described above for
the physics phase.
With the Tong correlation as a basis, the burnout margins were
evaluated and plotted as shown in Figure Vl.4.1-5. As above, the margin shown in
the figures was evaluated at the point along the coolant channel where the least
margin occurred, which, from in /ection, was found to be the exit of the section
at the outer divertor strike point.
VIA. 1.5. Conclusions
Calculations for the presently proposed divertor show a burnout margjn
of about two is readily achievable for a peak divertor heat flux of 15 MW/m
without the use of special flow enhancement techniques or extremely high flow
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TABLE VI.4.1-1 DIVERTOR THERMAL-HYDRAULIC PARAMETERS

Physics Phase
Flew Velocity at Outer
Divertor Strike Point,m/s
Inlet Temperature, C
Divertor Temperature Rise.C
Inlet Pressure, HPa
Pressure Drop, Mpa
Channel Dimensions at Outer
Divertor Strike Point, irni
Flow Enhancement
Peak Outer Divertor

Heat Flux, MW/m2
Burnout Margin at Outer
Divertor Strike Point

1

j
«
I
j

10
50
10.4
3.5
0.92
15(ID)
Twisted Tape
15
3.0

Technology Phase
15
50
14.4
2.0
0.89
15 x 5
Internal ramps
15
2.0

velocities. With flow enhancement techniques, calculations on previously
proposed TTER divertor configurations [4,5] have shown burnout margins of
three or more, and, with some design changes, similar margins should be
achievable for the design under consideration. Since surface orientation and
alignment at location with peak heat flux profiles is an important issue,
determination of whether these margins are sufficient requires further study.
Peaking of heat flux by factors of three or more occur if misalignment and failure
of a tile are combined. Another factor is the peaking of heat flux between the
outer surface of the divertor and the coolant channel. This factor is dependent on
several factors including the ratio of the armor tile width to the channel width,
and the thermal conductivity of the substrate material. Attention to the design of
manifolds and headers is essential to assure proper distribution of the flows.
Successful resolution of thermal-hydraulic design issues, especially burnout, is an
important area for ITER final design.
Several analysis issues must also be resolved regarding the divertor
performance and lifetime before the final design phase of ITER. Most of these
issues are related to the use of subcooled flow boiling in the one-sided heating
geometry of a divertor. Continued study of the critical heat flux is indicated
because of the wide scatter among predictions made with the use of various
correlations. Research at existing high heat flux test facilities is in progress in this
area. Corrosion/erosion and radiolytic corrosion are potential life-limiting issues
with the use of high velocity water that must be studied to build confidence in the
divertor design. Although flow instabilities that occur in saturated boiling
conditions such as density wave instabilities and Ledinegg instabilities could not
occur in the highly subcooled boili.bg regime, care should be taken to assure that
flow instabilities do not affect divertor performance.
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VI.4.2. Thermo-mechanics
VI.4.2.1. Physics phase
The reference design of the divertor plate in the Physics Phase consists
of a monoblock CFC armoured structure brazed on the poloidal cooling
channels. Some supporting mechanism is needed since ths deformation of the
divertor plates reaches about 20 cm if there is no supports [1]. The supporting
mechanism should allow an elongation along the cooling tube and keep the
displacement in a direction peipendicular to the armor surface as small us
possible. Two kind of supporting structures are proposed. One is a sheet
structure [2,3], and the oilier is a sliding support [1]. The former has been
adopted as a reference and thermomechanical analyses were perform vd by each
party [1,2,3]. The CFC monoblock brazed on both of Mo-alloy tube and DS
copper tube were analysed. Major results are summarized in Table VI.4.2-1. In
both cases the thermomechanical analyses are performed for the reference
design assigning that the gap between each CFC tile is large enough to allow for
free expansion.
Case 1 considers deformation of the Mo tube for a given temperature
distribution along the tube, and neglects the stress in the Mo tube induced by the
bonded CFC. Therefore, the overall stress in the Mo tube is expected to be larger
with the bonded CFC. It should be noted that the stress in the tube is marginal,
since the yield limit of the Mo is 600 MPa. The vertical displacement of the
divertor plate reaches 4 mm at the strike point.
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Case 2 consi "srs a surface heat flux of 10 MW/m and includes the
stresses induced by the bonded CFC by the deformation of the tube. The overall
stress in the copper tube is 330 MPa ( = 2 4 0 + 90) for CX-2002U and 240 Mpa
for MCI-felt II. These values are below the yield limit of DSCu. The vertical
displacement is 0.1 mm at the outer-strike point and 3.5 mm at the inner-strike
point. Based on the thermo-mechanical analyses, a heat flux of 10 MW/m is
acceptable, while some problems on structural integrity will arise when the heat
flux increases to 15 MW/m . Therefore, a better optimization of the support
structure is recommended.
The lifetime of the divertor tube in terms of fatigue crack growth is
roughly 10° cycbs at 10 MW/m 2 for both DSCu and Ma-alloy tubes.
As one of the solutions for structural integrity, a poloidal segmentation
of the divertor place L> proposed as an alternative design. One of the proposed
designs consists of a TZM tube with 10 mm in diameter and 1 mm in thickness,
and the CFC monoblocks are brazed on the tube [2]. The thermo-mechanical
analysis shows that the overall stress of the tube is 390 MPa and tb<; vertical
displacement is less than 1.4 mm. The other design is based on CFC monoblock
with DSCu tube, and the displacement is predicted 0.1 mm [4].
TABLE VI.4.2-1. SUMMARY OF THE THERMO-MECHANICAL
ANALYSES (PHYSICS PHASE)
Case 1 [3]Case 2 [1]
Peak surface heat flux (HW/m2)

15

10

5

10

SEPCARB

'k-2002U

Minimum armor thickness (urn)
Armor material

Ho

DSCu

Support structure

sheet

sheet

Number of supports

- 40

11

Maximum surface temperature (°C)

1049

1070

Maximum thermal stress in the CFC
armor (MPa)

50-70

5.5

Cooling tube material

Maximum stress in the tube by thermal
load (Mpa)

423

240
(150*1)

Maximum stress o. the tube by tube
deformation (Mpa)

536

90

Vertical displacement at the outerstrike point (mm)

4

0.1
(3.5*2)

*1 MCI-felt II as an armor tile
*2 At the Inner-strike point
71

As a conclusive remark, the stress induced in both the tube and the
support structure should be evaluated by more precise models including residual
stress evaluation. Based on these results, the configuration of the divertor tube
and the supporting structure should be optimized in the EDA phase.
VI.4.2.2. Technology phase
The reference design of the divertor plate in the Technology Phase has a
W armor with Mo-alloy, Nb-alloy, or DSCu tube. There are two options for the
cooling channels. One is a circular tube as selected in the Physics Phase [3], and
the other is a rectangular cooling channel with an extended surface [5].
A comprehensive thermo-mechanical analysis has been carried out for
the rectangular cooling channel divertor plate assuming a heat flux of
10 M W / m , while a 2-D thermo-mechanical analysis has been performed on the
circular tube divertor plate assuming heat flux of 15 MSN Ivor. Major results are
summarized in Table VI.4.2-2.
TABLE VI.4.2.-2. SUMMARY OF
ANALYSES (TECHNOLOGY PHASE)

THE

Case 1 [5]
z

THERMO-MECHANICAL

Case 2 [3]

10

15

Minimum a m o r thickness (inn)

2

3

Armor material

H

W-Re

Peak surface heat flux (MW/m )

Cooling tube material

Nb-alloy

Cu-alloy

Cooling channel

rectangular

circular

Support structure

sliding

sheet

Number of supports

5

-

Maximum surface temperature (°C)

750

1017

Maximum thermal stress in the
armor (HPa)

40

579

Maximum stress in the tube by
thermal load (HPa)

28

194

Maximum displacement (mm)

1.1

-

Tungsten armor will be coated on the Nb-alloy substrate by a plasma
spray in case 1, and brazed on a copper heat sink in case 2. Based on the
analytical results, a 10 MW/m heat flux is acceptable, while more detail analysis
is required for a 15 MW/m heat flux. Comparison of the rectangular channel
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and circular one is performed [5]. The advantage of the rectangular channel is
that the surface temperature becomes lower than that of the circular channel.
The lower surface temperature will increase fatigue lifetime. However, stress and
fatigue lifetimes should be evaluated by more precise models. Based on these
results, the configuration of the cooling channel and the supporting structure
should be further analysed and optimized in the EDA phase.
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VI.4.3. Effect of separatrix sweeping
Particular attention has been given recently to viable methods to extend
the adequacy of the divertor to withstand the high heat fluxes predicted for
ITER. The sweeping of the sepatatrix has been proposed as one of the most
promising ways to mitigate the thermomechanical effects of the localized peak
surface heat fluxes and to reduce the erosion of divertor plate armors due to high
fluxes of energetic ions. During the sweeping, each position along the divertor
plate will experience periodic heat flux variations with different time evolutions,
depending on the target location.
A preliminary assessment of the effects of sweeping on the temperature
and stress distributions in divertor plasma facing components, was performed in
the past by the four ITER teams and the results are summarized in Ref. [1].
Further assessments to explore the attractiveness of separatrix sweeping and its
implications on the thermal and mechanical response of the components has
been recently performed for a new set of reference conditions and for different
values of the parameters of interest. In particular, this new study includes a
better investigation of the influence of the sweeping frequency and width, for
several heat flux scenarios envisaged for ITER divertor plates.
The analyses were performed for three current design proposals, on the
out-board plate, with armors made of carbon-base materials such as graphite or
carbon fiber composites (CFC): (A) CX-2002U/DS Cu alloy; (B) Aerolor A05
or SEP Carb Nl/Mo alloy tabes (monobloc plate); and (C) H451/Mo alloy
(TZM). All these CFCs, except for SEP Carb, are industrially available.
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FIG. Vl.4.3-1. Expected maximum armor temperature vs. armor thickness for
different sweeping widths (case A). The product of the sweeping
frequency and width was kept constant and equal to 3 cm Hz, Ref.
[2]

Thermal issues only were addressed in the analyses for designs (A) and
(B), while the analysis for design (C) also included structural issues. For this
assessment, a common set of reference conditions was assumed, e.g., (i) heat flux
distribution, (ii) peak heat fluxes in the range of 10 - 30 MW/m , and (iii) 1000
°C as a maximum allowable temperature limit for the armor material.
For the monolithic divertor plate configuration examined in the study of
the design (A), 10 mm CX-2002U armor was found to satisfy, for a static peak
surface heat flux of 10 MW/m , the maximum allowable temperature limit. The
effect of linear sweeping as a function of frequency (f), width (w) and peak
surface heat flux was investigated for a constant product f x w = 3 Hz cm. Fig.
VI.4.3-1 shows the calculated maximum armor temperatures for several cases
investigated keeping the product of the sweeping frequency and width constant.
The results showed that sweeping of the separative can substantially decrease the
temperature distribution in the plate. For example, according to the calculations
performed in Ref. [2], sweeping at 0.1 Hz, over a width of ± 3 0 cm along the
plate, can decease the plate temperature distribution for a peak heat flux of 30
MW/m 2 to values corresponding to a steady-state heat flux of 10 MW/m . As a
result of a change of the sweeping frequency from 0.3 Hz to 0.1 Hz, the
maximum armor temperature decreased from 570 ° C to 520 °C, for the case of a
peak surface heat flux of 10 MW/m 2 , and from 1150 °C to 1000 ° C for the case
with 30 MW/m . It is believed that some problems may rise for very large
sweeping width and the predicted temperature increase produced by the shape of
the divertor plate and the expected difficulties associated with He pumping can
jeopardize the benefit of sweeping on the thermal response of the component.
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FIG. VI.4.3-3. Expected maximum armor temperature vs. armor thickness for
different materials, different sweeping frequencies and different
peak surface heat fluxes.
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On the basis of these considerations and on the results of analysis of case (A), a
tentative optimum might be ± 15 cm at 0.2 Hz.
For the monobloc divertor plate configuration assumed in the study of
design (B), the effect of a rotation of the null point of 3 cm (i.e., sweeping width
along the plate of ± 11.6 cm ) and sweeping frequencies in the range of 0.1 - 0.5
Hz were investigated (see Ref. [3]) for peak surface heat fluxes between 15 and
30 MW/m2. A first study (Bl) was performed, for a CFC Aerolor A05 armor, to
determine the minimum armor thickness required to limit, under a static peak
surface heat flux of 15 MW/m , the maximum armor temperature to 1000 °C.
In addition, calculations were performed to assess, for 0.2 and 0.5 Hz, the
thermal response of protective CFC armors (3 - 7 mm) under a peak surface heat
flux of about 30 MW/m , for the same integrated power along the plate as the
reference case of 15 MW/m . Fig. VI.4.3-2 shows, for the case (Bl) with 7 mm
armor thickness, the evolution of the maximum armor temperature as the
frequency changes. Fig. VI .4.3-3, shows the maximum armor temperature versus
the thickness of the armor for different materials and for different values of
sweeping frequency and peak surface heat flux.
The results of this analysis indicated that only for the case with 3 mm
A05 armor thickness and the higher frequency (0.5 Hz) the maximum armor
temperature remains near 1000 °C for the case with about 30 MW/m , while 4.5
mm suffices for the static case with 15 MW/m . However, it must be pointed out
that a CFC armor thickness less than 10 mm might not be suitable to withstand
erosion and to warrant a reasonable lifetime under disruptions. This requires,
for the case (Bl), a frequency substantially greater than 0.5 Hz ( for a width of ±
11.6 cm).
The discrepancies between the results of analyses (A) and (Bl) are likely
due to the combination of several factors. In particular, the better thermal
conductivity of CX-2002U compared to that of Aerolor A05 (roughly 1.2 times
that of A05 in the range 600-1500 °C), the influence of the heat sink material, the
geometrical configuration of the plate and the different sweeping characteristics
(frequency times width, sinusoidal or triangular sweeping).
An additional analysis for case B was performed for a fictitious high
conductivity SEP Carb. Although the measured thermal conductivity of this
material is much lower than previously reported, the calculations here are based
on the ideal high thermal conductivity estimates. The results of this analysis
showed that for a reference surface heat flux of 15 MW/m and for a sweeping
frequency of 0.3 Hz ( ± 11.6 cm) case (B2), 16 mm of SEP Carb can limit the
maximum armor temperature to 1000 °C. For this latter design, several other
cases were also analyzed: (B2a) the effect of loss of sweeping; (B2b) the effect of
a change of sweeping frequency from 0.3 Hz to 0.1 Hz; and (B2c) the effect of a
change of peak surface heat flux from 15 MW/m to 30 MW/m , for a double
integrated heat power along the plate. For case (B2a), as a consequence of loss
of sweeping, the maximum temperature of the armor and tube materials
increased from 1000 °C and 250 °C for the reference case to about 2000 °C and
500 °C after approximately 10-20 seconds. For case (B2b), the maximum armor
temperature increased by only 50-100 °C while no significant difference in the
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tube temperature was found following the change in the sweeping frequency. For
case (B2c), the increase in the peak surface heat flux resulted, for a sweeping
frequency of 0.3 Hz, in an increase of the maximum armor temperature from
about 1000 °C to about 2000 °C. The results of the thermal analysis (B2c) are
summarized in Fig. VI.4.3-4. As a result of this study, from a thermal standpoint
only, sweeping of the separatrix seems to be a viable and promising technique to
withstand a peak surface heat flux of 15 MW/m for the proposed monobloc
divertor plate design. However, for both loss of sweeping and increase of the
peak heat flux on the plate, the resulting armor temperatures are unacceptably
high.
Studies of designs (A) and (B) were limited to thermal analyses. From a
structural point of view, the main concern for separatrix sweeping arises from the
additional number of thermal and stress cycles and the associated fatigue
performance. For design (C), the thermal and mechanical implications of the Xpoint sweeping with frequencies of 0.01,0.1 and 1 Hz and amplitudes of 10,20,30
and 45 cm (along the plate) have been estimated for an assumed peak load of
10 MW/m . The temperature changes, additional stress cycling per pulse,
associated fatigue damage and total fatigue damage with respect to the "static"
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case were calculated [4]. For the divertor plate configuration of design (C)
(5 mm armor thickness), the maximum armor temperature, for a sweeping width
of ± 45 cm, remains under 1000 °C only for frequencies highsr than 0.1 Hz. As
indicated in Ref. [1], compared to the static case, the peak values of the graphite
H451 temperature decreue with increasing frequency and amplitude by a factor
of about 2 at 0.1 Hz and ±45 cm width. The results of the parametric analysis
for this particular design configuration indicated better thermomechanical
performance for increasing frequency and amplitude.
The thermal and structural response of the divertor plate under
sweeping conditions is expected to strongly depend on design specifications, such
as armor and heat sink materials, on geometrical configuration and on specific
sweeping characteristics, such as frequency and width. However, even after
allowing for this and for other differences in assumptions and methods used in
the calculations, this assessment study still provides interesting indications on the
relevance of adopting sweeping as an option to accommodate higher heat fluxes
on divertor surfaces.
Overall, the results obtained in this study, indicate that the thickness can
be increased up to 16 mm with sweeping at 15 MW/m and heat fluxes up to
30 MW/m can be accommodated for thinner tiles. A sacrificial CFC armor
thickness of at least 10 mm is, however, desirable to withstand disruptions. This
could be achieved by means of: (i) lower peak surface heat fluxes than
30 MW/m 2 ; (ii) higher allowable graphite temperature than 1000 °C; (iii) better
thermal conductivity than that of A05; and (iv) more intense sweeping than
0.2 Hz x 11.6 cm.
Several other key issues such as sweeping of the in-board plate, critical
heat fluxes to the coolant, effect of radiation damage on material properties, and
fatigue effects remain to be investigated and their impact was not assessed in this
analysis. Additional detailed studies are needed and highly recommended to
further investigate the influence of several key parameters, to select an optimal
range of operation, and to better assess the thermomechanical response for
particular operating conditions and for specific design configuration and selected
materials.
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VT.4.4. Electromagnetics
Electromagnetic (EM) forces on the divertor plate (DP) strongly
depend on its design and material, especially on the segmentation and on the
electrical connection between DP and the support. EM forces during a disruption
are very large unless segmentation into a number of narrow stripes and the
electrical insulation between the stripe and the support are provided.
EM forces on DP have been calculated by several codes. Dependence of
the EM forces on the width and thickness of the DP stripes is shown in Pig.
VI.4.4-1, where copper is assumed as structural material. As for the heat-sinktype DP configuration calculated peaked EM forces on the DP stripe range from
7.2 MPa for 30-mm-thick plate without segmentation (one module per sector) to
0.54 MPa for 15-mm-thick and 25-mm-wide stripe with electrical insulation.
Disruption loads are much lower for the refractory metal heat sinks, since their
electrical resistivity is higher, hence, the induced currents lower.

0
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FIG. VI.4.4-1. Relationship between peaked EM force on DP and DP width as a
function of DP thickness
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Reference DP is divided into two modules per sector and furthermore
each module is segmented into thirty-two stripes with electrical insulation
between DP stripe and the support. Each stripe has monolythic configuration
with an averaged width of 60 mm and an equivalent thickness of 2.6 mm, and
peak EM forces are estimated to be around 0.1 MPa.
Induced eddy current circulates within a single cooling pipe and EM
forces act as a torsion mainly due to interaction with the toroidal magnetic field.
Shearing stress of the cooling pipe, estimated by simple beam theory, is
sufficiently low, less than 20 MPa. For niobium channels proposed for the
Technology Phase, disruption loads can be accommodated for up to eight
channels in a subsegment.
Recent experimental data form DIII-D and JET indicate that poloidal
currents, distributed over all the toroidal length, can be induced during an event
of rapid vertical movement of the plasma column. They interact with toroidal
magnetic field and act on the DP stripe as a bending moment, and should be
taken into consideration seriously in the further design, though the mechanism of
these currents are not yet well understood.
VI.4.5. Runaway electron damage
Consequence of runaway electron impact on a divertor structure depend
on the electron energy E e , the surface energy density E and incident angle aj.
Estimations of these parameters show that maximum electron energy may be
about 300 MeV, maximum surface energy density may reach 100 MJ/m and the
most probable incident angles are ranged between 1° and 5°. Runaway electrons
impact results in volumetric energy deposition, thermal response and mechanical
effects.
The energy depositions for E £ = 300MeV and a{ = 5°,25° [1], and E e = 100
MeV, 300 MeV with aj = 1° [2] have been analysed. The temperature responses of
an impact of runaway electrons with E = 50MeV and &• = 5°, 20° have been also
reported [3]. Three-dimensional modeling of runaway electron impact has shown
that the electron incident angle has the largest effect on the magnitude and
spatial distribution of the energy deposition [3]. All results were obtained by
means of computer codes based on Monte-Carlo method. It is very difficult to
compare these results because of different electron parameters and divertor
structural schemes. In Table VI.4.5-1 for E e = 300 MeV and E s = 100 MJ/m2
volumetric energy densities in structural materials and in the water coolant are
shown for the different divertor configurations. In addition, allowable surface
energy densities (damage energy thresholds) are evaluated and shown in this
table. Allowable energy densities for water were determined taking into account
that the maximum water temperature should not be higher than 240 °C (at P = 4
MPa) to prevent evaporation. For structural materials these thresholds were
determined taking into account that the maximum temperature should not
exceed 0.7xT(T -melting temperature). In Table VI.4.5-2, the maximum
temperature rise of the divertor structure for E = 50 MeV, E = 100 MJ/m ,
aj = 5° and 20° are shown.
80

TABLE VI.4.5-1. RUNAWAY ELECTRON IMPACT ON DIVERTOR
PLATE
Configuration

Peak energy deposition (Damage energy threshold
E d , J/cm3
. Et
at E =100HJ/m2,Ee=300MeV

1

lOfim
50mm

C
Cu

10200
6700(38)

2

lOnin
50nm

C

Ho

10200
8000(73)

9mn
lmr

W

50nm

Mo

2nm
2mm
4mn

W
Cu
H,0
Cu

25800
4400(59)
480(130)
2400

15mn
1.5mm
13mm
1.5nm

C
Mo
H,0
Mo

2700
9000(64)
850(79)
3980

3

6.5mm

9nm

C

10200
15100
3070(151)

700

440
2700
320(210)
2890(200)

5?0

The results obtained indicate that for the maximum energy density
E s = 100MJ/m volumetric energy depositions are very large, for all cases
presented in Table VI.4.5-1, and may result in a damage of the divertor structure
due to high temperature and sharp pressure rise in cooling circuit because of
water evaporation. For energy of 50 MeV, graphite, beryllium and tungsten
should protect a substrate from runaway electron discharge with the heat load of
30 MJ/m . Energy thresholds for water coolant are significantly lower than
thresholds for structural materials. Now the energy threshold for water seems to
be ^-cisive.
For a more realistic picture of the effects of volumetric heat generation
in the divertor due to runaway electron impact, a detailed analysis of the
transient temperature and a stress-strain analysis, taking into account pressure
rise in the water, are required including 3-D effects.
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TABLE VI.4.5.-2. MAXIMUM TEMPERATURE RISE (°C) FOR
E e = 50 MeV, E g = 100 MJ/m2 [3]
No.

Configuration

6

1 0 iim
1 0 irni

C
Cu

238
5

240
170

4 nm

Be
Cu

114
55

240
272

w

209
15

831
85

7

10 m
8

4 mm
10 m\

Incident angle a^
5°
20°

Cu

Different divertor structures and different runaway electron parameters
were considered. It is very difficult to compare the results obtained. That is why it
will be reasonable to cany out bench-mark calculations for E =300MeV and
a- = l ° and 5°. The bench-mark structural scheme should include water. For
instance, it could be configurations in Table VI.4.5.-1.
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VI.5. OPERATING LIMITS AND OVERALL LIFETIME
The operating limits of the divertor in normal and disruption conditions
are mainly determined by the following factors and their interdependence:
1. the peak heat flux
2. the maximum allowable material temperature
3. the erosion of the armour
4. the runaway electron impact
5. the neutron damage
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VI.5.1. Peak heal flux
The peak heat flux is limited by the stresses in the structure, the
maximum allowable temperature of the armour and structural materials
(including the braze for the designs using this joining technique) and the critical
heat flux (CHF) for the cooling technique employed. The peak heat flux is thus
dependant on the divertor design. In general for all the design concepts proposed
(excluding the advanced concept) it is considered that at present they can
withstand a steady state heat flux of about 10 MW/m . With the future
technological R&D it is foreseen that the performance can be enhanced to
15 MW/m based on improvements on the present technology and materials.
This sets the limit on the heat flux in normal operating conditions and this limit
includes the physics and engineering peaking factors (PF).
VI. 5.1.1. Engineering peaking factors

The engineering PF can be defined as the ratio between the peak heat
flux at local areas around the toroidal interception line of the separatrix with the
divertor plate surface (inboard and outboard) and the average peak heat flux
along the same toroidal line.
The engineering PF are caused by:
a) Toroidal facets
The divertor target plates are segmented in several units which are
normally manufactured to be flat in the toroidal direction so that the divertor will
result in a faceted cone. The angle of incidence of the striking particles is then
larger than in the case of a true conical surface. The associated PF can be
considered negligible for the present plate design first option because of the very
high number of units. For other designs with larger units this PF must be taken
into account or a 3D precise machining is required.
b) Support misalignment
The errors in the circularity, and in the co-axial position of the ideal
surface and generally displacement errors of the divertor supports cause a
variation of the angle of incidence of the striking particles and leading edge
problems (see below). These errors must be kept as small as possible. For the
present design a peaking factor of 1.1 could be considered. Such a peaking factor
requires that the supporting structure is circular to within ~1 mm and co-axial
with the machine axis to within ~5 mm. Very precise machining and special
means will be necessary to fulfil this requirement.
c) Leading edges
The gaps between the divertor segments (presently 5 mm) and the steps
due to displacements of the supporting structures or to the manufacturing
tolerances cause hot spots at the leading edges.
For the steps a reduction of tht PF could be achieved by chamfering the
armour or tilting the plates but in these cases the direction of the plasma current
would be fixed and the heat flux is increased due to the reduced surface (the
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shadowed part) and to the increase in the angle of incidence of the particles. It is
then better to avoid as far as possible the steps supporting two adjacent divertor
segments on the same structure. In this case a misalignment between two
supporting structures cause a small change of the angle of incidence.
The feaps between two adjacent segments, though reduced to a
minimum, will cause an hot spot because a small lateral area at the leading edge
will receive a small portion of the particle flux almost perpendicularly. The
leading edge of the armour in this case would be chamfered by the plasma
automatically, because the very concentrated perpendicular impact of the
particles will effectively smear the edges.
The gaps between the divertor units in the segment (0.5 mm) would
cause a very small peaking factor.
d) Thermal distortions
Thermal distortions of the plates, due to the thermal gradient and the
joint between different materials will be present during normal operation. These
distortions and the associated change in the angle of incidence and leading edge
hot spots for non uniform peak heat flux will depend on the divertor plate design
and on the supporting system. All the concepts and their supports must be
designed to have very small distortions particularly in the separatrix region.
e) Void swelling and irraditation creep
Void swelling and irradiation creep is supposed to be negligible for the
presently envisaged fluence in the Physics Phase. Precise evaluation is needed
during the EDA of ITER for the technology phase.
f) Thermal creep
A significative thermal creep should be avoided in the divertor design.
g) Missing tiles
The effect of a missing or severely damaged armour tile is the doubling
of the power to the adjacent tile in toroidal direction and a very large increase of
the heat flux on the leading edge (x30) which can cause a strong erosion of the
tile ctge and CHF problems. This is of courcc an off normal event but it could
occur frequently due to the high number of tiles. A detailed evaluation of the
consequences and of the possible ways to cope with this problem will be done
during the EDA.
It is difficult to evaluate how all the above mentioned PF should be
combined because a more systematic analysis on the detail design is needed [1,2].
For the present design phase of ITER, an overall engineering PF of 1.3 to 2 is
considered. As a consequence the input steady heat flux to the divertor including
the physics PF should be limited in the optimistic case to 11.5 MW/m .
Vl.5.1.2. Critical heat flux
plate
(first
wall.
(first
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Considering the maximum peak heat flux of 15 MW/m to the divert • •
surface, the peak heat flux to the coolant for the design with circular tubes
option) would be 20 to 24 MW/m, limited to a small region of the tube
For the subcooled boiling with turbulence promoters cooling technique
option) there is a safety margin to the CHF of about 2.5 in normal

conditions which should be adequate. For the case of rectangular coolant
channels this PF can be reduced to less than 1.1, but CHF experimental data are
scarse to estimate the safety margin.
VI.5.2. Maximum allowable material temperature
The maximum allowable temperature of the armour will limit the
armour thickness. Since the armour thickness is very important to increase the
erosion lifetime, a moderate sweeping of the null point would allow for thicker
armour (x*f = 9AlO'3[m*Hz]).
The maximum allowable temperature for carbon is 1000 to 1200°C, the
corresponding thickness would be 5 to 6 mm for an existing carbon fibre
composite (CFC) and 6 to 10 mm for an improved CFC (based on specification
which are thought achievable in tlie near future); this thickness value can be
increased up to 16 mm with the above mentioned separatrix < weeping.
For a beryllium armour the allowed thickness (no sweeping) ranges
fron 1 to 3 mm depending if it is plasma spayed or metallic and considering a
maximum temperature of about 900 °C.
For the tungsten armour (technology phase) it is estimated a 2 to 4 mm
allowable thickness according to the heat sink material and 1400 °C maximum
temperature (safety aspects not considered).
The thickness values for beryllium and tungsten could be considered, in
a first approximation, to be doubled in the case of sweeping.
For the present divertor designs the structural materials, the brazes and
the intermediate layers (where foreseen) will operate below their maximum
allowable temperature at the required heat flux.
VI.5.3. Erosion of the armour
The disruption erosion is expected to determine the overall lifetime of
the divertor in the physics phase. There are large uncertainties on the number
and deposited energy of the disruptions and on the erosion depth to be
considered per disruption (see par. VI.2.2) A conservative approach which
considers the maximum erosion depth value per disruption, 500 hard disruptons
at 20 MJ/m , would result in a too high number of divertor replacmenet or
refurbishing. On the other end about five is the maximum credible number of
divertor replacements during the physics phase, so the minimum lifetime of the
divertor should be greater than one calendar year. Considering the sweeping of
the separatrix and a reduction in the conservation, to take into account peak
energy averages and distribution of disruption location, the estimated number of
replacement in par. VI.2.2. could be reduced. A more detailed analysis is
required during E.D.A. Expecting sigificant effect of the redeposition, the
erosion dunng normal operation by sputtering can be considered small compared
to the disruption erosion in the physics phase.
During the technology phase instead the erosion during normal
operation is the dominant factor due to the long integral burn time and reduced
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number of disruption. Carbon would require a far too high number of
replacements and beryllium frequent in situ plasma spray recoatings. Only
tungsten is then considered at present and it is estimated that 3 to 4 replacements
would be needed (with sweeping).
More precise data and evaluations on the disruption erosion and energy
densities are needed (EDA). If the high values and the conservatisms cannot be
reduced then a lower number of hard disruptions has to be considered.
The thermal fatigue lifetime is evaluated to be much longer than the
erosion lifetime, although a detailed calculation which takes into account the
increased fatigue by disruptions and sweeping is required in the E.D.A. phase.
VI.5.4. Runaway electron impact
The divertor plate could withstand high energy runaway electron impact
if its surface, energy densities are below 20 MJ/m , according to preliminary
evaluations. If higher values are predicted special protection means are required.
This will be studied in more detail in the EDA.
VI.5.5. Neutron damage
The neutron damage to the divertor material is negligible during the
physics phase because of the low fluence and of the frequent divertor
replacements. During the technology phase a tungsten armour with a Copper or
Niobium heat sink could withstand the required dose.
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VI.6. TRITIUM INVENTORY
Accumulation of a significant tritium inventory in the first wall is an
important safety issue. Although several mechanisms may contribute to the
tritium inventory, viz. energetic implantation of tritium, adsorption on the
surfaces including internal porosity, tritium that diffuses into the grains, and
tritium codeposited with the divertor armour material; the codeposition process
is predicted to be the dominant contribution for the divertor plate. Therefore, the
inventory will be strongly dependent on the armour material, the surface
temperature, and the divertor plasma temperature. Aspects of tritium inventory
for the first wall are discussed in Sec. VII.6.
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FIG. VI.6-1. Hydrogen isotope-to-carbon ratio predicted for the codeposited
layer

The estimated codeposition rates are based on REDEP calculations [1],
which are discussed in more detail Sec. VI.2.1. For a carbon divertor armour
(CFC is considered similar), Figure VI.6-1 shows the expected hydrogen isotopeto-carbon ratio for the codeposited layer as a function of temperature. The
hydrogen isotope retention is strongly temperature dependent, decreasing to low
values at temperatures above 600 *C. While these data were determined for the
saturated layer [2], the similarities of the two layers suggest that these data will
apply to the codeposited layer as well. If it is assumed that the redepoisition
occurs on the lower temperature portions of the divertor plate or the surrounding
first wall or uivertor duct regions, the trapping would be significant. For example,
most of the divertor surface will be at tempertures of about 200 °C, ( D + T ) / C
ratios for codeposition in these areas would be about 0.3. This would correspond
to a total tritium inventory in the codeposited iayer of 150-750 g of tritium at the
end of the physics phase assuming 8 to 10 replacements for the divertor plate.
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TABLE VI.6-1. ESTIMATED TRITIUM INVENTORIES IN CODEPOSITED
LAYERS OF ENTIRE DIVERTOR PLATES (PHYSICS PHASE)

Divertor Plate
Material

Plasma Divertor
Temperature
eV

Carbon

Tritium Codeposition
Rate
Inventory
kg/burn year

g

30
60

36
60

360
660

Carbon
(with chemical sputtering)

60

ICO

1000

Beryllium

30

18

180

Tungsten

40

<0.01

Note:

<0.1

For an average divertor plate temperature of 200°C with hydrogen
isotope to carbon ratio of 0.3.
**
Estimate based on 0.05 burn years for Physics Phase with 1 divertor
replacement per calendar year.

Table VI.6-1 gives the estimated tritium inventories on the divertor plate when
the calculated temperature profiles are assumed. These values are considered to
have relatively high uncerl -inties.
Other aspects that must be considered further in the future include the
effects of disruptions and the possiblity of removing the codeposited layer.
Disruptions will have two possible effects. The first is vaporization of the surface
which will tend to remove the codeposited layer and the tritium. The important
question is where the tritium will be redeposited. Thermal transients in the
armour may also permit diffusion of the tritium into the base material which
ar.ght trap the tritium more tightly. Methods for removal of the codeposited
layers should be investigated.
The trapping mechanisms for tungsten and beryllium armour plates will
be similar; however, the predicted inventories for these materials are
considerably less than those for carbon as indicated in Table VI.6-1.
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VI.7. BAKING AND CONDITIONING
Since issues for baking and conditioning are mainly related to carbonbased armor material, especially in the physics phase, concerns for the divertor
plate are similar to those for the first wall. Requirements of and possible scenario
for baking and conditioning are described in section VII.7. together with the first
wall.
It should be noted, however, that the main differences between the
divertor plate and the first wall are:
- much higher peak heat flux on the divertor plate which leads to: a) no
possibility to increase water inlet temperature > 50-70°C in the divertor plate
because of critical heat flux, and b) adoption of only bonded conductivelycooled tiles resulting in short thermal time constant (rapid cooling of tiles after
losing heat input)
- more tritium retention in codeposited carbon layer on the divertor plate,
especially on the "cold surface" (~ 90% of the divertor surface)
- larger risk for water leaks from divertor tube connections.
Based on these differences, conditioning for the divertor plate, especially
just before a plasma operation, is more difficult than that for the first wall (see
section VII.7).

VI.8. SAFETY ANALYSIS
VI.8.1. LOCA
A loss of coolant accident (LOCA) is one of major safety issues for the
divertor. The consequence of a LOCA of the divertor primary cooling system
external for the vacuum vessel is the total or partial loss of heat removal from the
divertor structures. In case of LOCA without plasma termination there is a very
rapid temperature rise in the peak load areas. The result could be a structural
failure due to change of materials properties, stresses or melting, and water
ingress into the plasma chamber. An in-vessel LOCA directly results in water
ingress into the vacuum vessel. The most relevant consequences of the water
ingress are plasma disruption, pressurization of the vacuum vessel, chemical
reactions with water/steam and air and radioactivity mobilization with potential
release into the environment. A plasma shutdown triggered by a control and
command system would mitigate the temperature transients and prevent water
ingress into the plasma chamber.
Many analyses for accident scenarios for external LOCA including loss
of coolant via transition to film boiling (critical heat flux) have been performed.
The basic divertor design investigated consist of metallic cooling tubes (Cu, Nb
and Mo alloys) with carbon based armor tile (Pyrolitic graphite CAPG and
carbon-fibre composites CFC) [1,2,3]. In addition, the analyses for divertor
structures with tungsten [1,3] and with beryllium [3] armor was presented.
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Two types of coolant schemes have been considered for the basic
divertor plate design. The first one is a single loop system, the second one is a
system with two independent cooling loops, supplying alternately the divertor
cooling tubes. In this case, LOCA was assumed to occur in only one coolant loop,
in Table VI.81-1 the times to reach tube (or heat sink) melting for various
divertor designs are presented. In all cases considered, plasma burn k not
supposed to be terminated after loss of cooling and heat flux was 15 MW/m .
As one can see, Mo alloys are the best choice with CAPG armor. At the
beginning of operation (at the initial thickness of armor) melting is not reached
in case of two independent loops. At the end of operation, when the most part of
armor will be eroded, a second independent cooling loop does not prevent
structure melting and the times to reach melting temperature are very small,
about 1 second. With refractory alloys heat sink there is a potential for passive
shutdown by impurity contamination via run-away self sputtering before the
cooling tube is destroyed.
Other temperature limits, such as -aelting of brazing and mechanical
limits decrease allowable time to terminate plasma burn.
To prevent a divertor plate damage in case of external LOCA it is
necessary to have plasma shutdown control in ~0.5 sec.

TABLE VI.8.1-1. TIME TO REACH TUBE MELTING
Tube

Armor, urn

Time to reach melting, s
2 loops

1 loop
beginning of end of
operation
operation
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Cu
Cu
Mo-Re
Mo-Re
Mo-Re
Ho-Re

CAPG.
CFC.
CAPG,
CAPG,
CFC.
CFC.

Cu
Nb
Mo

Be,

20
5
20
15
10
5
3

w,

2

CFC 5 .5

4-5
-1
16-20
13-16
9
4-6
1
1.5
4-6

beginning of
operation

11
2
no melting
no melting
16
10
0.4
0.7
1
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VI .8.2. Activation and decay heat analyses
Activation and decay heat analyses have been performed for the divertor
plate to provide an input for the safety and the radioactive waste studies. In these
analyses, the divertor plate has a niobium alloy as a substrate material and
tungsten as the protective tile material. A one-dimensional cylindrical model
based on the divertor plate geometry is used for the calculation. The neutron
transport code ONEDANT with a nuclear data library based on ENDF/B-V and
the radioactivity code RACC were employed for the calculations. In this model,
the divertor plate consists of 0.2 cm layer of pure tungsten, 0.2 cm layer of
niobium alloy, 1.0 cm coolant zone (28.6 % niobium alloy, 71.4% water by
volume), and 0.4 cm layer of niobium alloy. A steel shield zone consists of 80 %
stainless steel and 20 % water by volume is used behind the divertor plate. A 30
cm vacuum zone is included between the divertor plate and the shield zone to
simulate the actual geometry. The niobium alloy used in the analyses has the
following composition: 0.002 % H, 0.0065 % C, 0.009 % N, 0.0205 % O, 0.099 %
Si, 0.95 % Zr, 610 wppm Ta, 299 wppm W and Nb balance.
The divertor plate is subjected to an average neutron wall loading of
about 0.51 MW/m in the physics phase and 0.40 MW/m in the technology
phase. The calculations were done for 24.3 full power days for the physics phase
(about 0.027 MWa/m ) and 1.25 full power years for the technology phase
(about 0.5 MWa/m ). Figure VI.8.2-1 shows the activity of each zone of the
divertor plate as a function of the operating time for both phases. For the first 8
hours of operation, the specific activities of the niobium alloy are higher than the
corresponding value from the tungsten material. For operating time greater than
8 hours, the tungsten specific activity is several times the niobium value. The
specific decay heat generation rates in the divertor zones are shown in Figure
VI.8.2-2 where the results are similar to the specific activity with respect to the
operating time. After shutdown, the tungsten decay heat stays constant for about
one hour and it decays to 50 % of the shutdown value after one day. At one week
after shutdown, the tungsten decay heat is about 10 % the shutdown value.
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VI.9. MANUFACTURE AND TESTING
The manufacturing of the divertor system can be in general summarized
in the following steps for the first option design:
1) Preparation of the parts which constitute the divertor system (machining of the
tiles, manufacturing of the cooling tubes and of the component supports
including the attachment of transition pieces for the joint of different materials,
the flange and the supply pipes).
2) Brazing of the tiles and of the flexible support sheets to the cooling tubes and
formation of the separate divertor units. The brazing process depends on the
chosen materials and can be done in more steps particularly if intermediate
sheets between the armour and the tubes are required.
3) Attachment of the units to the supporting frame (welding or brazing of the
flexible support sheets and of the cooling tubes to the supporting bars and bolting
of the bars to form the divertor segment).
4) Welding of the stainless steel collectors to the divertor plate cooling tubes
through transition pieces (these are for example short stailess steel tubes which
are brazed to the molybdenum or copper alloy cooling tubes on one side and
welded to the collectors on the other side).
5) Welding of the collectors to the supply pipes and of these to the flange.
Of course the detailed manufacturing process depends on the specific design.
The technological development of the divertor concepts is in general
performed in three phases:
1) trials on small pieces and pretesting of materials to solve the key
manufacturing problems an^ determine the best techniques (e.g. trials of brazing
to join the armour to the heat sink)
2) demonstration of the basic feasibility manufacturing and testing actively cooled
small size specimens
3) final feasibility demonstration and assessment of the performances
manufacturing and testing a relevant size mock-up
The testing program for the manufactured samples and mock-ups
foresees high heat flux thermal tests and thermal shock tests in addition to the
normal mechanical and non destructive testing.
To carry on the thermal tests several test facilities have been set up or
are under construction by all the ITER partners; electron beam guns (EB) and
neutral beam injectors (NBI) are the most suitable testing facilities.
EB, NBI high power electrical heating facilities are also used for
thermohydraulic tests.

VI.9.1. Manufacturing and testing in SU
Manufacturing and testing of small size passively cooled samples have
been performed. The following armour materials were chosen:
- tungsten coating obtained from powder metallurgy
- isotropic graphite MPG-8
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FIG. VI.9-1. W-Cu actively cooled mock-up
Heat sink material: oxygen free copper
The armour was brazed to the heat sink using different brazes.
For the tests a 150 kW EB facility has been used. Typical pulse duration
0.3-0.5 sec with a power density at the surface 26 MW/m .
The graphite armour lost thermal contact after few cycles with a pulse
length of 0.3 sec. The samples with tungsten coating resisted to 1000 cycles with
0.3 sec pulse length, only small cracks in the tungsten, parallel to the coated
surface, were detected; with a pulse length of 0.5 sec all the samples lost soon the
thermal contact.
Manufacturing and testing of small size actively cooled samples
consisting of a tungsten coating on an oxygen free copper saddle block. The block
is brazed to a dispersion strengthened copper tube having a twisted tape
intensified (Fig. VI.9-1).
Tests are in progress. The samples show no visible damage after 2000
cycles at 10 MW/m power density and with 10 sec pulse length.
Manufacturing of small monoblock samples (graphite on Molybdenum)
have been made. These samples are going to be tested very soon.
VI.9.2. Manufacturing and testing in Japan
Six medium size mock-ups have been manufactured and tested. They
consisted of different CFC and isotropic graphite armour tiles brazed to single
cooling tubes in copper (see Fig. VI.9-2). For each material combination
different brazes were used. In some cases a molybdenum intermediate layer was
used. (Test facility used was JEBIS)
The experimental conditions were determined based on a transient
thermal analyses (similarly as for the SU tests). After 1000 cycles under the
condition of 16 MW/m for 2.0 sec, corresponding to a steady state value of
about 12.5 MW/m , in all the samples cracks have started at the armour
interface and armour detachment was observed for the isoiropic graphites.
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FIG. VI.9-2. CFC/OFHC brazed divertor test modules

Samples consisting of tungsten tiles of different shapes bonded on
oxygen free copper heatsink were also manufactured and tests (in the PBEF) in
transient conditions corresponding to 10 MW/m steady state.
The majority of the tiles detached from the copper after some hundreds
cycles, others showed small cracks starting at the interface and propagating into
the tungsten.
VI.9.3. Manufacturing and testing in EC
Tests on bulk C materials (not cooled) have been completed using a
plasma spray facility. 31 carbon based materials have been exposed to several
thermal cycles using the plasma spray facility in KfK (PSA). Thermal conductivity
of the materials was also deduced from the temperature recording. Some erosion
data were also collected. Tests show the superior thermomechanical behaviour of
the CFC Tests show the superior thermomechanical behaviour of the CFC
composites compared with the fine grain and the pyrolitic graphites. Among the
CFC the Aerolor A05 had the best behaviour. The next tests will be conducted
on bulk structural materials including molybdenum, tungsten, molybdenum
rhenium and tungtenum rhenium alloys, D.S. Copper, liquid phase metal sintered
materials. These tests should be completed by the end of 1990. Tests on brazed
sandwich materials should be started 1991 (also unccoled).
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FIG. VI.9-3. Single tube mock-up

The divertor concept which consists of carbon based armour on a
Molybdenum alloy heat sink has been developed. A series of manufacturing trials
using the CFC Aerolor A05 on a TZM substrate has been made.
Satisfactory results have been obtained using a pure Zr braze. After the
completion of the development program on the joining technique one single tube
mock-ups has been manufactured and tested.
Other five single tube and one eight tubes mock-ups are going to be
completed by November 1990.
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These mock-ups are manufactured bra/ing 25x50x9 mm A05 tiles to 2
mm thick TZM sheets using a Zr braze. The tiles wiht the brazed sheets are then
brazed with a lower melting temperature braze to a TZM rectangular block with
circular channels. A Mo-Re cooling tube is then brazed or HIPped inside the
circular channel to provide for cooling.
Four of the single tube mock-ups are about 300 and the other two 600
mm long. The eight tube mock-up is about 600 mm long.
The first single tube mockup see Fig. VI.9-3 has been tested using the
E.B. facility in SANDIA N.L. Albuquerque USA. The mock-up has seven tiles.
Three tiles have been subjected to an almost uniform heat flux which was
stepwise increased until any failure occurred/ pulse length 60 to 500 seconds.
The three tiles tested lost thermal contact at about 16 MW/m delivered
to the surface corresponding to about 13 MW/m in the water (part of the heat
flux is refected and reirradiated).
A thermal fatigue test is foreseen in the next future for the remaining
four tiles. They will be subjected to 1000 thermal cycles ai constant heat flux. The
first tile to be tested will receive 10 MW/m . The heat flux level on the
subsequent tiles will depend on the results obtained form the previous one.
The CFC flat tiles on DS Copper and the monobloc divertor concepts
are in the first stage of development. Brazing trials have been made by ENEA
Frascati and CEA Cadarache.
Small size actively cooled samples were manufactured by Metallwerk
Plansee Austria, and tested at the SANDIA N.L. (USA) EB facility. They
consisted of CL-1116 PT fine grain graphyte brazed on a TZM block cooled by a
Mo-Re tube. Although the smaples resisted very well to the thermal cycles
imposed, the maximum heat flux possible at the surface was restricted to a
maximum of 12.5 MW/m due to the very high armour temperature reached as a
consequence of Jie low thermal conductivity of the sample materials and its
thickness ( 9 mm for the armour and a min. of 6 for the Molybderum alloy).
VI .9.4. Manufacturing and testing in USA
Manufacturing and testing of pyrolytic graphite/OFHC copper samples
have been made at SANDIA N.L. These samples have resisted to 15 MW/m
(absorbed by the water) for one thousand cycles ( a small increase of the surface
temperature was observed at the end of the tests. Due to the very high
conductivity the thickness of the armour was 12 mm still maintaining the
maximum termperature to about 1000°C.
Electron beam thermal testing was performed on actively cooled
stainless steel and OFHC copper heat sinks with 3 mm thick plasma sprayed
beryllium coating. The beryllium coating was slotted with a 1 cm square array of
slots for all the copper heat sinks. Failures were detected at about 1 MW/m for
the slotted part of the armour and at 1.7 MW/m for the unslotted. The low
performance is due to the poor bonding and low conductivity. Investigations are
in progress to impore the process and to increase the thermal conductivity.
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Thermal tests on the European CFC and fine grain graphite on
molybdenum mock-ups have been performed in the frame of a collaboration
between the NET Team and the SANDIA N.L. USA (see previous paragraph).

VI.10. ADVANCED DIVERTOR CONCEPTS
Development of alternative divertor targets is caused by the fact that
conventional approaches, using different options of solid cooled target, require
relatively frequent replacements or in-situ repair. Several alternative options
were given as any possible way using the target Lifetime without its replacement
or making significantly simpler the replacement technique of the most short-life
elements [1,2].
Liquid metal (LM) target, LM bath with "floating" tiles, solid ball curtain
and mechanically swept target (see Fig. VI.10-1).
In first concept thermo-accumulating LM flow in the film or jet-droplet
target is used. Special nozzles located in divertor region form a flow of liquid Ga
crossing the divertor plasma with high (1-30 m/s) velocity. It provides efficient
divertor heat removal and eliminate the problem of target lifetime.
The second concept is a LM bath with "floating" armor tiles, which
exclude direct plasma-LM contact. Intermediate liquid metal layer allows the
transfer of heat from tile surface to the cooled tubes and facilitates the
replacement of eroded pieces of divertor plate (i.e. tiles located near separatrix)
To avoid LM on the front divertor plate surface drainage system is used.
Another concept uses a flux of solid balls falling vertically across divertor
plasma. This solid ball curtain is non-transparent for the plasma. After heating,
the balls fall to the heat-exchanger and after cooling are recycled for further use.
The last concept allows significantly (by 2-3 times) decrease of peaking
value of heat flux on reference divertor target. In comparison with
electromagnetic separatrix sweeping, mechanical sweeping of target is more
effective (V
_>_1 Hz is possible).
For comparative analysis of these concepts the following criteria can be
used:
- longer lifetime;
- higher ultimate permissible heat loads;
- plasma-armor materials interaction, necessity of tokamak relevant
experiments;
- concept feasibility, necessary R&D;
- concepts accommodation to reactor basic configuration.
As to the first criterion, the most significant effect from liquid-metal
(LM) and solid bah* curtain concepts is the possibility to operate without target
replacement. Option with the bath requires the same frequent reactor shutdowns as in the case with the reference solid target, but the replacement of the
damaged elements is significantly faster and cheaper. The mechanically sweeping
target has 2.5-3 times as long lifetime as in the basic option.
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From the viewpoint of target durability higher heat loads comparatively
to reference option made possible with all the above suggested options, however,
permissible level of plasma contamination can be the limiting factor for higher
heat loads.
From the viewpoint of unfavourable effect to the plasma the most
concern is the LM-target and then the solid ball cixrtain. The least concern is the
option with the bath and sweeping target. The tokamak experiments with the first
two options are seriously needed to assertion the specific features of plasmatarget interaction and elucidate the degree of target influence upon the plasma.
Single-null configuration is preferable for all above said concepts.
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VII. FIRST WALL DESIGN
VII.l. ARMOR MATERIAL AND DESIGN
VII.1.1. Physics phase
VII. 1.1.1. The need for a First Wall (FW) armor
Based on the experience with present large tokamaks, it is now well
established that at least some local armor in refractory low-z material is required
on metal FW surfaces for the following reasons [1,2,3,4]:
- to cope with the energy deposition by the plasma and run-away
electron jets during start-up and disruptions to prevent excessive heat
loads and melting of the steel FW surface
- to improve impurity control, mainly during start-up
- to protect against neutral beam shine-through and pellet injection
"bang" through.
The assumed disruption energy deposition for ITER would cause
melting of an unprotected steel FW in a depth of about 0.1 mm [5.8]. This must
be avoided because:
- repeated melting by disruptions produces cracks and changes in the
structure which have been shown to cause a reduction of up to 90% of
the fatigue life [6]; a crack propagation analysis indicates similar results
even when neglecting electro-magnetic disruption stresses [7],
- damage by run-away electrons has shown craters where part of the
melt were removed by splashing so that frequent disruptions could lead
to a loss of material of several millimeters.
Even when the FW surface temperatures remain below the melting
point, there will be significant additional thermal fatigue of unprotected FWstructures due to disruptions, as is shown in Fig. VELl-l:
- if some 100 disruptions should not reduce the nominal fatigue life
according to design codes by more than 10-50%, then the temperature
spike due to disruptions should be less than 200-400°C.
- it follows that the steel FW needs to be protected where more than a
few percent of the assumed peak disruption energy could be deposited.
In conclusion, because of the highly uncertain disruption conditions and
the already severe thermal fatigue life limitation of the ITER FW it is now
assumed:
- for the physics phase, to protect a major part of the steel FW by an
armor
- for the technology phase, to reduce the FW armor coverage on the
basis of the experience gained.
For the protection armor a low-z material will be required in order to:
- minimize the higb-z impurity in-flux into the plasma
- spread the energy deposition from run-away electrons over a larger
volume thus minimizing local overheating and damage.
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FIG. VII.1-1. Estimated thermal fatigue life of unprotected stainless steel first
walls due to disruptions

VII. 1.1.2. The FW armor material
Carbon fiber composites (CC) are selected as reference material for the
FW armor tiles in the basis of the generally good performance of C-based plasma
facing materials in present large tokamaks mainly due to:
- the unique high temperature capability of carbon based materials,
which for tvpical FW disruptions is limited by sublimation above
3000°C instead of melting as e.g. for beryllium at 1277°C.
- their superior thermal shock resistance demonstrated in tokamak
operation and simulation tests, which is estimated to permit an order
of magnitude higher disruption heat loads than for e.g. beryllium or
siliconcarbide [5,10] and
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- the potential to tailor these materials for specific requirements such as
low radiation enhanced sublimation (RES), low hydrogen retention
and low oxidation rates by air and steam at temperatures up to 1800°C,
where bulk impregnation with e.g. B or Si appear to be highly
promising solutions [9].
- the industrial availability of similar materials developed for space or
military applications.
There are, however, also several critical issues associated with the use of
carbon based materials as FW armor:
- Irradiation damage is expected to limit the armor life due to swelling to
a neutron fluence of up to 1 MW year/m [9, 11]. Doping with B or Si
may reduce the irradiation resistance.
- Radiation enhanced sublimation (RES) sets an upper limit for normal
operation of carbon, which for the FW tiles without plasma contact is
estimated to be 1700-2000cC. This limit is significantly higher than for
limiter or divertor tiles due to the expected low particle energy and
good impurity retention in the scrape-off layer indicated by analysis
and tokamak operation [12].
- There are indications that the retention of hydrogen and other
impurities in graphite tiles could be very high up to about 1100°C especially with irradiation damage - while raising the temperature
seems to reduce the impurity content in the graphite. This instead may
lead to outgassing problems, therefore baking of the armor at about
350°C is mandatory after exposure to air or water, and more frequent
conditioning at 200-300°C may be required after e.g. disruptions.
- At temperatures below 600°C hydrogen is retained in redeposited
carbon and dust up to saturation atom ratios H/C ~ 0.4 at room
temperature.
- Water and/or air ingress into the plasma chamber represent potential
safety hazards at carbon temperature above l(X)0°C and may require
more oxidation resistant CC materials, e.g. with B- or Si doping such
as those used as re-entry shields for space applications [9].
VII. 1.1.3. The FW armor design
For the initial extensive protection coverage, mechanically-attached tiles
appear at present to be the most credible engineering solution since:
- Their design and performance is reasonably predictable on the basis of
similar solutions in present tokamaks [3, 4, 12].
- They can be replaced in-situ by remote maintenance equipment
- For bonded tiles, the bonding technology and in-situ replacement
procedures for maintenance have not yet been developed, and the
frequent removal of complete FW-segments would require prohibitive
maintenance times and waste volumes. Also, the brittle brazing joint is
expected to be sensitive to thermal and mechanical disruption shock
loads as well as differential neutron damage in armor and substrate.
103

W-INSERT

PEDESTAL

FW. STEEL PANEL

1

STUD
CARBON TILE

m

RADIATIVE TILE
PLUG
UA1ER

tOOLANl

HIP OR BRAZING
BOLT.
SVBS1RA1E
CONDUCTIVE TILE

'CFC

-

ARMOR TILE

STUD

JILE
CFC ARMOR
CERAMIC
PEDESTAL

COMPLIANT LAVfR

:>0

FIG. VII. 1-2. Mechanically attached carbon tiles

10

STEEL

C

'H

Two design options with mechanically attached tiles are being developed
with two attachment schemes using CC bolts hooked into grooves or studs on the
FW steel panel - see Fig. VII.1-2.:
(i)
Radiativclv cooled tiles as shown in Fig. VI 1.1-2. can be made large (0.51 m long) and have the following main feats., es:
- They are insensitive to mechanical and thermal loads as well as t^
deformations due to disruptions and neutron damage because of
effective mechanical and electrical decoupling between tile and
substrate.
- They result in the best possible thermo-mechanical performance of the
steel FW panel by reradiation of up to half of the incident peak heat
flux from hot spots to cooler surrounding regions.
- The major critical issue is the required tile temperature up to 1800°C
(local steady state peak) which leads to concerns for plasma
impurities and safety. However, experience from current tokamaks,
the application of oxidation resistant CC material and safety analysis
indicate clear prospects for the feasibility of this otherwise attractive
solution.
- Protection against damage of the FW-stcel structure by run-away
electrons could be provided by 5 mm diameter W-inserts in the CFC
tile permitting melting and some evaporation of W.
- The lifetime of FW-tiles in the Physics Phase is mainly exhausted by
the erosion from about 500 disruptions with 2 MJ/m fast energy
deposition each.
- The tritium inventory for the whole FW covered with radiative tiles
was estimated to 750 g on the basis of the expected temperature
distribution.
- A critical design feature is the attachment with the requirement to
resist disruption loads and to result in minimum local hot spots in the
steel substrate.
Prototypical tile assemblies are now being developed for testing at KfK
Karlsruhe and JAERI Naka.
(ii)

Conductively cooled tiles are limited in size to about 10 cm width and
have the following main features:
- A conducting compliant layer is required to compensate differentia)
deformations of 0.1-0.3 mm between tiles and substrate. Compared
with existing compliant materials such as Papyex (exfoliated
graphite) the compliant properties have to be improved by up to an
order of magnitude for maintaining the contact pressure and the tile
temperatures in a safe range of 500 - 1000°C (not taking into account
neutron damage).
- The nominal fatigue life of the steel FW panel is estimated to be about
one order of magnitude lower compared with radiative tiles due to
lack of reradiation and the likely need for a flat steel FW panel
surface including also hot spots.
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- For achieving sufficient contact pressure, the attachment bolt may
have to be made of high strength refractory metal (compared to CC
for radiative tiles) which is sensitive to damage by run-away electrons
and neutrons.
- The tritium inventory for the whole FW covered with conductive tiles
was estimated to 150 g neglecting, however, any potentially high
inventory in redeposited carbon and dust.
In conclusion, considering the safety and plasma purity concerns for high carbon
temperature it is proposed to deploy radiative tiles only on about 10 % of the FW
where high heat fluxes may be expected. The rest of the FW with average heat
fluxes would be covered with conductive tiles assuming the development of
adequate compliant layers in the near future. With the same attachment design
there should be flexibility to change the tile type and material based on operation
experience.
VII.1.2. Technology phase
In addition to being an alternate concept for the physics phase, a thin
tungsten coating ( ~ 0.5 mm thick), is proposed as the first wall armor for the
technology phase. A bare steel wall or a beryllium coated wall are considered as
alternates along with the thick carbon tiles. Figure VII.1-3. is a schematic
drawing of the thin tungsten coating on a proposed steel structure, the tungsten
armor will protect the steel structure from melting during a disruption and very

O.5 mm
TUNGSTEN
COATING

COOLANT
CHANNEL

DIFFUSION
BOND

STEEL
FIRST WALL

FIG. VII.1-3. Tungsten coated first wall concept
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little if any vaporization or melting of the tungsten armor will occur during the
disruptions. If any damage to the coating occurs, it can be readily repaired by insity recoating by plasma spray. Other advantages for the tungsten armor in
addition to the protection and simple repair include lower bakeout and
conditioning temperatures (< 150°C), low tritium inventories, and radiation
damage resistance. Tungsten should not be susceptible to significant iddiaiton
induced swelling for the proposed lifetime of ITER, and since it is not a
structural component, radiation induced embrittlement might not be so critical.
The major concerns related to the use of tungsten relate to activation and
oxidation if exposed to air at high temperature.
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VII.2. EROSION LIFETIME
The reference disruption energy density for the first wall during the
thermal quench is estimated to be about 2 MJ/m . The total number of
disruptions in the physics phase is assumed to be 500 at full load. In the
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TABLE VII.2.-1. FIRST WALL EROSION RATES FOR TUNGSTEN,
BERYLLIUM AND CARBON-FIBRE-COMPOSITES*
Enerqy Dens i ty (MJ/m z )
1
2

Disruption
Time ms
Material

W

0.1
1.0
3.0

CFC

0.1
1.0
3.0

Be

0.1
1.0
3.0

Vap. Melt
1 25
0.0
0
0.0
0

Total
26
0
0

Vap.
10
0.0
0.0

Melt
30
26
0

Vap. Melt
20
0.0

Total
20
0

VajK
60
2.0
0

Melt

-

Total
60
2
0

Vap.

Melt
15
49
67

Total
37
61
71

0.0

-

Vap. Melt
18
0.7 35
0.0
0

8

0
Total
26
36
0

22
12
4

Total
40
26
0

* CFC for use in the physics phase
* Tungsten thin coating is used, with beryllium as backup option for the
technology phase
* Erosion rates are given in micron/disruption

technology phase the number of disruptions is not well specified but it has
recently been assumed to be in the order of 200 disruptions. The duration of the
thermal quench is 0.1-3 ms (usually < 1 ms) and the current quench is 20-100ms.
The first wall in the physics phase is assumed to be a 2 cm of carbon fibercomposite over 2-3 mm of stainless steel. In the technology phase the analysis is
done for two potential first wall designs. The design will probably consist of a thin
layer of at least 0.5 mm tungsten or beryllium ( as a backup option) on a 2-3 mm
stainless steel structure. This thickness is required to ensure that the stainless
steel substrate will not melt during the disruption.
Table VII.2-1 shows the predicted erosion rates and melt layer
thicknesses for disruption conditions on the first wall [1]. In case of graphite, the
calculated values are multiplied by a factor of 5 to match actual data from recent
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TABLE VII.2.-2. FIRST \VALL EROSION LIFETIME FROM
DISRUPTIONS*

Erosion
Lifetime
Tile/Coating Depth
Total
Thickness
(mm/
Erosion (# Disrup- # Replacements
tions)
or re-Coating
Material (mm)
Disruption) (mn)
CFC
20.0
Tungsten
0.5
Beryllium 0.5

0.030
0.005
0.011

15.0
2.5
5.5

330
100
22

Physics

Technology

1
4
22

0
1
9

Reference disruptions parameters used: 2 MJ/m deposited @ 0.1 ms
disruption time
* No loss of melt layer is assumed at these conditions
* Vapour shielding is included in a way that it reduces the evaporation
by a factor of 2
* Lifetime is estimated based on the erosion of half the initial thickness

experiments [2,3]- Vapour shielding is included in a way that it reduces the
evaporation roughly by a factor of two. Table VII.2-2 shows the first wall erosion
lifetime at the reference disruption parameters of 2 MJ/m and 0,1 ms
disruption time. No loss of any melt layer is assumed at these conditions. As can
be seen from Table VII.2-2 the carbon-fiber-composite tiles will survive the total
number of disruptions while the tungsten and beryllium coating will probably
need to be re-coated, several times.
Both the effect of vapour shielding and the stability of the melt layer
need to be further assessed. Experimental data on disruption erosion differ
significantly. Recent experimental data may indicate strong vapour shielding and
better protection against the disruption [4]. However, clean and consistent set of
experiments relative to ITER conditions are needed for more reliable estimates
of component lifetimes.
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V1I.3. OVERALL DESIGN CONCEPTS
VII.3.i. First wall/blanket/shield integration and segmentation
The first wall is integrated into the blanket segment thus forming a
closed box with the breeding and shielding regions inside. This integration
provides simple and rigid support for the fist wall via side walls and internal
stiffening ribs (especially in outboard blankets) of the blanket box.
The box structures are illustrated in Fig. VII.3.-1. The shape of the first
wall follows the plasma surface to enhance shielding performance and passive
stabilization (outboard). The increase of the inboard shield thickness in poloidal
direction from the midplane is required to reduce the nuclear heating in the
magnets, and the covering of the plasma facing surface at the upper and lower
outboard region (near divertor plates) is also needed to prevent neutron
streaming to the surface of the vacuum vessel and consequently to the magnets.
The bottom of the side and lower central segments will be formed to have "nose"
shape in order to enhance He pumping through the pumping ducts.
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FIG. VII.3-1. First wall/blanket/shield segments
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The outboard first wall/blanket/shield (FW/BL/SH) is equally divided
into three poloidal segments per sector (one sector corresponds to one TF coil,
i.e. 1/16 torus) to accommodate maintenance requirements. The toroidal width
of the blanket is about 1 m at midplane, gradually reducing along the poloidal
direction. With these widths, internal stiffening structure, such as ribs, will be
required for the blanket box to withstand the electromagnetic forces induced
during a plasma disruption and blanket box internal pressure which is considered
to be up to ~ 0.1 MPa. Central outboard segments are further split into upper
and lower segments to accommodate central ports. Thus, the outboard
FW/BL/vSH consists of 64 segments in total.
The inboard FW/BL/SH is divided into two segments per sector. Each
segment is divided into three subsegments, thus a total of 32 segments and 96
subsegments. The three subsegments in each segment are electrically insulated to
reduce electromagnetic forces induced during a plasma disruption, while they are
tightly joined by boits or welding at the back region of the segment to
accomodate a maintenance scheme. The side walls of subsegments pronde the
support for the first wall.

VII.3.2. Concept description
Figures VII.3.-2. and VII.3.-3. show proposed first wall concepts. Two
concepts of circular tubes and rectangular channels are being developed:
(i)
The design shown in Fig. VII.3.-2. employs circular poloidal tubes
brazed into electron beam welded stainless steel panel thus forming a double
containment of the coolant for achieving a "zero" leakage solution. Joining of the
poloidal tubes with the steel panel by hot isostatic pressing (HIP) would be
preferable to brazing if HIP facilities of sufficifiit length (10-15 m) would
become available. The cooling tubes are embedded in the first wall panel and the
back plate of the blanket box via coolant manifold at the bottom forming U-tube
configuration in order to enhance natural convection cooling in case of LOFA.
Tube connections to manifolds at the bottom and at the top regions ( in low
neutron and heat flux regions) are also described in the figure. The advantages of
this concept include:
- Less coolant channels and similar heat loads to each channel will lead to less
non-uniformity in flow distribution compared to toroidal cooling channels.
- Circular drawn tubes permit possible high pressure operation (up to 15 MPa)
such as during baking/conditioning.
- Intermediate brazing layer between the steel panel and coolant tube could be
utilized as a crack-stopper.
On the other hand, critical issues to be solved for this concept are
manufacturing of large curved first wall structure with embedded cooling tubes
via brazing, the integrity of the brazing that has to maintain thermal contact
between cooling tubes and steel plates, and neutron irradiation effects on the
steel/braze interface.
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Figure VII.3.-3. shows a design with rectangular coolant channels.
Rectangular cooling tubes and stainless steel plates are joined by hot isostatic
pressing (HIP) to form the first wall and side wall panels. HIP technique
promises tight joining of the tubes and plates, which leads to good thermal
contact between cooling tubes and steel plates and high mechanical integrity. The
outboard cooling channel is oriented in the toroidal direction with inlet and
outlet manifolds behind the breeding region, while the inboard channel is
oriented in the poloidal direction because of the limited space to provide
manifolds for toroidal cooling. For inboard segments, inlet manifolds are
provided behind of the breeding region and connected to the cooling channels at
the bottom of the segments. The advantages of this concept include:
- The rectangular cooling channel can satisfy most efficiently the requirements of
heat removal and mechanical integrity with less wall thickness which affects
tritium breeding performance in the breeding region.
- Toroidal cooling in outboard region may have easier accommodation to large
port penetration, such as NBI port (tangential), compared to the poloidal tube
concept.
- The outboard toroidal cooling can also accomodate easily to the poloidal
change of the first wall width and obtain proper spacing between cooling
channels according to the poloidal distribution of the heat load. (Poloidal
change of the inboard module width is rather small, and the accommodation of
the cooling channel to it may not be so much required).
Critical issues for this concept are manufacturing of large components or
proper subsegment of the components based on the size limit of HIP devices and
uniform flow distribution to the large number of coolant channels.
Another design option with rectangular coolant channels has been
proposed (option B in Fig. VII.3.-3.). This design of the first wall will be
fabricated from two extruded or hot rolled stainless steel sheets embossed with a
pattern of one half of the coolant channels on each side. The two halves are
assembled and continuously spot welded (overlapping spot welds) across the
channel separations. The advantages and issues are similar to those of the design
with rectangular channels mentioned above except that large scale fabrication
will be easier for this design, however, the integrity of the joining under severe
thermal and electromagnetic loadings should be investigated more carefully.
These first wall designs are basically the same for the Physics Phase and
the Technology Phase operations of ITER. The difference between two
operation phases is only the protection scheme. During the Physics Phase,
carbon-based armor tile will be installed in front of the stainless steel first wall
structure. In transition to the Technology Phase, most of the carbon-based armor
tiles might be changed to tungsten coating on the stainless steel structure or even
to bare stainless steel with local sublimiters (for plasma start-up, high heat flux
region due to neutral beam shine-through etc.) of carbon-based armor as a
surface material. The detail of armor material and design is described in Section
VII.2.1.
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VII.4. THERMAL AND MECHANICAL ANALYSIS
VII.4.1. Thermal-hydraulics
Detail thermal-hydraulic analysis have been performed for the first wall
designs with rectangular coolant channels and circular tubes.
Table VII.4.1-1 summarizes the thermal-hydraulic features of the
rectangular coolant channels (option B in Fig. VII.3.-3.). For the inboard
segments, coolant is supplied to the first wall at the top, flows poloidally down to
the bottom and returns up in the side walls. On the other hand, toroidal flow is
employed for the outboard first wall with coolant manifolds behind the breeding
region. Coolant connections to the outboard components are provided at the top
for side and upper central segments and on the bottom for lower central
segments. The coolant is supplied at 60°C and leaves at 100°C for both inboard
and outboard segmenLs. The pressure drop along the toroidally oriented first wall
coolant channel (outboard) is very low compared to that along the poloidally
oriented channel (inboard) while the latter is still acceptable.
The other design of rectangular coolant channels (option A in Fig.
VI 1.3-3) has similar thermal-hydraulic features mentioned above although the
coolant of the inboard segments is supplied to the manifold then returns up in
the first and side walls in this design.

TABLE VII.4.1-1. THERMAL-HYDRAULIC DESIGN PARAMETERS OF
THE FIRST WALL WITH RECTANGULAR CHANNELS
INBOARD OUTBOARD
60
60
Coolant inlet temperature ( C)
100
Coolant outlet temperature ( C) 100
Coolant temperature rise (°C)
in first wall
31.7
40
in side wal1
8.3
Coolant flow direction
poloidal toroidal
Channel length (m)
for thermal calculation
8
for pressure drop calculation 10
Coolant velocity (m/s)
maximum
7.1
5.7
average
6.7
1.6
Coolant pressure (MPa)
1.5
1.5
Pressure loss (MPa)
along the FW channel
0.43
0.0070
total including manifolds
0.56
0.029
*

: side segment
115

TABLE V1I.4.1-2. THERMAL-HYDRAULIC DESIGN PARAMETERS OF
THE FIRST WALL WITH CIRCULAR TUBES
INBOARD OUTBOARD
Coolant inlet temperature ( C) 60
60
150
Coolant outlet temperature (°C)
121
Coolant temperature rise (°C)
in first wall
56.5
89.8
4.5
0.1
in back plate
Coolant flow direction
poloidal
poloidal
Coolant velocity (m/s)
6
6
Coolant inlet pressure (MPa)
2.15
1.15
Coolant pressure (MPa)
1.5
1.5
Pressure loss (MPa)
along the FW channel
0.64
0.73
total including back plate
0.75
0.65
*
: side segment

Table VII.4.1-2 summarizes the thermal-hydraulic design parameters of
the first wall with circular coolant tubes shown in Fig. VII.3-2. A scheme of
poloidal flow is applied for both inboard and outboard coolants in this design. A
parametric study of tube diameter and coolant velocity has been carried out. In
terms of required inlet pressure, pressure drop, outlet temperature and also
some thermo-mechanical aspects, it has been concluded that 10 mm and 6 m/s
are optimum for the tube diameter and the coolant velocity, respectively. Because
of larger pressure drop due to the long cooling path and relatively small tube
diameter, slightly high inlet pressure and also slightly high outlet temperature are
required, especially for the outboard segment, compared to the toroidal cooling
designs.
There are some differences among heat load estimations of in-vessel
components (first wall, blanket, shield, divertor plate, etc.) depending on first
wall/blanket/shield designs, employed coolant conditions, and the sophistication
of neutronic (nuclear heating) and thermal calculational models. Table VII.4.1-3
shows an example of heat load distribution and required coolant flow rate for invessel components assuming the fusion power of 1300 MW in order to leave
some margin for cooling system design.
116

TABLE VII.4.1-3. Estimates of Heat Load Distribution/Coolant Flow Rate/Pipe Diameter
(assumed Fusion Power : 1300 MW)
Region
Inboard
First wall
Blanket
Shield'2
Shield Plug*3
Inboard Total
Outboard
Stde Module
First Wall
Blanket
Shield
Centor/Top
First Wall
Blanket
Shield
Centor/Bottom
First Wall
Blanket
Shield
Port-4
First Wall
Shield Plug
Outboard Total
Divertor Plata
Upper
Lower
Drvertor Total
Vacuum VesseJ
Total
'1
"2
'3
'4

Heat Load
[MW]
Total
Surface Nuclear

Coolant Temp.
C]
In-Out
AT

r

Number
of
Modules

Flow Rate
[m3/s]
[t/hj
Total
per Module

Water Supply/Return Pipe
Diameter* 1 [mm]
Velocity
Inner/Outer
[m/s]

66
183
110
45
404

92
183
110
45
430

60-100
60-100
60-100
60-100

40
40
40
40

32
32
32
32

1972
3920
2360
964

00176
0.0351
0.0211
000863

70/80
100/110
80/90
50/60

4.6
4.5
4.2
4.4

52

169
468
13

221
468
13

60-100
60-100
60-100

40
40
40

32
32
32

4740
10000
279

0.0424
0.0897
0.00249

110/120
150/160
50/60

4.5
5.1
1.3

8
-

25
75
3

33
75
3

60-100
60-100
60-100

40
40
40

16
16
16

708
1610
64 3

0.0127
0.0288
000115

60/70
90/100
50/60

4.5
4.5
06

8

25
75
3

33
75
3

60-100
60-100
60-100

40
40
40

16
16
16

708
1610
64 3

0.0127
0.0288
0.00115

60/70
90/100
50/60

4.5
4.5
0.6

10
78

25
65
946

35
65
1024

60-100
60-100

40
40

16
16

750
1390

0.0134
0.0249

60/70
80/90

4.7
5.0

78
78
156

32
32
64
25

110
110
22
25

50-65
50-65

15
15

32
32

6320
6320

0.0565
0.0565

120/130
120/130

5.0
5.0

260

1440

26
26

1700

50 mm of minimum inner diameter to be cut and welded from inside according to the maintenance requirements
including top shielding region behind divertor
behind lower divertoe plate
TBD for detail specification of each port (test modules, heating/current drive devices elc )

VII.4.2. Thermomechanics
VI1.4.2.1. First wall (FW) geometry

Toroidal cooling requires lower coolant mass flow rates per channel
which allows smaller channels and thinner FW sections than poloidal cooling.
Rectangular channels minimise thermal stresses across the front face of the FW.
Circular channels have clear advantages for pressure loadings. The box internal
pressure, such as purge gas pressure of the breeding region is a major cause of
deformation and stress [2].
The undulated steel surface design [1] removes material between the
poloidal coolant channels allowing temperature isotherms to follow the shape of
the surface reducing temperature gradients and thermal stresses. For the same
surface heat flux, the stresses in the undulated wall are only half of those found in
the flat wall with circular channels. The back wall thickness is sized according to
thermoelastic stresses produced by volumetric heat deposition and mechanical
forces due to disruption. The thermoelastic stresses in the back wall act in the
opposite direction and are balanced by those in the front wall.

VJL4.2.2. CFC/carbon tiles
(1) Reradiation in the plasma chamber
Reradiation of thermal energy' has been shown to have a significant
effect in reducing the peak surface heat flux from the radiative tile if most of the
FW is operated at low temperature [5]. For the combination of a radiative
outboard with peak surface heat flux of 0.6 MW/m (over 10% of the area) and
a conductive inboard with a uniform 0.15 MW/m the reradiated heat flux from
the outboard peak zone is 0.28 MW/m . The inboard receives an additional 0.120.23 MW/m giving a peak total surface flux on the inboard conductive tile of
0.38 MW/m2.
(2) Mechanically attached conductive tile
A parametric study of the properties of the conductive tile intcrlayer
material within the integrated FW scheme showed that present papyex based
interlayer materials do not provide a feasible design solution [1]. The elastic
modules of existing papyex is 10 times larger than required to ensure 'no loss of
contact' and the available thickness, with suitable thermal conductivity, 3 times
lower than required to accommodate manufacturing tolerances of 0.2 mm.
A conductive design scheme with small tiles (100 x 150 mm) attached via
stud bolts bonded on the FW surface [2] satisfies nominal temperature and stress
limits for a surface heat flux of 0.2 MW/m2 (peak temperature < 300 °C; peak
FW stress < 60 MPa). This design oheme was only recommended for regions of
low heat flux however if reradiation increases the inboard surface heat flux to
0.38MW/m feasibility of this design will have to be demonstrated.
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(3) Mechanically attached radiative tiles
Two design schemes for the radiative tile have been proposed.
A radiative tile design scheme with tile attachment via grooves in the
FW [1] under peak thermal loads at the outboard midplane (surface heat flux =
0.4MW/m ; volumetric heating 13 MW/m ) has been analysed in 2- and 3dimensions and includes a treatment of tile attachment effects. The 3dimensional model gives a peak stress of 387 MPa in the tile attachment groove
of the steel FW; the allowable number of cycles to fatigue crack initiation given
by the RCC-MR code is 2xlO4
A similar radiative tile scheme [4] has been analysed including
irradiation effects, giving the permissible number of cycles of 1.5x10 .
Another radiative tile scheme [2] using a ceramic bolt and threaded
pedestal which is bonded to the FW, gives a peak temperature of 260°C and peak
thermal stress > 200 Mpa, the allowable number of cycles was given as 10 .
(4) Comparison of conductive and radiative tile schemes.
Fig. VII.4.2-1 shows a comparison between the fatigue lifetimes expected
for conductive and radiative tile schemes. For a lifetime requirement of 10
cycles the peak heat flux in the conductive tile is limited to 0.2 MW/m , whereas
the radiative tile can operate up to 0.6 MW/m (with reradiation effects). The
lifetimes of the radiative schemes at 0.6 MW/m [1,2,4] including some form of
tile attachment effects varies from 10 to 2x10 .
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VI1.4.2.3. BareIcoated steel wall
If tile attachment locations are not included a bare steel wall would give
a fatigue lifetime of 10 cycles based on quasi-static loading under normal
operation. Thermal shock resulting from disruption energy would produce larger
strain ranges in a bare steel wall reducing fatigue life. Additionally, protection
against melting and increased crack propagation would not be provided. A
parametric study on an unprotected FvV subjected to surface heal llux fixed the
allowable thickness of the front wall on the basis of the ASME 3S shakedown
limit to 3mm for 0.4 MW/m and without disruption affects.
Vll.4.2.4. Influence of the blanket box on FW thennoelastic stresses
A study [1J of one half of the blanket box shows that (he inclusion of
stiffening ribs (to withstand disruption forces) increases the FW thcrmoelastic
stresses by only 3 %.
Another study for the FW/blanket box without internal stiffening
structure under an inner pressure of 0.1 MPa and linear temperature gradient
from 20()°C at the FW to 100°C at the rear wall shows that the stress and
deformation are 300 Mpa and 9.2 mm, respectively. These values do not satisfy
allowable stress limits and blanket performance criteria and a radial stiffening rib
is applied at the centre of the blanket bow to take the dominant pressure loading.
The calculated stress and deformation of the ribbed design arc decreased to
acceptable values of 60 MPa and 2.5 mm. Another study of integrated blanket
box and first wall [3] showed that an optimized blanket box/first wall geometry
with effects of heat flux from the blanket on the backside of the front wall gives
allowable heat fluxes on the first wall of 0.4 to 0.5 MW/m".
VII.4.2.5. Influence on cycle time on thertnoelastic stresses
The response lime of the conductive FW scheme to ;illain steady-slate
conditions is about 100 seconds and the radiative scheme takes about 400 second.
For burn times expected in the Physics Phase, 200 second, steady-state will not be
reached in the radiative scheme, consequently stress- and strain-ranges will be
lower with correspondingly increased lifetimes.
VI1.4.2.6. Crack growth
If surface cracks are initially present or are induced after the first
disruption the lifetime of the FW will be determined by crack growth. A
preliminary crack growth calculation given in (3], for a wall laoding of
0.6 MW/m and an initial crack length of 1 mm, predicts crack penetration
through a 4 mm plate after 22500 cycles. If an additional heat flux of 0.3 MW/m
from the blanket is accounted for, the increased bending of the ba plate will
reduce the tensile stresses in the front plate, the crack growth raio would be
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decreased such that after 22500 cycles the initial 1 mm long crack would grow by
less than 0.2 mm.
VII.4.2.7. Neutron irradiation effects
Preliminary calculations show that the influence of radiation creep is to
relax the stresses to zero during the burn phase [3]. A creep strain of less than 0.1
% is sufficient to relax stresses to zero at the end of the technology phase, the
redistribution of stress will influence the fatigue and crack growth behaviours.
Neutron irradiation will also increase the yield stress and reduce the ductility of
the structural material. During ITER operation the yield stress will increase to
700 MPa and the ductility will reduce to below 1%.
VI1.4.2.8. Mock-up analysis
A 2-D generalised plane-strain elastoplastic analysis of a test section was
analyser assuming a surface heat flux of 0.7MW/m [1]. The residual stresses
caused a redistribution of the elastic stresses such that a state of reversed
plasticity exists on the front face. The allowable number of cycles to fatigue
initiation given by the elastic routes of the codes was : 180 (RCC-MR) and 25
(ASME). However an inelastic route which uses cyclic fatigue data without safety
factors and the computed elastoplatic strain ranges gives an allowable lifetime of
between 15,000 and 30,000 cycles.
1
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VII.4.3. Electromagnetics
Plasma disruptions impose a number of severe conditions to the
components surrounding the plasma. Especially, huge amount of transient
electromagnetic (EM) forces induced in these components during a disruption is
one of the critical factors governing the machine design. As in-vessel components
are located closest to the plasma column and have strong EM interactions with it,
one of the critical issues in the design of the in-vessel components is how to
minimize the induced EM loads and how to support them.
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In-vessel components of ITER are divided into a number of segments
electrically insulated with each other so as not to obstruct one-turn electrical
resistance of the vacuum vessel and to minimize EM loads induced in the invessel components, within the range of allowance of assembly and maintenance
scenario. In the reference design inboard and outboard blankets are divided into
96 and 64 electrically insulated modules (6 and 4 modules per sector x 16
sectors), respectively. The first wall is integrated with the blanket box structure
and insulated in the toroidal direction. Three modules of the inboard blanket
(IB) are jointed together at the rear region by means of bolt-connec'ion or
welding so as to ease assembly and maintenance. On each of the outboard
blanket (OB) segments a couple of twin loops (passive stabilizers made of c ^pper
plates) are provided above and below the midplane.
Two approaches were taken to evaluate the eddy currents and EM
forces. One is to apply "reference" disruption scenario to 3-D eddy current
analysis codes (e.g. EDDYCUFF, EDDYCAL, CARIDDI) and the other is
based on the plasma simulation. In the latter case, disruption plasma scenarios
were generated by means of computer codes (e.g. TSC, EDDYC-2) solving the
MHD equilibrium equations. The results of these simulations were used as input
data for the 3-D eddy current analysis codes which can handle complicated
structures.
The eddy currents induced within the first wall/blanket box have
interactions with the magnetic field (external toroidal and poloidal fields and selffield by eddy currents) and give rise to large EM forces. The toroidal magnetic
field interacts with the vertical and radial components of the induced currents
and gives anti-symmetrically distributed EM forces within the first wall/blanket
box, which never give a net force to the first wall/blanket box but act as shears
and moments. On the other hand, the poloidal magnetic field interacts with the
toroidal component of the induced currents and give uniformly distributed EM
forces within the first wall/blanket box and net vertical and radial forces. The
distribution of EM forces is decided by a superposition of these two kinds of EM
forces and deeply depends on the disruption plasma scenario.
A number of studies have been conducted on evaluation of EM loads
and mechanical behaviour of the first wall/blanket box. The former part is
described in details the technical report of Poloidal Field System [1], and this
section is devoted to the latter part.
The maximum allowable EM pressure that the first wall can withstand
has been evaluated for two possible concepts of stiffening ribs: poloidal ribs
extending radially to the back plate and toroidal ribs. The results are summarized
in Fig. VII.4.3-1 in terms of allowable EM pressure vs spacing of stiffening ribs.
As the radial depth of the toroidal ribs should be rather small (26 mm in this
study) in some of the proposed blanket designs so as not to interfere the available
space inside the box for the breeder blanket, the maximum allowable EM
pressure that the first wall can cope with is limited to 0.1-0.2 MPa even for a
minimum ribs spacing of 100-150 mm. For the first wall reinforced by the
poloidal ribs (radial depth larger than 250 mm and rib spacing less than 200 mm)
can cope with the expected EM pressure ranging from 2.0-4.5 MPa, although
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FIG. VI1.4.3-1. Evaluation of the allowable disruption EM pressure on the first
wall

some uncertainties still exist in EM force evaluation. Other structural solution to
cope with the expected EM forces is larger toiroidal ribs which may not interfere
with the blanket region in one of the proposed blanket design.
Spacing of stiffening ribs for the first wall was also examined under the
disruption EM forces (4.0 and 2.0 MPa for IB and OB, respectively), coolant
pressure (1 MPa) and blanket purge gas pressure (0.1 MPa) by means of simple
formula for simply supported rectangular plate, and it was shown spacing of the
stiffening ribs should be smaller than 100-200 mm for both of IB and OB.
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Stress and deformation of the OB module have been examined by FEM
analysis. Toroidal stiffening beams at a poloidal spacing of 0.33 m are provided
for the first wall and each beam is attached to the shield by a suitable number of
ties. Uniform EM pressure of 0.73 MPa is assumed. The maximum radial
displacement is 0.34 mm and the maximum primary bending stress in the first
wall is within the allowable limit.
Structural analyses of in-vessel components are still premature and
substantial further works are needed, especially on detailed eddy current analysis
based on the reasonable disruption scenario and detailed 3-D FEM structural
analysis including dynamic response analysis.
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VII.4.4. Runaway electron damage
Runaway electron impact has been evaluated for the first wall structural
schemes considered in [1,2]. For these schemes energy deposition and thermal
response were calculated in case of electron energy E = lOOMeV and 300MeV,
incident angle a- = 1°, 5° and 25°. Small angles are likely for continuous first wall
due to scattering and magnetic effects.
The most relevant consequences of runaway electron impact are a
temperature rise of the first wall structure and of the water coolant, high thermal
stresses and strains, because of high heat densities, water evaporation and steam
pressurization. If the surface energy density is high enough, damage of the first
wall and water ingress into the plasma chamber (internal LOCA) could result
from runaway electron impact. In Table VII.4.4-1 volumetric energy densities in
structural materials and in the water coolant are shown for the first wall
structures considered. Besides allowable surface energy densities (energy
thresholds) were evaluated. Energy thresholds for water coolant were
determined taking into account that the maximum water temperature should not
exceed 190°C for pressure of about 1.5 MPa to prevent evaporation. For
structural materials the temperature should not exceed the 0-7*T (T - melting
temperature) under runaway impact.
The results obtained indicate that energy deposition and temperature
response are strongly dependent on the incident angle, the material composition ,
the thickness and the arrangement of structural material layers.
For the maximum reference surface energy density E = 100 MJ/m
volumetric energy depositions are very high for all cases considered and may
result in a damage of the first wall structure.
Tungsten inserted into graphite tiles decreases energy deposition in steel
by a factor of about 2. But the energy deposition in tungsten inserts is very high
and could result in its melting and evaporation at high surface energy densities
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TABLE VII.4.4-1. RUNAWAY ELECTRON IMPACT ON FIRST WALL
N°

Structural scheme

Peak energy deposition
Ed.J/cm3
at Es=100MJ/m2,Ee=300meV

1°

5°

1

20 mm C
50 mm SS

8000
3540(95)

2040
7140(47)

2

18 mm C
2 nm W
50 mm SS

10880
9850
900(373)

2380
10000
3000(112)

3

0.5
4
4
5

nnm W
mm SS
mm H 2 0
mm SS

4

20
4
4
5

mm C
nm SS
mm H 2 0
mm SS

23870
10300(33)
780(87)
4150
2780
6630(51)
550(121)
2690

(Damage energy threshold
Etf). i'J/m2)

25°

2870
2660
340(198)
3400(99)
310
4250
340(198)
4700(72)

( > 100-150 MJ/m ). The tungsten inserts integrity may be supported by the Ctile, but more study is needed to judge on the effect. Another possibility of
protection is an increasing the thickness of C-tiles.
Water thresholds could be decisive. For more realistic evaluation of
allowable surface energy densities a detailed transient temperature and stressstrain analysis, taking into account water pressure rise due to evaporation, is
required.
The results obtained are difficult to compare because different first wall
structures and different runaway electron incident angles and electron energies
were considered. It is reasonable to carry out bench-mark calculations for
E e = 300 MeV and aj = 1°. The bench-mark structural scheme should include
water.
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VII.5. LIFETIME AND OPERATING LIMITS
VII.5.1. Lifetime evaluation
Since the radiative cooled first wall is adopted for heat fluxes up to 0.6
MW/m , and the conductive cooled first wall is for heat fluxes of 0.1-0.2
MW/m , lifetime should be predicted for each first wall. The results of fatigue
lifetime calculation from each contribution are summarized in Table VII.5-1.
Detailed descriptions of thermomechanical analyses are given in section VII.4.2.
Allowable uumber of cycles for the radiative cooled first wall is in the range
between 1.0 x 104 and 2.6 x 10^ and it is predicted from 1.0 x 104 to 2.4 x 10 for
the conductive cooled first wall depending on design concept and analysis
assumptions. A crack growth calculation, without considering the heat flux from
the blanket, shows a surface heat flux should be less than 0.6 MW/m for an
initial crack of 1 mm in length.

TABLE VH.5.-1. LIFETIME EVALUATION OF FIRST WALLS
Radiative cooled Conductive
first wall
cooled first wall
Surface heat flux (MW/mz) 0.6
Allowable number of cycles

0.2

0.4
>10

n

2.0 x 107
2.6 x 10?
1.0 x W

1.3 x io{

2.4 x 10^
1.0 x 10*

ref.

[1]
[2]
[3]
[4]

VII.5.2. Heat flux and burn time limits
The heat flux and burn time limits are shown in Fig. VII.5-1 as a
parameter of a gap conductance between an armor and a substrate. The gap
conductance of 0 W/m K corresponds to the radiative cooled first wall. The
solid lines show the heat flux and burn time conditions at which the surface
temperature reaches 1000°C. The surface temperature is less than 1000 °C in the
space below each line. The allowable burn time is about 50 s for a 1 MW/m for
the radiative cooled first wall.
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FIG. VII.5-1. Allowable operation ranges of heat flux and burn time with various
gap conductance, for the temperature limit of 1000 CC
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VII.6. TRITIUM INVENTORY
Accumulation of a significant tritium inventory in the armor material is
an important safety issue. This is particularly true for the case of a carbon armor
because of the relatively high affinity of carbon for hydrogen and the large
amount of carbon on the first wall. Tungsten and beryllium are expected to have
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significantly lower tritium inventories. There are four mechanisms that can
contribute to the retention of tritium in graphite: [1-3J
- energetic tritium from the plasma implanted in the surface regions of
the armour
- tritium adsorbed on the internal porosity of typically porous CFC
- tritium that diffuses into the grains at higher temperatures
- tritium trapped or adsorbed in carbon codeposited in the plasma
chamber after a disruption
All of these mechanisms are highly sensitive to carbon temperature. The
carbon temperature is dependent on the design, e.g., radiative versus
conductively cooled tiles, radiation damage effects on thermal conductivity, etc.
Therefore there are relatively large uncertainties in the tritium inventory
estimates.
At temperatures below approximately 200°C, hydrogen isotopes are
effectively immobile in graphite [4-6]. The energetic implantation of deuterium
and tritium in graphite at these temperatures results in almost 100% retention
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FIG. VII.6-1. Effect of ion and neutron damage on tritium trapping
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until fluences on the order of 1017 to 10 18 (D + T)/cm2 are reached [2,7-9]. This
is the point where the graphite becomes saturated to a level of about 0.4
(D+T)/C. Even at fluences above these values, there is continued retention of
some of the deuterium and tritium as the tritium migrates along the internal
porosity deeper into the graphite and as the surface roughness of the graphite is
further increased. It is this migration along the internal porosity that is the
second of the lour retention mechanisms, the combination of the first two
mechanisms does not result in high tritium inventories. An upper limit for their
combination is around 0.1 g/m , but this is only for temperatures of 100°C and
below. .Simply increasing the temperature to 50()°C would decrease this amount
by almost an order of magnitude. The third of the retention mechanisms takes
place at higher temperatures (T>700°C). At these higher temperatures, the
tritium is able to enter into the grains of the graphite and diffuse to high energy
traps (4.3 eV) existing naturally in graphite at levels of approximately 20 appm
[2]. Recent experimental data [10J has shown that neutron irradiation, even at the
lower levels expected for the physics phase of ITER, will be sufficient to increase
the trap levels significantly. Some of the experimental results from that study are
shown in Fig. VI 1.6-1. The different graphite components of ITER will be
exposed to neutron damage levels between 0.01 and 0.1 displacements per atoms
(dpa). It can be seen in the figure that this will generate tritium concentrations on
the order of 0.01 to 0.1 at %. Based on these results, it can be concluded that
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TABLE VII.6-1. PARAMETERS AND ESTIMATED
TRITIUM
INVENTORY FOR 20 mm THICK CFC FIRST WALL ARMOUR
Area Mass
m2
tonne

conductively 680
cooled
radiatively
cooled

70

Temperature, °C

Tritium *
Inventory
g

23

500-1000

100-150

3

1300-1800

50-100

These values do not include any contribution from the carbon redeposition in
the plasma chamber form the disruption erosion (5-20 kg/disruption)

maintaining the ITER graphite at temperatures in the range of 1000-1500°C
would result in significant inventories during the lifetime of the graphite
component, this temperature is sufficient to permit the tritium to become
uniformly distributed throughout the traps in the graphite, but not so high that
the traps are able to release the tritium back as a mobile species (Fig.VII.6-2).
The fourth component of the retention is the codeposition of sputtered carbon
atoms along with the deuterium and tritium from the plasma. The layer that is
formed is very similar to the saturated later described briefly above, but it is
different in that the codeposited layer can become very thick. The saturated layer
is not thought to extend significantly beyond the range of the most energetic
particles being implanted. The codeposited layer, on the other hand, is known to
grow to large thickness [11]. Similar to the saturated layer, the deuterium and
tritium concentrations can be as high as 0.4 (D + T)/C.
Table VII.6-1 gives a summary of the graphite mass and temperature for
the first wall tiles and estimates of the tritium inventory in the first wall. Most for
the first wall will be conductively cooled and the surface temperature will be
maintained at 500-1000°C. Approximately 10 % of the first wall in the outboard
region will be radiatively cooled and will operate at temperatures from 13001800°C, depending on the surface heat flux. The estimated tritium inventories in
the CFC first wall are given in Table VII.6-1. These values do not include any
contribution from the carbon redeposited in the plasma chamber from the
disruptions. The estimated tritium concentrations in tungsten or beryllium coated
walls are much lower than those for carbon.
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VII.7. BAKING AND CONDITIONING
Baking and conditioning of the in-vessel components of tokamaks are
used to achieve adequate prestart-up vacuum conditions and to control recycling
and impurities during plasma operation.
VII.7.1. Baking requirements
Baking at high temperature is a relatively rare occurrence (e.g., once in
four months), necessary after exposure of the inside of the vacuum vessel to
water or air near atmospheric pressure. It concerns all the surfaces and bulk
materials inside the vacuum vessel. Its primary purpose is the minimization of
oxygen (water) remaining in the in-vessel components. It involves a prolonged
heating cycle (>24 hours). Baking as presently envisaged with graphite
components at 35()°C and metallic components at 150*-180°C should be
performed after every major opening
(*: supported by TFTR experience for baking).
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VII.7.2. Conditioning requirements
Conditioning is a relatively frequent event which applies principally to
the surfaces in contact with the plasma to assure a controllable evolution of
density in the beginning stages of the discharge. In present tokamaks it occurs:
- after every shot if the graphite is cold (TFTR, Dili)
- after one or two days of plasma operation with all surfaces and objects at _>,
100°C (Tore Supra)
- by keeping the first wall protective tiles at a temperature above 300°C at the
beginning of the pulse (JET, JT-60)
Conditioning in ITER is also expected to be required occasionally (e.g.,
one in 1-3 weeks) after major disruptions and to alleviate the effect of small
water leaks. Temperatures required for the conditioning are 250°C for C-based
materials and 15O-18O°C for metals.
Conditioning between shots will be also required, mainly to remove
hydrogen from C-based materials for the start-up phase of the next shot. An
elevated temperature (between 100 and 150°C) is desirable for this conditioning
to speed up this process and to prevent the accumulation of condensed water
vapor. The glow discharge and the plasma discharge conditioning will be also
more efficient if the wall temperature is raised. In Tore Supra half the time is
saved when the conditioning temperature is raised from 150°C to 200°C.
VII.7.3. Possible scenario for baking/conditioning
It has been proposed to use hot gas, e.g. helium, as a heating medium
for high temperature baking of C-based materials (350°C). Baking by high
temperature and pressure water (350°C/17 MPa) was excluded because of its
safety concern. Using steam as a heating medium was also excluded because
water hammer will occur during the phase transition from water to steam or very
complicated system to prevent the water hammer will be needed. Water at 1.5
MPa will be used for the 150-180°C baking of metal materials. Baking system
using helium/water is studied in detail in the next section.
For the infrequent conditioning (250°C for C-based and 150-180°C for
metallic materials), it is also proposed to use hot gas and water for C-based
armor and metal materials, respectively. Hot water at 3.5 MPa has been
proposed for 250°C baking of C-based armor as another possibility, which does
not require the change of cooling/heating medium, such as from water to helium
in above scheme. Safety concerns are, however, raised for this hot water scheme
in terms of overpressure in the reactor building in case of pipe rupture and large
water leaks. Further assessment for the possiblity of this scheme is needed during
the EDA including protection of the vacuum vessel and building by filtered
venting.
During conditioning between shots including just before a plasma
operation and even during plasma operations, it is desired »' af all the
components located inside the vacuum vessel remain at temperature higher than
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1()()°C to reduce the amount of water vapor inside the vacuum vessel which may
be present due to "micro" leaks of water and/or air coming from joints, seals etc.
This condition needs to keep the water temperature above 1()O°C (inlet) in the
water
cooling
circuits.
(Outlet
temperature
of
water
will
be
~ 150°Cor more).
However, results of thermal calculations for the divertor plate (Section
VIA 1.) indicate that with the peak heat (lux of 15 MW/m , safety margins for
critical heat dux (burn-out) would be about two or less for water temperature of
10()°C (pressure at 3.5 MPa). This safety margin is not enough and even
dangerous taking into accout the present uncertainty in critical heat flux
predictions for ITER relevant conditions (one-side heated, heat transfer
enhancement with swirl tape inserts etc.). In addition, water inlet temperature
higher than ~100-150°C would not be allowed from safety poiknt of view
(overpressure in case of pipe rupture or large water leaks as mentioned above).
Therelore, the water temperature should be kept low, e.g. inlet at ~ 60°C and
outlet at ~ 1()()°C.
In conclusion, conditioning between shots could be achieved by the
combination of raising water temperature to 150-180 °C and glow discharge or
low power tokamak discharge in helium when a period between shots (dwell
time) is sufficiently long. However, this scheme cannot be applied in case of a
short dwell time. In addition, even with a long dwell time, it is impossible to
maintain all in-vessel components higher than 100 °C just before a plasma
operation since water temperature should be decreased, e.g. 60 °C at inlet, for
preparing the normal operation, and the thermal time constants of surface
materials (components) are less than 10-100 sec. Further study during the EDA
is needed for this conditioning including the effect of temperature decrease of the
in-vessel components just before a plasma operation.
VI 1.7.4. Design study for baking
Design studies of baking system for in-vessel components with carbon
armor tiles have been performed to identify: required heating capacity, possible
baking scenario and system configuration 11,2|.
The parts to be baked arc composed of the diverlor, the first wall, the
blanket/shield and the vacuum vessel. In the study shown below, the baking
temperture for metal components is assumed to be ISO °C for a conservative
estimation t>f the required heating capacity.
As the baking fluid to each component, hot gas and hot water have been
considered in the different components. Detailed study of advantages and
disadvantages of cases leads to choice the scenario where hot gas is the baking
fluid for divertor, first wall, blanket and shield, and hot water for the vacuum
vessel. The advantage of this scenario is to change the fluid in the first wall only
for baking at high temperature ( > 25()°C). Disadvantage concerns the inner
pressure of the water in the shield and the blanket which are to be kept over 1
MPa to prevent water boiling at 18()°C. Cooling of the blanket/shield and
vacuum vessel is necessary to control their baking temperature (180°C).

BUFFER TWK

SHIELD HALL

FIG. V1I.7-1. Schematic lay-out of baking system

The water should be drained from the channels in the First wall and the
blanket/shield before the baking and replaced by gas. The gas should be
evacuated before plasma operation cooling and replaced by water. The baking
system will repeat the cycle which includes following phases: plasma operation,
water drain, system dry out baking, gas evacuation, water filling.
Figure VII.7.4-1 [1] gives a schematic view of the different water circuits
alternatively supplied for the baking scenario similar to Tore Supra pressurized
water loop [6J. The Table VII.7.4-1 gives for the different components during
baking: the fluid nature, the baking temperature and the power involved.

TABLE VII.7.4.-1. BAKING CONDITIONS

JFluid

Baking
Temperature Power
(MW)
(°C)

First wdl1, divertor

gas
350
(N2 or He)

|3.4

Blanket/shield

250
gas
(N2 or He)
or water

3.6

vacuum vessel

water

2.5

II 180

In conclusion, the baking ramp up system is designed to have 350°C after
20 hours in the first wall, divertor and CFC tiles with a total power of 10 MW.
The main issues for the baking system are the following:
- Since both water and gas are used as the working fluids of baking, the
system configuration and the operation scenario become complicated.
- Pipes for water drain are necessary with channels of the first wall and
the blanket/shield.
- Long operation time is necessary for dry-out and gas evacuation of
cooling channels.
- Corrosion of cooling channels due to residual moisture should be
considered in the design.
A simplification would be obtained for the baking system configuration
in the case where the dismountable and movable alternative solution would be
chosen for the separate wall attachment.
The water cooling circuit of the first wall is only drained. A separate gas
circuit permit to bake at 350 °C the in-vessel components. In such a way the
blanket/shield system and the vacuum vessel can be baked 180°C without water
drain and with thermal control of the water flow conditions.
The separate first wall can be thermally insulated from the shielding
blanket to minimize the power consumption.
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VII.8. SAFETY ANALYSIS
A loss of coolant (LOCA) and a loss of coolant flow (LOFA) arc major
safety issues for the first wall. In-vessel LOCA directly results in water ingress
into the plasma chamber. The consequence of a LOCA external to the vacuum
vessel or of a LOFA is the total or partial loss of heat removal resulting in
temperature transients, burn out of cooling tubes (without plasma termination)
and water ingress into the plasma chamber. The most relevant consequences of
the water ingress are plasma disruption, pressurization of the vacuum vessel,
chemical reactions with water and air and radioactivity mobilization with
potential release into the environment.
Graphite based materials, stainless steel, tungsten, and beryllium are the
most relevant for the first wall. All their reactions with oxygen and some of the
reactions with water steam are exothermic. Safety harzards related to
LOCA/LOFA are:
- large tritium inventories associated with carbon tiles inside vacuum vessel which
are easily mobilized,
- activation of steel dust which is easily mobilized,
- high activation of Hasten and high volatility of its oxides,
- high toxicity of beryllium.
Pressurization of the vacuum vessel by water evaporation does not
exceed the design pressure of 200 kPa, at water temperature up to 100°C, but
could be higher under conditioning, when the water temperature > 130°C, and
could result in a loss of vacuum vessel confinement.
The chemical water-graphite reaction generates hydrogen and CO. The
hydrogen amount could reach the tens of kilograms, if the most part of the
graphite surface operates at 1500°C-2000°C. The amount drops to around 1 kg,
if most of the graphite tiles are cooled conductively and operate at tempertures
below 1000°C. A significant hazard, up to expolosion, can be expected at the tens
of kilograms level.
The consequences of the external LOCA to the surroundings of the
break depend on its location. A large quantity of water/steam including tritium
and corrosion activated materials is released into the surrounding volumes. These
volumes are jeopardized by the mechanical effects of jet forces, pipe whip and
pressurization, because of water evaporation and atmospheric temperature
increase. This pressure transient may jeopardize radioactivity confinement
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barriers and result in Iritium and activated corrosion products release, ln Table
VII.8-1 steady state room temperature and pressure alter 100m' spill of water
coolant are shown.
Temperature transient response of the first wall structure to an external
LOCA depends on the number of cooling loops (1 or 2) of the cooling system. In
case of highly unrealistic scenario of a total loss of cooling (1 loop) without
termination of plasma burn, the outboard first wall steel structure (with
radiatively cooled tiles) reaches 800°C after about 30 to 40s. Melting
temperature is reached alter 60 to 100s. The inboard first wall reaches 800 C
after 110s and melting temperature after about 270s. If the first wall cooling
system consists of two independent loops, loss of cooling in one pipe only would
be possible. In this case even without termination of plasma burn no critical
temperatures of the first wall structures are reached. The maximium
temperatures are 570°C and 645°C respectively for the inboard and the outboard
walls.
In cases of probable LOCA scenarios with 10 seconds "soft" plasma
shutdown, temperature of the first wall structure is well below 8()0°C limit.
The results obtained indicate that double first wall circuits provide a
safer operation. To decrease potential hazards, mobilizable radioactivity
inventories, mainly tritium in graphite, should be as small as possible.
Tempertures and amounts of chemically reactive in-vessel materials should be as
small as compatible with engineering and plasma operation.
TABLE VII.8.-1. TEMPERATURE AND PRESSURE AFTER 100 m 3 SPILL
OF WATER
Water parameters
3
Room volume, m

1000
10000
100000

p = 2MPa, T = 80°C

Temperture

78
69
44

p = 3.5 MPa, T = 240°C**
(conditioning)

-»
Pressure
Temperature
MPa
0.18
0.15
0.115

208
143
80

Pressure
MPa
2.03
0.54
0.17

Design pressure - 0.13 MPa
If conditioning will be done with hot water
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VH.9. MANUFACTURE AND TESTING
VII.9.1. FW manufacturing technology
The manufacturing technology for the two types of FW panel described
in chapter VII.3 is being developed since several years. Figs. VII.9-1 and VII.9-2
show mock-ups and crossections for these FW concepts:
(i) Rectangular stairless steel cooling tubes are joined by HIP (hot isostatic
pressing at 1100°C, 180 MPa) with front and back plates into a FW-panel.
Mock-ups up to 60x20 cm with coolant collectors were manufactured. An
alternative method with grooved and flat plates did not result in the same
bonding quality because of much lower allowed HIP pressures.
The mock-up shown in Fig. VII.9-1 was equipped for the attachment of armor
tiles via ceramic bolts on a refractory metal stud joined also by HIP to the
steel substrate. A plasma spray coating of Cro()-, was applied to the steel
surface to enhance radiation heat transfer with good quality of the diffusion
bond. First assemblies of graphite and carbon composite (CC) tiles
(K)xl5cm^) with both radiation and conduction cooling were produced (1,2].
(ii) Round stainless stee! cooling tubes are brazed into a steel panel
manufactured from two halves by transparent electron beam welding or
brazing by industry [3]. Three mock-ups with about 25x60 cm including
coolant manifolds and supporting sidewalls were produced:
- One is highly instrumented with a total of 93 thermo-couples and strain
gauges (TS1, see Fig. VII.9.-1)
- Two are fully prototypical for the ITER FW (see Fig. VII.9.2). The otpimal
brazing conditions were determined, the influence of the following
parameters on braze quality was investigated: gap size, the use of a channel
containing braze products, and type of braze alloy. Development of nondestructive testing equipment was made as part of the brazing study; brazing
flaws down to lmm can be detcted. Tests on two Alumina 13% Titania
coatings, used to incease surface emissivity, one vacuum sprayed (20 fxm)
and the other atmosphere sprayed (300 [im), showed that both retained
their mechanical integrity when subjected to a heat flux > 2 MW/m for
5000 cycles. Two of these mock-ups are equipped for attachment of armor
tiles via bolts in carbon composite (CC), which arc bajonette like hooked
into a groove in the steel substrate. First assemblies of radiation cooled
graphite tiles (24x50 cm ) with prototypical CC-attachment features have
been completed - see Fig. VII.9-2.
VII.9.2. FW testing
Several of the FW mock-ups have been tested under representative heat
fluxes:
(i) The "rectangular tube" type FW-mock-up was tested in the JAERI electron
beam facility JEBIS with conductive
and radiative carbon armor tiles at heat
2
fluxes of 0.2 and 0.6 MW/m , respectively, for up to 9 hours and 50 to 70
138

FIG. VII.9-1. First wall mock-ups with:
- rectangular tubes by HIP
- round tubes by brazing
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FIG. VII.9-2. First wall mock-ups
upper : brayed FW-panel with side walls
lower : carbon tile with attachment

14!)

2
cycles. The armors and substrates can endure a 0.2 MW/ra heat flux for
approximately 20 minutes over 50 cycles, however further modification to the
tile attachment components for the radiatively cooled assembly is required
before it can accommodate 0.6 MW/m . With conductive tiles temperatures
around 800°C were reached indicating a lower conductance between tile and
substrates than expected 11,2].
(ii) The first "round tube" type mock-up TS 1 was tested at the Thermal Fatigue
Testing Facility J R C Ispra for 1065 cycles at a peak heat flux of 0.42 MW/m .
The Alumina 13% Titania coating suffered no visible damage. The transducer
readings (51 strain gauges, 40 thermocouples and 2 platinum resistance
thermometers) are currently being analysed and compared with numerical
calculation. Testing of 3 small scale specimens (250x80mm), which have
features typical of first wall components, is underway at J R C Ispra. The
specimens have been tested for 36000, 27000 and 9000 cycles A a peak heal
11 ux of 0.5 M W / m " with about 700 M P a equivalent elastic stress; no evidence
of fatigue damage of the heated surface was detected by visual inspection.
Strain measurement techniques such as 'neutron diffraction' and 'geometric
Moire fringe' are being developed within this programme. This testing
programme is the basis for the first I A E A benchmark on lifetime prediction
of first wall components.
Testing of TS 1 with radiative carbon tiles is planned to start in early 1991 at
KfK Karlsruhe in a new test facility with a 300 KW heater made of carbon
composite [4].
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VII. 10. S E P A R A T E FIRST WALL
VII.10.1. Introduction
An alternative FW concept is under development.
This is an
independent structure located on the plasma facing side of the blanket box.
Small, low temperature ( ~ 1 0 0 0 ° C ) , conductively cooled carbon fibre
composite tiles are mechanically attached to individual heat sinks which are
brazed to, and cooled via, poloidally directed U-tubes (Fig. VII.10-1).
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FIG. VII. 10-1. Inboard first wall/blanket segment with alternative separate first wall

The PFC structure permits in-situ replacement of individual tiles by
remote maintenance equipment.
Due to the low armour temperature erosion, and consequently impurity
production, of the carbon based tile material is substantially reduced. During an
accidental LOCA inside the vacuum vessel, the hydrogen production on the first
wall will be negligible.

VII.10.2. Conceptual design
The heat sink comprises support plates brazed to two adjacent poloidally
directed tubes (O.D.21 mm) in either stainless steel or Glidcop and cooled via a
pressurized water loop operating in the subcooled regime.
A conductive and soft compliant layer enclosed between each tile and
the heat sink maintains thermal contact during the differential thermal distortion
of components throughout the duty cycle.
The attachment mechanism includes a spring element located in the
countersink of the support plate, remote from the plasma interaction area. The
spring is loaded by means of a sliding frame, accessible through two bore-holes
cross-drilled through the armour tile.

VII.10.3. Thermohydraulic analysis
2-D and 3-D thermohydraulic analyses of different armour
configurations have been performed with the CEA Delfin and Castem finite
element codes. 3-D carbon fibre composite Sepcarb Nl and random fibre
composite Aerolor A05G have been selected as armour material in the
calculations.
A tile thickness of 20 mm was considered to be a good compromise
between mechanical and thermal requirements. The cooling tubes incorporated
in the heat sink were either stainless steel or Glidcop.
The temperature distributions in the PFC structure were then calculated
in a 3-D model for different component combinations assuming a continuous
heat flux on the armour tile and taking into account a global heat transfer
coefficient HTCp of 4500 W/m K through a 1.2 mm thick compliant layer
interface.
A tile geometry of either 115 x 115 mm or 77 x 90 mm has been
assumed, corresponding respectively to a "two or three fold" tile arrangement in
front of the I.B. shielding box.
Assuming a maximum allowable tile surface temperature lower than
1000°C and a compliant layer temperature which should not exceed 700°C,
either the smaller tiles attached to the heat sink including stainless steel or
Glidcop cooling tubes or the larger tiles attached to a heat sink comprising
exclusively Glidcop tubes, leads to an acceptable design concept.
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VII. 10.4. Thcrmomechanical and global stress analysis
The differential component deformations during continuous heal flux
(60 W/cm^) have been studied assuming a tile attachment spring force of
~ 150 kgF. The results show that the contact pressure in the compliant layer
interface varies from ~ 5 bar near the tile centre to ~ 2 bars on the heat sink
border. To avoid loss of thermal contact between tile and heat sink the compliant
layer must be highly compressible (i.e. Elastic Modulus E_<_5 MPa ) .
Peak V. Miscs stresses of 280 MPa appear on the inner cooling tube
wall. Simplified fatigue time analysis of the heat sink structure leads to values
exceeding 10 cycles.

VII. 10.5. Compliant layer optimization
2-D thcrmohydraulic calculations show that a minimum HTC^, of 4500
W/m"K is required to limit the tile surface temperature to values lower than

°

It appears, that only foils of exfoliated graphite such as Papyex or
Sigraflex could satisfy the thermal requirements with a contact pressure of 5 bar.
The compression of commercial Papyex (50 mm O.D., 0.5 mm thick)
and Sigrallex (1mm thick) was measured as a function of contact pressure at
room temperature. It has been shown that the resulting Elastic Modulus E
depends strongly on the contact pressure. A value of approximately 10 MPa was
obtained for a pressure of 5 bar. It appears realistic to assume that the
development of a more flexible (i.e. E ~ 5 MPa) compliant layer will meet the
requirements.

VII. 10.6. Elastic attachment mechanism
During transient thermal expansion of the tile assembly, which could
lead to differential component distortions along the attachment axis, a spring
system ensures approximately constant tile contact pressure.
The optimization of the spring system leads to a spring force of
~ 150 KgF allowing a dynamic spring bending of _+_0.5mm. The estimated spring
relaxation due to irradiation creep over the Physics Phase is less than 10%. A
spring holder comprising the spring plates ot Inconel 750 X is fixed in the armour
tile by means of two CFC pins. The springs are loaded by a sliding frame, which
is bolted to the support plate. Two bore holes of 6 mm diameter cross-drilled in
the armour tile allow accessibility for the bolting tool.
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V1I.11. START-UP LIM1TER
VII. 11.1. Operational conditions and design requirements
Start-up of ITER requires a start-up phase of limited time (~ 30 s) in
which the current is ramped up from 0 to about 12-15 MA and the plasma is
limited by either inboard or outboard start-up limiter rather than the divertor
plates. Subsequently, the divertor configuration is established and considerations
similar to those applied elsewhere in the sections on the divertor apply.
For ohmic startup heat loads on the first wall for the reference F.W.
configuration and plasma center location in the equatorial plane were
derfined.jlj Although the limiter should be circular and concentric with the
toroidal field with better accuracy compared to the divertor plate, the following
maximal heat loads could be obtained taking into account possible physical
asymmetries and uncertainties and technological peaking factors (similar to the
divertor case).
2.5-3MW/m" for inboard and
3-3 5MW/m" for outboard plasma start-up
These are maximal heat loads to the end of start-up phase. Detailed
picture o( heat load rise and during this phase is needed for accurate thermal
analysis ol the structure.
The belts of maxima! heating are lie on the heights _+_2()-3()cm upper and
lower the equatorial plane. The total height of /one where the heal loads exceed
the reference first wall value (O.bMW/m") is 1-1.5m [2]. Most of the design
requirements for start-up limiter are similar to divertor ones because of close
operational conditions. In addition, run-away damage (mainly inboard) and
alpha-particle losses (outboard) have to be considered. The main difference is
associated with location ol limiter dose to the main plasma in comparison to the
divertor plate For start-up phase with low density ohmically heated plasma
energy ol ions incident on the surface is rather high and can lead to run-away
erosion of graphite, that is especially dangerous at the direct contact of graphite
with the main plasma. So the maximal allowable temperturc for limiter graphite
could not exceed the value ~ KKM)°C (as for divertor) or could be even less. It
practically excludes any solutions with radiactively cooled limiler surface though
inertially heated tiles could be considered.
VII. 11.2. Possible structural solutions and lifetime
The design of start-up limiter at this phase of the project was not
provided, but some following considerations on possible structural solutions of
limiter could be made:
Comparing the inboard and outboard position of start-up plasma one
can find, that heat loads on the lin.iter are practically close in both cases. Shaping
the outboard first wall to match the ripple corrugation of toroidal field one can
decrease heat loads by 2.5 times | 1 | , but significant radial rippling (_+_2-3cm) of
the first wall is needed, Even in this case heat loads on the first wall are much
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higher than in reference case and it requires a special structure for the limiter.
Outboard wall have a number of ports in the equatorial region, that requires
some additional protection against extremely high heat loads incident on lateral
walls of first wall windows. So, some preference should be given to inboard
location of start-up plasma (relatively lower heat loads, no windows, twice lower
mass of removable start-up limiter).
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VIII. CONCLUSIONS
The collaborative effort of the ITER Conceptual Design Activity (CDA)
on plasma facing components (PFC) focused on the following main tasks:
- The definition of the PFC design requirements for the Physics and Technology
Phase
- The definition of basic design concepts for the first wall (FW) and divertor
plates (DP).
- The analysis of the performance and likely lifetime of these PFC designs.
- The start of R&D work giving already first results, and the definition of the
required further R&D program to support the contemplated ITER
Engineering Design Activity (EDA).
The assessment of the proposed FW concepts lead to the identification
of major critical FW issues including;
- the feasibility of radiative carbon armor tiles at up to 2000°C in view of plasma
purity, neutron damage and safety
- the feasibility of conductive carbon tiles with reliable temperature control in the
range of 500-1000°C via a compliant layer considering neutron damage and
other deformations
- the demanding conditioning requirements for carbon armor tiles
- tritium inventories of up to several hundred grams in hot bulk carbon and on
cool carbon surfaces
- the feasibility of tungsten coatings as FW armor considering mainly plasma
purity, safety an 1 fatigue life of the steel substrate
- the design and feasibility of local sublimiters for protection against high heat
loads in normal operation and during disruptions
- the fatigue life and progressive deformation of the FW steel structure under
normal heat loads, disruption loads and run-away electrons.
The assessment of the proposed DP concepts lead to the identification
of major critical DP issues including:
- the feasibility of peak heat fluxes of up to 30 MW/m considering sweeping
limitations, disruption lifetime, fatigue life of the braze joint and critical heat
flux limits
- the need to develop advanced carbon composites primarily with significantly
improved thermal conductivity for longer life
- erosion by disruptions including realistic effects of vapor shielding
- protection of the heat sink against run-away electrons
- fast and preferably passive plasma shutdown to avoid DP-mclting after a loss of
sweeping or loss of cooling
- tritium inventory of up to 1 kg in cool redeposited carbon and dust
- frequent conditioning of carbon armor between pulses with low coolant
temperatures (< 10()°C limited by critical heat flux considerations)
- the feasibility of tungsten coatings as DP armor considering mainly plasma
purity and safety aspects.
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The main conclusions from the ITER CDA effort on PFC are:
(i) The operating conditions currently predicted for the ITER PFC are
challenging and have not been experienced in other technologies. However,
these operating conditions can presently only be predicted with some
uncertainty. Hence, a modification of the PFC design may be require J after
the initial operation.
(ii) The PFC design solutions appear to be at the limit of presently available
technology with associated risks for low lifetime and availability. In
particular, the attainable performance for the divertor seems to limit the
overall machine performance such as the fusion power, the use of current
drive and the achievable fluence.
(iii) The development of convincing PFC solutions requires an intensified R&D
effort focusing on the critical issues identified now. In addition lo the
development of the PFC technology, it would be highly beneficial, if R&D
on plasma physics would result in less challenging operating requirements
mainly concerning peak heat loads during normal operation and disruptions.
Provided that the above indicated two pronged R&D approach is
vigorously pursued in the next years, there are reasonable prospects to achieve a
convincing design solution for the ITER plasma facing components by the end of
the Engineering Design Activity.
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