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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.
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I. INTRODUCTION

As the first opportunity for fusion integrated testing, 1TER will be
utilized for a wide variety of tests requiring the complete fusion environment.
Test information from ITER will be obtained by two means: 1) information from
the operation of the components of the basic device including component-to-
component interaction and the overall system integration, and 2) a number of
experiments on a number of nuclear components, including blanket test modules
which will be introduced into ITER in specially designed ports. To date, the
ITER Test Program effort has focused on the second part, i.e. specially designed
experiments, for the nuclear components.

The objectives of the ITER test program are: 1) screening of concepts in
tests which require the integrated fusion environment, 2) calibration of fusion
integrated tests to results from non-fusion tests, 3) validation of candidate
blanket concepts, and 4) testing of advanced concepts. The ITER objectives and
characteristics contained in ANNEX I to the Terms of Reference [1] state that
ITER will provide the date base "necessary for the design and construction of a
demonstration fusion power plant".

ITER has been designed to operate in two phases. The first phase, which
fasts for 6 years, is devoted to machine checkout and physics testing. Some useful
technology tests are also planned during the Physics Phase. The second phase
lasts for 8 years and is devoted primarily to technology testing. There are a
number of specially designed ports on ITER that are allocated exclusively for
technology testing, 3 ports during the physical phase and 5 ports during the
technology phase. Considerations of limited space and time for testing in ITER
dictated the dcvelopement of a test plan that made maximum utilization of the
facility. Some of the issues related to international collaboration on the test
program have been successfully resolved through a combination of sharing time
and space on ITER as well as collaboration on many of the tests.

Sec. 2 of this report describes the technology test program development
for ITER. Sec. 3 describes the ancillary equipment outside the torus necessary to
support the test modules (e.g. heat rejection and tritium recovery systems). The
ancillary equipment requirements are extensive and they represent a key aspect
of the overall machine configuration. The international collaboration aspects of
conducting the test program on ITER are summarized in Sec. 4.

Successful testing on ITER imposes important requirements on the
machine major parameters (e.g. wall load, fluence, burntime). These
requirements have substantially influenced the ITER design and are summarized
in Sec. 5.

In order to develop the test modules for testing in ITER, an R&D
program is required. Key elements of (his R&D program are described in Sec. 6.

[1] IAEA/ITER/DS No.l, Vienna, 1988
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II. TEST PROGRAM DESCRIPTION

II.l. INTRODUCTION

This section describes the test program developed for ITER. The
technology tests considered to date are mostly related to the blanket and
materials. Other tests such as those for high heat flux components are important
and will be addressed in the future.

The numbers of ports available for testing in ITER are 3 during the
physics phase and 5 during the technology phase. The allocation of the 3 ports
during the physics phase is as follows: one port for neutronics tests (including
possible sharing with some materials tests), one port for liquid metal blankets
(both self cooled and separately cooled), and the third port for all types of solid
breeder blankets, (gas cooled and water cooled).

During the technology phase the 5 ports are allocated as follows: 1) one
port for solid breeders, gas cooled, 2) one port for solid breeders, water cooled 3)
one port for self cooled liquid metals, 4) one port for separately cooled liquid
metals, and 5) one port for material and other types of tests.

A strategy for allocation of these ports among various countries bas been
developed and it involves a combination of collaboration on some tests, and
allocation of testing space and time by party.

II.2. REFERENCE DEVICE PARAMETERS

Device parameters for the Technology Phase are Lased on the reference
long-pulse hybrid operating scenario, and are listed in Table II.2.1. The wall load
has an average peaking in the test port of -1.2. The minimum achievable dwell
time is -300 s, and may be as high as 400 s or more. The reference plasma burn
time is 2250 s, but other options for plasma steady state operation during the
Technology Phase are being explored. The availability of 18% is a minimum
value which is required to achieve the goal fluence within the 8-year technology
phase, and is based on operation only at the reference conditions.

The rate of fluence accumulation in the device and at the test module
are summarized in Table II.2.2.

II.3. TEST SCHEDULE

The cerall test schedule is shown in Fig. II.3.1. During the physics
phase, three ports have been allocated for testing. One port will be used for
liquid metal blanket tests, one port will be used for solid breeder blanket tests,
and one port will be used for neutronics and materials tests for plasma exposure.
The tests in the liquid metal port are focussed on MHD and MHD/thermal-
hydraulics due to the effect of the ITER magnetic field on liquid metal flow
patterns and heat transfer. In addition, time is allocated for ancillary system

13



TABLE II.2.1. TECHNOLOGY PHASE REFERENCE PARAMETERS

Device parameter
Average neutron wall load,
MW/m2

- device average
- at the test module

Number of ports
Port size
Total testing area
Plasma burn time
Dwell time
Technology testing phase
duration
Average availability
Total neutron fluence,
MW-yr/m2

- device average
- at the test module

Reference Value

0.8
1.2
5 .
3.74 m2

18.7 mz

2500s
>200s

8 years
18%

1.02
1.5

check-out in preparation for the technology phase. The solid breeder port is to be
used for system check-out and environment characterization for both water
cooled and helium cooled concepts. The neutronics port will be used for tests of
shielding performance and tritium breeding for all types of blankets. A small
portion of this port will be allocated for plasma exposure of material test
samples.

During the Technology Phase, five ports will be available for blanket
testing. Two ports are allocated for liquid metal blankets, one for liquid metal
cooled designs and one for water cooled designs. Another two ports are allocated
for solid breeder blankets, one for water cooled designs and one for helium
cooled designs. The last port is devoted to materials irradiation testing. The
general approach to blanket testing is to first perform screening tests or short-
term performance tests of several designs using sub-modules. The lead designs
would then be selected for extended performance testing to determine their
potential for use in advanced reactors. Finally, DEMO candidate blankets would
be tested using full segments. The materials tests would consist of irradiation of
many small samples in a well characterized environment. The tests would be
conducted at different temperatures and neutron fluences, and the samples
would be removed or replaced at relatively frequent intervals.

14



TABLE II.2.2. REFERENCE FLUENCE SCENARIO

Year

Physics
1
2
3

4
5
6

Plasma

Phase
M
H,D
DBHe

DT
DT
DT

Technology Phase
7 OT
8 DT

9
10

11
12

13
14

Possible
Phase

15-?

DT
DT

DT
DT

DT
DT

Extended

DT

Neutron
Average

0
0
0

1.0
1.0
1.0

0.8
0.8

0.8
0.8

0.8
0.8

0.8
0.8

0.8

Wall Load
on Port

0
0
0

1.6
1.6
1.6

1.2
1.2

1.2
1.2

1.2
1.2

1.2
1.2

1.2

Pulses/yr

1000
1000

1000
1000

2500
2500

2500
2500

2500
2500

Pulse length

400
400

2250
2250

2250
2250

2250
2250

2250
2250

Availability

0
0
0

0.03
0.03
0.03

0.07
0.07

0.18
0.18

0.18
0.18

0.18
0.18

Accumulated
Average on

0
0
0

0.01
0.03
0.05

0.11
0.16

0.31
0.45

0.59
0.73

0.88
1.02

3.0

Fluence
port

0.02
0.05
0.C8

0.17
0.24

0.47
0.68

0.89
1.10

1.32
1.53

4.5

Minimum availability is based on the reference scenario
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II.4. NEUTRONICS TESTS

11.4.1. Introduction

Many important neutronics issues will require testing in ITER. These
neutronics issues include (1) the demonstration of tritium self-sufficiency for the
various test blankets systems, (2) verification of the adequacy of current neutron
transport codes and nuclear data in predicting key prameters such as local (and
zonal) tritium production rate (TPR), heating rate, gas production and activation,
(3) verification of adequate radiation protection of machine components (e.g. SC
magnets) through the bulk shield as well as adequate protection to personnel,
and (4) confirming the safety factors implemented in the design of the shield
system to account for streaming through gaps/slits and penetrations such as the
NBI and main exhaust ducts. A number of these tests will be carried out prior to
the introduction of the test blankets in the machine.

11.4.2. Types of neutronics tests

11.4.2.1. Dedicated neutronics tests

These tests aim at examining the accuracy in predicting key neutronics
parameters in the fusion environment. The goal of this category of tests is to
identify the source of discrepancies between the analytical predictions and the
experimental data. These tests will provide information parameters such as
tritium production rate, nuclear-heating, induced radioactivity and decay heat.
Such tests will be performed on the various first blanket types planned. While, in
principle, a small size test submodule (-0.3 m x 0.3 m) could be used for
predictive capability verification, a full test module (3.4 m x 1.1 m x 1.5 m) is
preferred, since the derived uncertainties in the prediction of the local values of
those parameters will be more representative of those anticipated in the full
coverage blanket case. It is recommended to carry out the dedicated neutronics
measurements in the innermost portion of the test module away form the test
module boundaries where large spectrum changes are encountered.

The measurements for the dedicated neutronics tests will include
neutron yield and external DT source characterization, local tritium production
and heating rates, neutron and gamma rays spectra and gas production, (H2 and
He) and foil activation rate measurements. These measurements will be
performed at several locations inside the test modules. These measurements
require in general very low fluence (1W sec/m -1MW sec/m ) and thus are
suited for ear!y stages of the reactor operation. The only exception is for
hydrogen and helium production rate, dpa rate and activation rate measurements
which require larger fluence (>0.2 MW yr/m ) in order to accumulate enough
measurable products. Table II.4-1 summarizes examples of this type of dedicated
tests along with the device operation conditions to perform them.

Tritium Self-Sufficiencv Tests
Direct demonstration of tritium self-sufficiency for one test blanket type

requires a fully integrated reactor system [1.2]. This does not appear possible in
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TABLE II.4.1. EXAMPLE OF DEDICATED NEUTRONICS TESTS

Parameters:

Source
Character-
ization

Neutron yield

In-Hcdule Parameters

TBR. heating
rate.neutron
spectrum,
gamna
spectrum,
reaction rates

H.He, dpa rates,
activation

Out-of-Moaule
Parameters

Dose behino module

Test Type:

Test Module
Conditions:

material,
geometry, test
module size

Device Operating
Conditions
fluence

Operation
Scenario

Operation Phase

Out-of-module In-noduie
integrated (at a
location

In-module Out-of-module.
integrated (at a Integra tec
location

N/A A submodule (0.3x0.3xlm) or module (1.4x1.1x1.6m)
is sufficient to
geometrical

perform these tests provided the

details surrounding the test module are accurate!',
considered in modeling (module is prefereable). Various
materials and configurations (prototypical FW/B/S) are
needed.

<- 1 W -sec/ui2 to J MW-sec/ir.2 ->

Any linear combination of wall load
and operating time which leads to
this range of fluence is acceptable
TypicaJiy. 202sec of operation
1? 5x10 n/cm -sec is adequate

>0.2 HW-yr/m2 1 MW-sec/rr/
(fluence is Same as fc- in-
required to module parameter
accumulate

. reasonable level
of damage/
activation

<-Steady-state or pulsed
operation ->

Year 4 in physics Year 4-6 in
phase physics phase

End of the Concurrent with in
technology phase module tests
on the selected
FW/B/S system
for solid breeder
and/or liquid
metal in the last 3
years of the
technology phase

ITER. Then it will be necessary to rely on indirect demonstration through
synthesis and extrapolation of information obtained from the operation of both
basic components and test elements in ITER.

A sector test, rather than only a submodule test will be necessary
because: 1) there are strong poloidal variations in tritium production rates due to
variations in wall load geometry, penetrations, etc. The extrapolation of results
from each submodule to reactor conditions will be different, and 2) the
uncertainies arising from specifying the boundary conditions for the submodules
are large and make extrapolation difficult. The main parameter to be measured
will be the tritium recovered from the purge gas of solid breeder blankets or
from the NaK cold traps in the selfcooled liquid metal concept. It will be
necessary to operate the reactor for the time needed to get tritium saturation in
the blanket and saturation of the recovery system. Once saturation is reached, the
amount of tritium generated in the entire sector will be equal to the amount of
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tritium released in the purge gas stream, regardless of the tritium inventory
(trapped) in the sector. This method of verifying the predictive capability for the
TBR could be viewed as an on-line method and thus could be applied during any
phase of operation of the test device, provided that saturation in the tritium
released to the purge gas is reached. It is suggested that a submodule of the same
type of blanket used in the sector also be tested in parallel to the sector in various
poloidal locations. This would be useful in developing correlations for
extrapolation from submodule to sector to reactor.

II.4.2.2. Supplementary neutronics measurements

These neutronics measurements are intended to be performed in test
modules (or submodules) used for other non-neutronics tests. Goals for this
category are to: (1) provide additional supporting information to the dedicated
neutronics tests in examining the prediction capabilities of various computional
methods, and (2) provide the source terms and their associated uncertainties (e.g.
heat generation and tritium production rates) for other non-neutronics tests
devoted to predictive behavior and engineering performance verification (e.g.
tritium recovery tests, thermo-mechanics test, etc.) Since these engineering
performance tests will most likely be scheduled during the technology phase,
these measurements can first be performed on the test submodule (module)
since they require very short time (typically 20 s to 1 minute at 5x10 n/cm sec
neutron yield), then other non-neutronics tests can follow. As needed, these
measuremnts can be repeated at any specific time during the technology phase of
the reactor operation. Measurements that require longer times are those related
to the first wall and breeder damage parameters such as H, He and dpa
production rates. These measuremtns will require larger accumulated fluencc
(>0.2 MW yr/m ) and thus can be performed on the selected reference solid
breeder and/or liquid metal FW/B/S system during the last 3 years of the
technology phase.

It.4.2.3. Neutronics measurements for the basic device

The purpose of these measurements is to obtain useful information from
measurements of other key parameters at important locations of the basic device.
These include measurements of the afterheat level, accumulated activation level,
and personnel exposure level behind the shield during operation and after
shutdown as well as the radiation levels around the penetrations for fueling and
heating, etc. Of interest are the measurements of neutrons and gamma ray
leakage behind the inboard (I/B) and outboard (O/B) shield of the device
during operation. In particular, the level of fast neutron fluence (En > 0.1 MeV)
behind the I/B shield is a measure of the radiation damge to the inner leg of the
TF magnet. The monitored nuclear field (leakage spectra, dose) can be
compared to the predicted values. Since these masurements could be viewed as
monitoring processes, they could be carried out during all phases of operation.
Examples of these measurements are shown in Table II.4.2.
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TABLE II.4.2. EXAMPLES OF NEUTRONICS MEASUREMENTS FOR THE
BASIC DEVICE

Parameter:

Related Issues:

Measurement Type:

Approach:

Oevice Operating
Conditions:
fluence

Afterheat level and
accumulated
radioactivity in
selected sector(s) of
the basic device

Passive Cooling
system and head
dump

Integrated, out-of-
sector

After the device is
shirt off, level of
afterheat is
measured and
comparison is made
to prediction

Requires prolonged
operation before
measurements are
performed. Fluence
requirement of "0.1-
1 MW-yr/m

Phase of Operation: Toward the end of
the Technology
Phase

Neutron and gamma
leakage behind the
I/b and 0/B of the
machine bulk shield
and near penetrations

• Radiation damage
to S/C magnet

• Neutron streaming
and peaking safety
factors for shield
design

Integrated, out-of
sector

During operation, the
nuclear field behind
shield and near
penetrations is
monitored. Predictive
capability verifcation
can be made

Dose level behind
the shield during
operation and after
shutdown

Personnel protection
and routine
maintenance

Integrated out-of
sector

Dose level behind
shield is periodically
measured at
selected locations.
Confirmation with
analytical prediction
can also be made

<- Fluence Requirement is very modest ->
(1 W-sec/nr to 1 MW-sec/m )

During the last 3
years of the physics
phase and/or during
the technology
phase

Any time during the
last 3 years of the
physics phase and
during the
technology phase

II.4.3. Test space requirements

One port has been allocated for neutronics tests during the last three
years of operation in the physics phase with D/T plasma. During this period of
time, most of the dedicated neutronics can be performed. As mentioned earlier, a
small size test submodule (-0.3 m x 0.3 m) could be used, but a full test module
is preferable since most of the neutronics parameters are sensitive to conditions
such as the surface area of the test module and the geometrical arrangement and
materials surrounding the test module.

It is suggested that the test schedule and space utilization proceed in two
stages. During the first stage a number of submodules can be tested
simultaneously in the neutronics port. During the second stage, tests will be
performed on full size test modules, i.e. one module occupies the entire port. A
limited number of these modules will be tested sequentially. The cost of the full
modules is an issue. Combining these tests with other technology tests, i.e., using
the full size modules of the technology phase for neutronics testing, should be
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considered. If the full modules are not available during the physics phase, the
tests will have to be repeated for the various concepts at the beginning of the
Technology Phase.

The test for tritium self-sufficiency will require a full test segment, as
pointed out earlier. Therefore they will be possible at the end of the Technology
Phase. However is has to be pointed out that data from a similar self-sufficiency
test for the driver blanket will be available already at the end of the Physics
Phase.

The neutronics measurements aimed at providing the source term(s)
required for other non-neutronics tests will be performed in test submodules
(during the first 3 years of the technology phase) or full size modules (during the
last 3 years of the technology phase) whose sizes are governed basically by the
requirements for these tests. As for neutronics measurments for the basic
machine, selected locations are chosen during operation and after shut down
where measuremnt of dose levels and neutron and gamma rate leakage behind
the shield and around penetrations can be performed. In this regard, the entire
ITER machine could be viewed as a mockup test device to validate the safety
factors used in designing the bulk shielding and shielding around penetrations/
gaps/slits. Since the reactor in this case is full size 3-D configuration, comparing
calculational results from 2-D and 3-D transport codes with those obtained
experimentally will decide on the level of confidence associated with these safety
factors for the next DEMO machine.

II .4.4. Instrumentation

During commissioning and first operation of ITER without test
modules, information about measuring techniques and instrumentation will be
gained. Neutron spectra and flux measurements will have to be performed inside
the plasma chamber using a multi-foil activation method. Tritium production rate
measurements can be spatially performed, e.g. with liquid scintillation counters
with L^L^O, or L^GO? samples. Gas proportional counters can also be used for
high fluence. In principle, thermoluminescent dosimeters (TLDs) and
calorimeters can be used for heat generation rate measurements, but specially-
designed, small-size detectors are necessary. Neutron spectrum measurements at
selcted locations inside the test module can be best performed by using the
multi-foil activation method (MFA) that utilizes 197Au,58NI,27Al, and 93Nb
foils. The MFA method is an indirect technique and should be previously
confirmed in various neutron fields [3]. Dose levels behind the shield of the test
module will be performed using neutron and gamma ray dosimeters. In addition,
confirmation of the acceptable damage limits to the TF magnets behind the
shield can be achieved by performing fast neutron (E > 0.1 MeV) flux
measurements using NE 213 counters at various locations. The main concern
with some of the instrumentation is the radiation damage to the detector
components (e.g.,photomultiplier) under prolonged irradiation; but in general,
further development is needed in this area prior to ITER operation. One should
also develop a strategy for inserting and removing neutronics instrumentation

21



Sector

Test Submodules
In Place

Test
Submodule
Withdrawn

Central
Drawer

Li-Glass
Detector*

Cable to
Scintillator

Counter

\
* Li -Glass Detector can be moved along the central

drawer for local TPR on-line measurement. Also, Li-Foil and/or
Li-Pellet Detector (0.5 mm x l0mm<£) can be installed for post-
irradiation TPR measurements.

Fig. II.4.1. Schematic Diagram Showing a Central Drawer in the Middle of the
Innermost Submodule for Tritium Production, Spectrum and Heating Rate
Measurements

(for both on-line and post irradiation measurements) with minimal interferance
with other testing tools. Figure II.4.1 shows a schematic diagram illustrating
measuring tritium production rate by using an on-line Li-glass detector at the
center of submodule.
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II.5. LIQUID BREEDER BLANKETS

II.5.1. Introduction

The liquid metal blanket test program in ITER includes self-cooled,
separately cooled, and water cooled concepts. The self-cooled designs use either
pure Li or Pb-17Li as the coolant/breeder, the separately cooled design uses
liquid Pb as the coolant with a Li breeder, while only Pb-17Li has been proposed
for the water cooled concept. The approach to blanket testing results from the
limited amount of test space and test time that is available in ITER, along with
the desire to screen several different designs. The following approach is
proposed.

Make sxtensive use of all testing possibilities outside of ITER. Nearly
all separate effects relevant to a blanket design can and should be investigated in
the test loops (out-of-pile as well as in fission reactors) prior to tests in ITER.
This is especially true for complicated and highly instrumented MHD tests and
long time corrosion tests. End of life tests and even long time performance tests
are, in any case, not possible in ITER due to the relatively low fluence.

Perform as many tests as possible during the physics phase. This phase
is especially suited for MHD tests and MHD-Thermalhydraulics tests since these
tests do not require long, repaeted burns and, for some of the tests, no neutrons
at all. What is needed is the real geometry and the real distribution of the
magnetic field. This means that most of the tests can be performed even without
a burning plasma. An important goal of these tests is the measurement of
pressure drops and flow distribution through the blanket. For availability
reasons, all these tests will be performed with modules which are not exposed to
the plasma. It is proposed that electric heaters be installed at the front surface of
the modules in order to simulate plasma surface heating. Besides the MHD tests,
it is intended to check out the modules including instrumentation as well as
ancillary equipment and to obtain some information about the mechanical
behavior of the modules and the testing equipment during the technology phase.

Divide the test port into parts in order to conduct parallel tests during
the first years of the technology phase. The allocation of submodules is shown in
Fig. II.5.1. It is proposed to test three or four submodules during the first couple
of years of the technology phase to screen a number of designs using either Li or
Pb-17Li. Each sub-module needs its own ancillary loop system, and all ancillary
systems will be installed in parallel. It is intended that each system will be
designed for the full capacity of a module (6MW thermal power and about 0.8g
of tritium per full power day) and operate during the sub-module testing at
partial capacity. In the next step the size of the submodules is increased and they
will be exposed to the plasma for the first time. Again short time tests will be
performed, and the submodules will be exchanged at least once.

Perform sequential tests with full size modules during the second half of
the technology phase. It is expected that the screening tests will reduce the
number of concepts to be tested. Therefore, two to three designs each for the
self-cooled and water-cooled concepts will be tested using full size modules.
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Fig. II.5.1. Test Sequence for Liquid Metal Blankets

These tests are not high fluence tests, but they should allow the selection of one
or two leading designs that have the potential to meet the requirements of the
DEMO reactor.

Test segments of one or two liquid metal blanket designs towards the
end of the technology phase. These tests are highly recommended to test the
integrated performance of the blankets that could be installed in a DEMO
reactor.
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11.5.2. Liquid metal cooled concepts

77.5.2.7. Technical issues and objectives of tests

The technical issues of self-cooled and separately cooled liquid metal
blanket concepts are:

- Tritium self-sufficiency
- MHD effects
- Heat transfer
- Materials interactions (e.g. corrosion)
- Structural response in a fusion environment
- Tritium recovery and control
- Components and system interactions
For liquid metal cooled designs, the issue which tends to dominate most

considerations is MHD. Potentially, MHD effects could influence fluid flow,
heat transfer, corrosion rates, and stresses (pressure) in the blankets. Therefore,
this issue has an important role in the ITER test program. Other issues,
although important, do not play as crucial a role in the ITER program.
Individual issues which can be studied without a fusion environment, could be
investigated separately, outside of ITER. On the other hand, an in-depth
investigation of the structural response would require a neutron fluence much
higher than the one achievable in ITER. These considerations indicate that the
objectives of the test program have to be chosen carefully in order to eliminate
tests which can either be performed earlier, better, and cheaper in a non-fusion
environment or would produce results of questioable value due to the low fluence
in ITER.

Keeping these limitations in mind, the tests cover the following range of
objectives.

- Tests of the predictive capabilities of engineering codes
- Tests of the engineering performance of particular concepts
- Tests of the engineering reliability of various concepts

77.5.22. Strategy and test types

The test strategy for liquid metal cooled blankets follows the general
strategy outlined in the introduction. At least three parties, the EC, US, and SU,
have indicated an intention to test liquid metal cooled blankets. The specific tests
for liquid metal blankets are related to the key issues identified earlier. The tests
to be conducted in ITER are MHD tests, combined MHD/Thermalhydraulic
tests, shot term and extended term performace tests, material tests, and post-test
examinations.

MHD tests
Liquid metals flowing in high magnetic fields can result in high pressure

drops, high blanket operating pressures, and coolant flow profile modifications
which can affect heat and mass transfer in the coolant. Resolution of MHD-
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related issues requires investigation in two areas: 1) MHD pressure drop, heat
transfer, and fluid flow, and 2) electrical insulators for flowing liquid metal
systems. ITER provides both the correct magnetic field configuration and
blanket test volume needed for testing MHD effects. Since no neutron flux is
needed to conduct these tests and the test times needed to achieve equilibrium
flow conditions are short (about 100s), these tests can be conducted in the physics
phasij of ITER operation. The MHD tests would be aimed at confirming the
predictive capability of MHD models and codes.

MHD/Thermalhydraulic tests
Changes in the coolant flow profiles will alter the heat transfer within

the blanket. In order to optimize the performance of the blanket, heat transfer
within the coolant needs to be thoroughly understood. ITER will be the first
facility where both the coolant flow and bulk heating of the blanket will be
properly simulated. However, during the physics phase it will not be possible to
expose the test module to the plasma. Therefore, meaningful heat transfer tests
during this phase require a simulation of the surface heat flux by installing an
electrical heating device at the front surface of the test module. The temperature
profiles within the blanket will be measured for a variety of mass flow rates, and
these results will be compared with model predictions. The test times involved
are relatively short ( IGO's of seconds), and the neutron fluence will be low.
Therfore, these tests will be conducted during the last two years of the physics
phase.

Short term performance tests
Following confirmation of the predictive capability of MHD and

MHD/thermalhydraulic effects, the high temperature performance
characteristics of liquid metal blankets would be explored. These tests represent
the first completely integrated tests to be performed. Items to be measured are
coolant temperature increase, overall tritium breeding and release, overall
pressure drops, coolant impurity levels, etc. In addition the short-term
thermomecbanical response (stresses, strains) would be determined. These tests
would largely cover the engineering performance phase of testing.

Extended performence tests
These tests would help determine the engineering reliability and provide

a data base for extrapolation of blanket life cycle performance. The tests would
emphasize the long-term thermomechanical response of the blanket structures.
The thermomschanical response will depend upon the neutron flux and fluence,
the first wall heat load, the internal coolant pressure, the blanket geometry and
structural constraints, as well as the types of materials used in the blanket. The
tests would be conducted over a period of 1-2 years, after which the module
would be removed for destructive examination in the hot-cell. Segment tests
would then be performed for 1-2 years to test performance with the actual
geometric constraints (including manifolding structural constraints) anticipated
for the DEMO. The fluence achievable in this period is still too low to provide a
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^ sufficient amount of infonnati n̂ on blanket performance and reliability to be
able to extrapolate to reactors beyond ITER. Therfore, it is recommended that
full sector tests be performed during an extended operating phase of ITER
operation.

Post test examinations
Additional information about the performance of the blanket modules

can be obtained through post test examinations. There are numerous non-
destructive and destructive tests which can be used to characterize the module
structure. The information from post test examinations, combined with the
operating history of the module, can be used to interpret the thermomechanical
response. This approach is similar to that used in fission reactors to study the
behavior of fuel pins. The two keys to being able to correctly interpret the results
are first that the test asssembly must be very well characterized prior to
irradiation, and second, that the power history of the module must be well
documented. Information gaps in either area will severely limit the utility of the
data gathered during the post test examinations.

Materials irradiation tests
In parallel with the module tests, irradiation surveillance tests asing

element tests would be conducted. Material would be removed at frequent
intervals to determine their properties. The samples would be irradiated under
the same environmental conditions as the blanket modules, and the materials
should be identical (composition, heat treatment, etc.) as the materials in the
module. When the specimens are removed, they would be tested in the reactor
hot-cells. These tests would include mechanical property and microslructural
characterizations, and they would provide a means for tracking the changes in
properties of the blanket module.

77.5.2.5. Test schedule

The overall test schedule is shown in Fig. II.5.2.

Physics Phase
During the physics phase a single test port will be shared between the

self-cooled, separately cooled, and water-cooled concepts. The type of tests to be
conducted in the physics phase are system check-out tests, MHD tests and
MHD-thermalhydraulic tests. During the first two years the self-
cooled/separately cooled blankets will be tested, with the first year devoted to
check-out tests, and the second year devoted to MHD tests. During the fifth year
of the physics phase, a self-cooled module will be installed to conduct MHD-
thermalhydraulic tests. For all these tests, full modules (Ix3m) will be used, and
they will be completely enclosed in a separately cooled shell with no first wall

; exposure to the plasma. The modules will operate at low temperatures and
pressures, and will use NaK for the liquid metal. During the last year of the
physics phase, the sytems required for advanced module and sub-module testing
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will be installed and checked-out. Seven sets of ancillary systems (4 sets for self-
cooled/separately-cooled and 3 sets for water cooled), each capable of testing a
full module, are to be installed. No further replacement of ancillary systems
should be required until full segment tests begin.

Technology Phase
During the technology phase, two test ports will be available for the

liquid metal program so the tests for self-cooled/separately-cooled and water-
cooled concepts will be conducted in parallel. In both cases, the first two years of
the technology are devoted to sceening tests using sub-modules. Four sub-
modules will be tested in parallel in the liquid metal coolant port. These tests
will be conducted at high temperatures using the actual materials (coolant,
breeder, and structural material) for advanced blankets. Short time tests are to
be performed to examine the overall performance of different designs. As in the
physics phase, there will be no first wall exposure to the plasma.

Following the screening tests, the lead designs will be selected for
extended performance testing. For the liquid metal cooled designs, there is an
intermediate test period with 1/2 size modules. These tests wir be conducted
with the first wall exposed to the plasma, and they will take place over a one year
period. The liquid metal cooled test program then moves to tests of full modules.
The aim of the extended performance tests is to select the best candidate design
for possible use as a DEMO blanket.

During the last year of the technology phase, segment tests are
scheduled. The early part of this period will be used for replacement of the
module ancillary systems with the segment ancillary systems. The remainder of
the time is to be used for integrated tests of the segments. Thest tests should
provide the best simulation of the DEMO environment, and they should,
therefore, provide the best data to help judge the attactiveness of liquid metal
blankets.

Specific tests for the liquid metal cooled designs are given in Tables
115.1 to II.5.3.

II.S.2.4. Blanket concepts to be tested

Examples of conceptual designs of advanced liquid metal blankets are
described.

Pb-17Li Self-cooled Blanket
In the EC, a DEMO reactor has been specified which serves as a scale

for the selection of blanket concepts. In the field of self-cooled concepts, the
design effort has concentrated on "near term" concepts characteriazed by Pb-17Li
as the breeder/coolant, martensatic steel as the structural material, and the use of
laminated wall concepts for the reduction of the MHD pressure drop (1,2). This
main line is accompanied by exploratory work on direct electrical insulation of
the duct wall.
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TABLE II.5.1. PROPOSED TESTS
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The reference concept under development is illustrated in Fig. II.5.3 and
II.5.4, and it employs the following features:

- Integrated first wall with cooling channels in the toroidal diresction
(parallel to the main magnetic field)

- Extensive use of laminated flow channel inserts to reduce the MHD
pressure drop

- Inboard blanket segments divided into upper and lower halves with
separate cooling supplies

- Modular heat and tritium extraction system with double walled steam
generators. Tritium permeates from Pb-17Li through the outer wall of the
concentric hear exchanger tubes into the NaK flowing in the gap between the
concentric tubes. The NaK is processed in cold traps for tritium removal. Results
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FOR THE US LIQUID METAL BLANKETS

Boundary Conditions Support Equipment Test Parameters
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of investigations in the areas of design, neutronics, magneto-hydro-dynamics,
thermo-mechanics and safety indicate that the boundary conditions of a DEMO-
reactor can be met, tritium self-sufficiency can be obtained without beryllium as
an additional neutron multiplier inventory and permeation losses are acceptably
low.

Self-cooled Li Blanket
A conceptual design of a self-cooled Li blanket has also been developed

(3). The blanket is composed of an advanced vanadium alloy, and it incorporates
an insulator coating on the coolant channel walls to reduce the MHD pressure
drop. Pure Li is used as both the breeder and the coolant. As shown in Figs.
II.5.5 and II.5.6 the channel Bow is poloidal everywhere through the first wall and
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TABLE II.5.2. PROPOSED TESTS
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blanket. The flow rates through the channels are in proportion to the heat
deposition, with the highest flow rate (about lm/s) at the first wall and the
slowest rate (about 1 cm/s) at the back of the blanket. This variation in flow rate
is used to maintain a unifirm temperature distribution through the blanket and to
maximize the average outlet temperature of the coolant.

II.5.2.5. Module design

Test module designs have been developed for both the separately cooled
and self-cooled concepts, and examples are illustrated in Figs. II.5.7. and 11.5.8.
These modules are enclosed in a separately cooled shell, and they can be
replaced without breaking the vacuum of either the plasma chamber or magnet
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FOR THE EC SELF-COOLED LIQUID METAL BLANKETS
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cryo-chamber. In the case of the sub-module, each sub-module can be removed
independantly without disturbing the other sub-modules. The major remote
maintenance task to be performed prior to module removal is the decoupling of
the coolant and diagnostic lines. Mechanical seals are used for the lines, which
eliminates the concern with cutting and re-welding the lines. The module can
then be pulled a into transfer chamber and removed to the hot-cells.
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TABLE II.5.3. PROPOSED TESTS

Descriptor
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FOR THE SU LIQUID METAL BLANKETS
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Fig. II.S.3. Arrangement of Blanket Segments for the Self-Cooled Pb-17Li Concept

II.S.3. Water cooled liquid metal blankets

II.S.3.1 Technical issues and objectives of tests

The technical issues for water cooled designs are basicly the same as for
self-cooled and separately cooled liquid metal designs. They are:

- Tritium self-sufficiency
- MHD effects
- Heat transfer
- Materials interactions (e.g. corrosion)
- Structural trsponse in a fusion environment
- Tritium recovery and control
- Components and system interactions
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Fig. II.5.4. Outboard Breeding Blanket for the Self-Cooled Pb-17Li Concept

The main objective of the test program in ITER for water cooled
designs is to obtain information on those technical issues of design and operation
which require an actual fusion environment. These items include:

Neutron spectrum and neutron fluence effects on the
thermomechanical begavior of the blanket

- Synergystic effects, e.g. between radiation damage and tritium diffusion
between corrosion and stresses

- MHD effects related to the complicated magnetic field configuration in
normal and off-normal conditions (including disruptions).

Of particular importance will be the possibility of systematic
investigations of the conditions to demonstrate effective tritium
permeation barriers, either by oxide formation on the coolant side or
by coating the metallic structures. It should be stressed that by the
time tests in ITER begin, a large experimental data base will be
available from out-of-pile and fission reactor experiments. At
present, the base property data base for PB-17Li is presently being
acquired, and relevant results on corrosion, tritium permeation and
recovery, as well as water-breeder interactions have been obtained or
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Fig. II.5.5. Inboard Blanket Assembly of the Self-Cooled Li Concept

will be obtained prior to ITER operation. Before ITER MHD tests,
tests with relatively simple geometries using existing facilities and
tokamaks, such as TORE-SUPRA, will be performed.

H.5.3.2. Strategy and test types

The test strategy for water-cooled blankets follows the general strategy
outlined in the introduction. At least two parties, the EC, and SU, have indicated
an intention to test liquid metal cooled blankets. The specific tests for liquid
metal blankets are related to the key issues identified earlier. The tests to be
conducted in ITER are MHD tests, neutronic tests, combined MHD/
Thermalhydraulic tests, tritium transport and recovery tests, extended term
performace tests, material tests, and post-test examinations.

MHD tests
The liquid metal velocity in the water-cooled blankets will be low, below

1 cm/s, and therefore, the expected MHD effects on pressure drop, heat transfer,
stresses, and mass flow will be minimal. However, due to the complicated
magnetic field configuration and blanket geometric complexity, a test of these
effects under fusion conditions is important. Such tests will be done in the early
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Fig. II.5.6. Cross Section of the Integrated First Wall and Breeding Zone of the Self-
Cooled Li Concept

portion of the physics phase, since they do not require a neutron flux, and the
time to get to equilibrium conditions is short (about 100s).

Neutronics and thermalhydraulic tests

ITER will be the first facility where the surface and bulk neutron source
will be properly simulated. In water-cooled liquid metal blankets steep breeder
temperature gradients are expected near the front of the blanket. Velocities
throughout the blanket are not easily determined in the presence of a magnetic
field. Neutron flux and energy deposition tests and measurement of
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Fig. II.5.7. Liquid Metal Submodule with Lead Coolant

temperatures for different breeder and coolant velocities will be compared with
thermalhydraulic calculational models. It is possible to make these tests in the
physics phase when ITER will operate with DT, even if the machine availibility is
low(<l%). The times to achieve thermal equilibrium are relatively short (about
100s).

Tritium transport and recovery - thermomechanical tests'
The low solubility of tritium in Pb-17Li and the need of keeping a low

rate of tritium permeation into the coolant represents one of the most delicate
aspects of the design of water-cooled blankets. ITER offers the correct
environment for experimental validation of the calculational models for tritium
inventory of the various blanket components, as well as a test bed for the tritium
removal system. In particular, it will be possible to check the permeation
barriers needed to reduce the tritium permeation to the coolant.
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Fig. II.5.8. Test Module for the Self-Cooled Pb-17Li Concept

Since the times involved to reach equilibrium conditions both for the
tritium inventory and recovery are a few days, these tests can only be conducted
during the technology phase. These tests will also serve as the first check of the
thermomechanical and impurity control performance of the advanced modules.

Extended performance tests
These tests will help to provide a check of integrated blanket operation.

They will help answer questions related to the impurity accumulation and mass
transfer. Of particular importance will be the validation of methods to keep Po-
210 and other activation products below the safety limits. However, due to the
present limited time for testing in ITER and the limited machine availability, the
problems related to radiation damage and their impact on thermomechanical
response will not be adequately investigated. For this reason, a period of at least
5 years of extended operation is desired to be able to extrapolate blanket
performance to to DEMO conditions.

II.5.3.3. Test schedule

The overall test schedule is shown in Fig. II.5.2.
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TABLE II.5.4. TESTS SPECIFICATIONS

Descriptor
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S

•

•

9
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t

14

Physics phase
During the Physics Phase a single test port will be shared between the

self-cooled, separately cooled, and water-cooled concepts. The type of tests to be
conducted in the Physics Phase are system check-out tests, MHD tests and
MHD-thermalhydraulic tests. The tests for the water-cooled designs will be
conducted during the third and fourth years of the Physics Phase. The first tests
in the physics phase will be conducted using simple geometries, such as single U-
bend tubes, whereas more complicated designs, involving up to three breeding
rows will be tested in the technology phase. AISI-316 stainless steel will be
adopted as the structural material for the Physics Phase. For all these tests, full
modules (Ix3m) will be used, and they will be completely enclosed in a separately
cooled shell with no first wall exposure to the plasma. During the last year of
the physics phase, the sytems required for advanced module and sub-module
testing will be installed and checked-out. Seven sets of ancillary systems (4 sets
for self-cooled/separately-cooled and 3 sets for water cooled), each capable of
testing a full module, are to be installed. No further replacement of ancillary
systems should be required until full segment tests begin.

Technology Phase
During the technology phase, two test ports will be available for the

liquid metal program so the tests for self-cooled/separately-cooled and water-
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FOR WATER-COOLED LIQUID METAL BLANKETS

Module

Slza m2

3

Location

LM Port 1

Sl»m2

3

Location

LM Port 1

Steams
1.5

Location

LM Port 2

SIM m i
3

Location

LM Port 2

S l u m ?

10

Location

LM Segment 2

SiMfflJ

0.75

Locailan

Malaria* por

Boundary Conditions

Separate mat wal . Liquid
maul bfaadar circulation
Insurad by alactrlcai neatlng
No powar removal systam

Separate Krai wafi .
pressurized water . tritium
racovary ftyetam

Separate Drat wan .
proesurelied wane «nd
tritium racovary systems

Saparata and imagined first
waif - auetenllfc antf lerrriic
struaura • Inleifoutiei
T-2«0/30OC -
praseura-IOMpa • i>atsr
Iow-240m3/rl

kiteo/slad Iksl m i l wrln
rfasma eiposure

SampHs ot Pb-1711 Wd
structural rnatarlBls arrangad
m matarHaa modula thannala

Support Equipmanl

How monitors prassura monaors.
antf inagnatic liald monaora

I

Flow monitors. nauKon llw and
t,«lum dotation, prassura.
magnalic liald and lamparalura
monitors
Minuias to hours

Sama aa LMvVC-2 plus attain
guaaaa and tnpwlty control
apparatua

Sama as LUWC-2 and -3

TBO

Apptratus f«f trMum racovary.
psat Irradiation machanicat tasting,
and on-Nna strain aquipmant

Tast Paramalafa

hid Taat Turn Mlnutas

Total No ol Tasts 100 I

Burn Tvna mm NA

DwaH Tima min NA

Availability mm MA

kid Taal Tlma Minuws to hours
Total No ol Tasts About 30
Burn This mm 200»
DwaM Tims mm JOOi
Avallabliny mm 2 %

kid Taal Tlma VVaata

Total No ot Tasts I !

Burn Tkna mm 1000s

OwaH Tuna mm 200s

Atallabllly mm 1O«

Md Taat Tlma Months

Total No ot Tula I I

Burn Tlma mm 2000s

DwaW Tlma mm 200s

Availability mm 20%

UK Taal Tlma Yaars
Total No ol Tasts 1
Jurn Tvno mm 2000s

Dwell Time mm 200s
Amiability mm 25%

kid Taal Tkna Week* to months

Total No of Tasts 100s

lurn Tims mm 1000s

OwaH Tuna mm 200s

Availability mm 10-20%

cooled concepts will be conducted in parallel. In both cases, the first two years of
the technology are devoted to sceening tests using sub-modules. Two sub-
modules will be tested in parallel in the water-cooled test port. For the first two
years of the technology phase, AISI-316 stainless steel will be used as the
structural material. In later tests, the structural material will be replaced with an
adveanced structural material such as martensitic steel. Short term tests are to be
performed to examine the overall performance of different designs. As in the
physics ph.>~, there will be no first wall exposure to the plasma.

Following the screening tests, the lead designs will be selected for
extended performance testing. These tests eventually will be conducted with the
first wall exposed to the plasma, and they will take place over a five year period.
The exact time when the separate first wall can be removed and the blanket first
wall can be exposed to the plasma has not yet been determined. This date will
depend on the overall ITER strategy for first wall testing. The aim of the
extended performance tests is to select the best candidate design for possible use
as a DEMO blanket.

During the last year of the technology phase, segment tests are
scheduled1. The earfy part of this period1 witf be used1 for replacement of the
module ancillary systems with the segment ancillary systems. The remainder of
the time is to be used for integrated tests of the segments. Thest tests should
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provide the best simulation of the DEMO environment, and they should,
therefore, provide the best data to help judge the attactiveness of liquid metal
blankets.

Specific tests for the water-cooled designs are given in Table 11.5.4.

II.5.3.4. Module design

Water-cooled Pb-17Li designs have been considered by the EC and SU.
An example of a water-cooled design, from the EC, is illustrated in Fig. II.5.9.

The reference blanket design fot DEMO consists of circular modules,
internally cooled by water and arranged poloidally according to rows inside
segment boxes. The side of the boxes, facing the plasma is the first wall. The
segments are replaceable from the top of the reactor. The modules of the
various rows are interconnected (U-tubes). (See Fig. II.5.10.)

The thermomechanical parameters of the breeder modules have been
extensively investigated in the last few years. It was found that there is a great
deal of flexibility in the choice of diameter of these modules without exceeding

Fig. II.5.9. Cross Section of the Outboard Segment of the Water-Cooled Pb-17Li
Concept
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Fig. 11.5.10. First and Third Rows of Connected Modules of the Water-cooled Pb-
17Li Concept

the allowable limit for the breeder temperature in contact with the structural
material (450C for martensitic steel) with cooling conditions similar to those of
PWR's.

In this blanket concept the liquid breeder is circulated at low velocities
(a few mm/s) outside the plasma chamber where the tritium is recovered by a
He stream in countercurrent to the breeder flow. Permeation barriers on the
coolant tubes or demonstrations of an efficient oxide layer are needed in order to
avoid too large a rate of diffusion of tritium to the water.

Results of investigations in the areas of thermomechanical design,
neutronics, MHD, and safety (breeder/water interactions) have shown that the
boundary conditions of a DEMO reactor can be obtained without introducing Be
into the blanket, providing the breeding material is also arranged in positions
behii-vi the divertor plates.

Test module designs have been developed for both the water-cooled
concepts, and examples are illustrated in Figs. II.5.11 and II.5.12. As in the case
of the liquid metal cooled modules, these modules are enclosed in a separately
cooled shell, and they can be replaced without breaking the vacuum of either the
plasma chamber or magnet cryo-chamber. In the case of the sub-module, each
sub-module can be removed independantly without disturbing the other sub-
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Fig. II.5.12. Full Module for the Water-Cooled Pb-17Li Concept



modules. The major remote maintenance task to be performed prior to module
removal is the decoupling of the coolant and diagnostic lines. Mechanical seals
are used for the lines, which eliminates the concern with cutting and rc-welding
the lines. The module can then be pulled into a transfer chamber and removed
to the hot-cells.

II.5.4. Unresolved issues

Technical Issues
Fluence. The maximum accumulated fluence at the test port in the eight

years of the technology phase is estimated to be approximately 1.5 MWa/m .
Due to the limited test space, the test modules have to be replaced quite
frequently for sequential testing. Therefore, the maximum fluence in a single test
module will only be about 0.2 MWa/m , which is too low to provide confidence
in the reliability of a blanket concept when applied to the DEMO reactor. If
ITER is to be the single step before the DEMO, then an extended phase of
operation for segment/sector tests up to higher fluences is necessary.

Safety. The consequences of a liquid metal spill into the torus chamber,
as weil as outside the torus, has to be investigated in more detail. This is
especially true for concepts using pure Li as a breeder material. A full-sized self-
cooled module, together with the primary loop fcr the heat exchanger contains
roughly 3m of liquid metal. Adequate safety measures need to be demonstrated
so that these tests can be allowed.

Corrosion. The test program described here does not contain long term
corrosion tests due to the limited test space and the long times (1000's of hours)
required for corrosion tests. Further work is necessary to determine whether
such tests must be performed in the ITER environment or whether they can be
performed outside ITER.

Design Issues
Module design. Conceptual design of some types of modules has been

performed, but a great deal of detailed design work needs to be completed. For
example, the test modules are to be enclosed in a separately cooled shell for most
of the time in ITER, but little work has yet been done to define the shell design.
In addition, full segment tests are specified for tests at the end of the technology
phases, but again work is required to design the segments.

Integration with ITER base systems. In total, the test modules will
produce a significant amount of thermal power and tritium. The heat and tritium
output need to be integrated with the base ITER systems. Remote maintenance
systems need to be fully integrated with the baseline ITER system.

Ancillary systems. More complete designs of the ancillary systems needs
to be performed.
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II.6. SOLID BREEDER BLANKETS

II.6.1. Introduction

Among the ITER participants, the European Community (EC), Japan
and the USA are active in the development of a Demo or power reactor relevant
blanket with a helium cooled solid breeder, while the water cooled version is
investigated by Japan, the USA and the USSR. Table H.6-1 shows the main
parameters for the various proposed solutions that are presently candidates for
testing in ITER.

The main technical issues for the development of these blankets are
summarized below:
a) ceramic breeder material (LuO, LLSttL, L1AIO2 either as pebbles or as

pellets):
tritium transport (tritium residence time)
lithium transport in presence of temperature
gradients
mechanical stability
compatibility with beryllium and structural
material
thermal conductivity

b) Structural material (austenitic and ferritic steels, molybdenum alloy,
SiC):

mechanical stability (embrittlement, swelling)
compatibility with beryllium and ceramic breeder

c) Beryllium multiplier
mechanical integrity (embrittlement swelling)
compatibility with structural material and ceramic
breeder

d) Behaviour of the blanket structure under high neutron fluences and
temperatures, stationary and cycling thermal stresses and other stresses.
The overall R&D testing strategy including testing in ITER for the

solution of these problems is based on the following approach:
a) out-of-pile and in-fission-reactor measurements of the relevant basic

properties of the materials. Especially for the metallic structural
materials and the beryllium it is necessary that experiments with a high
intensity dedicated neutron source are carried out to investigate the
effects of the 14 Me V neutrons.
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TABLE II.6.1. MAJOR DESIGN PARAMETERS

Type of Blanket

Thermal Power (MW)

Neutron Wall Loading (MW/m2)

Surface Heat Flux (MW/M2)

Structural Material

Module Configuration

Breeder

6Li Enrichment (%)

Form

Temperature Control
minimum

maximum

Operating Temperature (°C)

Multiplier

Form

Net Tritium Breeding Ratio

Tritium Recovery

Coolant

Pressure (MPa)

Inlet/Outlet Temperature (°C)

EC-BOT-He

2500

2

0.5 (max)

MANET

BOT

Li4SiO4

90

Pebbles
(0.35-0.6 mm dia.)

Coolant Inlet
Temperature

Breeder Pebble
Layer Thickness

380-800

Beryllium

Plates

1.15

He Purqe

He

8

250"/450

EC-BIT-He

2500

2

0.5 (max)

MANET

BIT

LiAIO2

90

Annular Pellets

Coolant Inlet
Temperature

Pellet Thickness

420-590

Beryllium

Blocks

1.05

He Purqe

He

6

250 or 310"/520

JPN-BOT-He

3720

3.3

0.9

Mo-alloy

BOT

Li2O

30

Pebbles
(<1 mm dia.)

Coolant Inlet
Temperature

Cooling Tube
Arrangement

450-950

Beryllium

Pebbles
(<1 mm dia.)

1.19

He Purqe

He

9

400/700

' : Valuta far • commercial motor, Bw DEMO wall load it about • factor of 2 lower.

" : Coolant will remove the heat from U M first wall and rait* ita temperature before flowing into the blanket reg! M.

b) exhaustive out-of-pile testing (thermal cycling, flow distribution and
others) of the blanket structures, starting from small modules and going
to more complex ones.

c) tests in ITER of submodules, modules and possibly segments of the
blankets. ITER tests are necessary, because in out-of-pile tests it is not
possible to obtain the correct power and temperature distribution, while
in-fission-reactor experiments allow only too small test-samples.
The neutron fluence of ~ 1 MWa/m foreseen now for ITER does not

allow investigation of very slow processes like corrosion or structural material
swelling, however the tests in ITER are necessary because they are the only ones
which can be performed with the correct power and temperature distribution in
the right neutron environment for large size test articles (modules or possibly
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FOR DEMO/POWER REACTOR SOLID BREEDER BLANKETS

USA-BIT-He

5*

0.6*

HT-9

BIT

Li4SiO4

90

Rods
(38 mm dia.)

Beryllium Sphere
Pack Thickness

Breeder Rod
Diameter

500-700

Beryllium

Rods + Annular
Sphere Pack

1.15

He Purqe

He

5

200"/450

USA-SOT-He

5*

0.6*

SiC-Composite

BOT

Li2ZrO3

80

Pebbles

Coolant Inlet
Temperature

Pebble Layer
Thickness

450-950

Beryllium

Pebbles

1.2

He Purga

He

10

350"/650

JPN-BOT-H2O

3820

3.3

0.9

PCA

BOT
Li2O

30

Pebbles
(<1 mm dia.)

Thermal Insulator
around Cooling
Tube

Cooling Tube
Arrangement

450-950

Beryllium

Pebbles
(<1 mm dia.)

1.03

He Purqe

Water

15.5

280/320

USSR-H2O

Austenitic
Stainless Steel

BOT or BIT

Li4SiO4

50

Pebbles/Rods
or Pellets

Vacuum Gap, Be
3lock Thickness oi
.ayer of SS tubes

Pebble Layer
Thickness or
Pellet Diameter

500-700

Beryllium

Pebbles or
Blocks

Ha Purae

Water

6.8

260/285

USA-BOT-H2O

5'

0.6*

BOT

Li4SiO4

90

Pebbles

(binary)

Beryllium Pebble
Layer Thickness

Cooling Tube
Arrangement

350-1000

Beryllium

Pebbles
(binary)

1.15

He Purae

Water

10

280/320

segments). Shakedown tests, validation of the codes obtained with the
experiments of points a) and b) and the investigation of synergistic effects is of
particular importance.

The test program in ITER for the solid breeder blanket foresees that
initially there will be 3 concepts for each coolant. Namely, 3 concepts with EC,
Japan and USA lead with the helium cooling and 3 concepts with Japan, USA
and USSR lead with water cooling respectively.

The test program will be implemented as follows:
1. During the Physics Phase, a horizontal port will be allocated to the solid

breeder blanket. The purpose of the tests in this phase is to characterize
the neutronic environment, to check out blanket systems, and to check
out instrumentation.
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TABLE II.6.2. MAJOR DESIGN PARAMETERS

Typ« of Blanket

Thermal Power (MW)

Neutron Wall Loading (MW/m2)

Surface Heat Flux (MW/M2)

Structural Material

Module Configuration

Breeder

6Li Enrichment (%)

Form

Temperature Control
minimum

maximum

Operating Temperatura (°C)

Multiplier

Form

Local Tritium Breeding Ratio

Tritium Recovery

Coolant

Pressure (MPa)

Inlet/Outlet Temperature (°C)

EC-BOT-He

2.4-4

1.2

0.15

MANET
(316SS)'

BOT

Li4SiO4

90

Pebbles
(0.35-0.6 mm dia.)

Coolant Inlet
Temperature

Breeder Pebble
Layer Thickness

380-720

Beryllium

Plates

1.5

He Purge

He

6-8

250"V450

EC-BIT-He

2.4-4

1.2

0.15

MANET
(316SS)'

BIT

UAIO2

90

Annular Pellets

Coolant Inlet
Temperature

Pellet Thickness

420-590

Beryllium

Blocks

1.4

He Purge

He

6

250*" /520

JPN-BOT-He

5.9

1.2

0.15

Ferritic/martensitic
steel (Mo-alloy)"

BOT

Li2O

30

Pebbles
(<1 mm dia.)

Coolant Inlet
Temperature

Cooling Tube
Arrangement

450-600

Beryllium

Pebbles
(<1 mm dia.)

1.6

He Purqe

He

9

360—/480

* : uwd lor preliminary I n n
' : iiHd in later atage of tu t * depending on tha material development
*: Coolant will remove tha haal from tha first wall and rafaa [It tamparatura bafora flowing into the blanket region.

During the Technology Phase, two horizontal ports will be allocated to
the solid breeder blanket: one for designs with gas cooling and one for
designs with water cooling.
During the first three years of the Technology Phase, three submodules
will be tested in each of the two ports available. In the port for gas-
cooled designs, the EC, Japan, and the US shall have the lead on the
design, construction and operation of one of the three modules
respectively. The port for water-cooled designs is partitioned in exactly
the same way. The lead for submodule design, construction and
operation shall be taken by Japan, the US and the USSR.
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FOR TEST MODULE OF SOLID BREEDER BLANKETS

USA-BIT-He

1.2

0.1 S

HT-9

BIT

Li4SiO4

90

Rods
(38 mm dia.)

Beryllium Sphere
Pack Thickness

Breeder Rod
Diameter

500-700

Beryllium

Rods + Annular
Sphere Pack

1.3

He Purge

He

5

200"*/450

USA-BOT-He

1.2

0.15

SiC-Composile

BOT

Li2ZrO3

80

Pebbles

Coolant Inlet
Temperature

Pebble Layer
Thickness

450-950

Beryllium

Pebbles

1.3

He Purqe

He

10

350*"/650

JPN-BOT-H2O

5.8

1.2

0.15

316SS

BOT

Li2O

30

Pebbles
(<1 mm dins./

Thermal Insulator
•round Cooling
Tube

Cooling Tube
Arrangement

450-600

Beryllium

Pebbles
(<1 mm dia.)

1.5

He Purge

Water

15
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During the following three years of the Technology Phase, a single
module of the chosen reference solution with helium and water cooling
shall be tested in each of the two ports. Failing to achieve agreement on
a single reference solution, the three single modules for the three
different concepts will be tested successively for a period of one year
each.
The tests of the submodules will be performed behind a first wall similar
to the driver blanket first wall. In case of a single reference blanket, the
blanket module will be tested for the first year behind a driver blanket-
type first waif and" with its own first waff facing the pfasma for the two
remaining years.
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Exposure to the
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Fig. 11.6.1. Test Port Allocation to Helium- and Water-Cooled Solid Breeder Blankets



6. For various designs it may be necessary to perform tests with complete
segments or even sectors during the final period of the Technology
Phase (the last year) and during a possible extended phase operation.

Fig. II.6-1 and II.6-2 show schematically the testing schedule for the solid
breeder blankets. Table II.6-2 shows design parameters of the test modules.
Figures II.6-3 and II.6-4 show examples of test module designs from the four
parties.

II.6.2. Helium-cooied solid breeder blankets

11.6.2.1. European Community program

The EC programme is coordinated by the Solid Breeder Blanket
Executive Group. A long range program (up to the year 2000) has been outlined
(Fig II.6-5). This includes out-of-pile and in-pile (in fission reactors) tests and has
the objective of designing and pre-testing the objects to be tested in ITER.

The major design activities are concentrated on the design of DEMO-
relevant blankc.es, and. on the basis of this, on the design of the test objects. The
parameters characterizing the DEMO-relevant blanket are put forward by the
Technical Advisory Group. The most important of these are an average neutron
flux on the first wall of 2 MW/m , a minimum operating time of 20.000 hours,
and no requirement of protection materials on the first wall against disruptions.
The structural material has to be highly resistant against neutron swelling; thus
martensitic steel (MANET, similar to the steel DIN 1.4914 or HT9) has been
chosen.

Two options of DEMO-relevant blankets are being investigated. The
first is characterized by the use of a Breeder-Out-of-Tube (BOT) solution. The
breeder material is lithium orthosilicate (Lî SiO^) in the form of small pebbles of
0.35-0.6 mm diameters. The second option is based on a Breeder-Inside-Tube
(BIT) solution and on the use of lithium aluminate (LiAlC^) in the form of
pellets as breeder material.

It is foreseen that the two blanket options (BIT and BOT) will be
investigated in parallel until 1995. After that time, a preferred solution will be
chosen to allow a concentration of the development work and to reduce the
number of blanket options to be tested in ITER (Fig. II.6.5).

The breeder-outside-tube option

The work of the Karlsruhe Nuclear Reseach Center (KfK) has
concentrated mainly on the design of a blanket made of radial canisters/1/. This
solution allows better filling of the space around the plasma torus with the
blanket material and thus improving the tritium breeding ratio. The design is
based on the following principles:
a) The use of lithium orthosilicate (Lî SiO^) as breeding material, because

the tritium diffusivity in this material is very high /2 / , thus allowing a
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Physics Phase

1-3 14-6!

Technology Phase (Extended Operation)

7 I 8
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0 J&.l 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5« 1.6
1 I I 1 I I I 1 I I I 1 I I I 1 I • I

(15)

Neutrorac Tests *
System Checkout

Screening Test *

Multiple Effect Tests *

I T M Performance Tests ** (in case of one reference concept)

K X X X X X X X X X X X X X X X X X X I
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Fig. II.6.2. Testing Schedule for Helium- and Water-Cooled Solid Breeder Blankets
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low tritium inventory, and because of its good thermal stability even at
high temperatures/3/.

b) Lî SiO^ cracks easily when subjected to thermal stresses during neutron
irradiation/4/. The adoption of small pebbles avoids this problem and at
the same time provides a well defined path to the helium purge flow for
the tritium extraction.

c) Use of helium purge flow at atmospheric pressure for safety reasons, to
reduce the amount and probability of tritium losses, and because for a
given tritium partial pressure the purge mass flow increases with the
helium pressure/5/.

d) The use of a purge flow at atmospheric pressure and the necessity of
using high pressure coolant make the choice of a Breedcr-Outsidc-Tube

Upper
Divertor

Inboard
Blanket -
Segment

Inboard
Breeder -
Canister

Lower
Divertor

Outboard
• Blanket
Segment

. Segment
Box

Outboard
Breeder
Canister

Fig. H.6.6. Vertical Cross Section of the BOT Helium-Cooled Solid Breeder Blanket
for the DEMO Reactor
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solution mandatory to keep the thickness of the pressure tubes within
reasonable levels.

e) Tritium mobility in the breeder increases with temperature. To reduce
the tritium inventory it is necessary to keep the minimum temperature in
the breeder above a certain level. However the maximum temperature
of the structural material, especially in the first wall region, and that of
the beryllium should be kept as low as possible. For neutronic reasons
beryllium and breeder should be mixed. All this suggests that the helium
coolant should cool first the first wall region and then, in series, the
blanket containing the breeder and the beryllium, whereby beryllium
should be in very good thermal contact with the cooling tubes.

f) For safety reasons the convective cooling system of the blanket should
be redundant and a double containment against tritium losses from the
blanket should be provided.
A blanket design based on these principles is described in detail in

Ref./l/. However this design was based on the assumption of an average neutron
heat flux on the first wall of 1 MW/m an total operation time of 7000 hours. To
cope with the assumptions of the Demo, the design had to be considerably
changed. As the maximum fluence in the structural material is about 70 d.p.a. for
the Demo, a martensitic steel (MANET) was selected. Fig. H.6-6 shows a vertical

He Cooling System 1 EB Welded He Cooling System 2

850

\ Purge Gas Supply

Segment Box with First Wall—j

18.5

-J24U

Fig. II.6.7. BOT Helium-Cooled Solid Breeder Blanket: Radial-Toroidal Cross
Section of a Segment of the Outboard Blanket
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cross section of the Demo reactor. As in the case of the outboard blanket design
for NET, the canisters are contained in a segment box, however due to the
greater space available in the radial direction, the blankets are thicker and a
canister solution is now available for the inboard blanket as well. Blanket
canisters are placed also behind the divertors and the coolant tubes for the lower
divertor and canisters are coming from below.

The outer blanket segment is illustrated in Figs. H.6-7 and II.6-8 and
exhibits the following basic features:
a) The ceramic breeder material and beryllium multiplier are contained in

28 separate nearly rectangular canisters.
b) The whole arrangement of canisters is contained in a tightly closed box

called a segment box.
The plasma facing surface of the segment box consists of the first wall.
The back side of the segment box is made up by the poloidally running
helium coolant feed tubes.
The segment box and blanket structure are cooled by helium at 8 MPa.
The coolant flows in series through the segment box and the blanket
structure.

c)

Purge Gas —
Supply Tube k

Coolant Tube
14 /12 mm

Beryllium

333-

Fig. II.6.8. BOT Helium-Cooled Solid Breeder Blanket: Radial-Poloidal Cross
Section of an Outboard Blanket Canister
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e) The blanket structure consists of vertically arranged 21 mm thick
beryllium plates with 6 mm slits in between. The slits are filled with
LLSiCL pebbles with a diameter varying between 0.35 and 0.6 mm. A
cooled coil is embedded in each beryllium plate.

f) A separate purge system at about 0.1 MPa carries away the tritium
generated in the breeder material.

g) For safety reasons, the coolant flow is divided into two completely
independent coolant systems, which alternately feed consecutive coolant
tubes.
Fig.II.6-7 shows a radial-toroidal cross section of a segment of the

outboard blanket. The cooling helium gas enters the blanket region at 250°C to
keep the MANET structural material at temperatures above the DBTT (Ductile-
Brittle-Transition-Temperature) level. The segment box cooling tubes depart
from the two poloidal feeding tubes. The helium flows in opposite directions in
the two cooling systems, to provide a more uniform temperature field in the first
wall. Afterwards the helium is collected into two poloidal manifolds, enters the
canister radially, goes into toroidal distribution tubes and finally into the tubes
which cool the canister walls, the ceramic material and the beryllium (Fig. 11.6-8).

The purge gas system follows a similar path and flows in and out of the
blanket in smaller double-walled tubes (Fig.11.6-8). The canisters are provided
with stiffening plates. They have to contain the helium purge system pressure of
0.1 MPa, however they can withstand much higher pressures /6 / , providing a
further barrier against helium leakages from the helium coolant pressure tubes.
The canister walls and the segment box provide a double containment against
tritium losses.

Table II.6-3 shows the main data for the BOT blanket design.

Technical issues for the B.O.T. demo blanket

The major technical issues related to the B.O.T. Helium Cooled
Ceramic Blanket are listed below. The development of MANET as a structural
material for the blanket is part of a different programme of the European
Community and it is not considered here.

a) LLSiO* pebbles: behaviour at high neutron fluence in the temperature range
400-800 (900)°C, namely:

- tritium transport
- lithium transport
- mechanical stability
- thermal conductivity of the pebble bed
- compatibility with beryllium

b) Beryllium: behaviour at high neutron, fluences and
temperatures (250 - 600°C), namely:

• swelling
- embrittlement
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TABLE H.6-3 MAIN CHARACTERISTICS OF B.O.T HELIUM COOLED
CERAMIC BLANKET FOR DEMO REACTOR

Mean neutron wall load: 2 MW/m
Number of blanket segments: 32 inboard, 48 outboard
Thickness of first wall and blanket: 0.55 m inboard, 0.85 m outboard
Structural material: MANET (martensitic steel)
Breeding materials: 0.35 - 0.6 mm Lî SiO^ pebbles (90% Li enrichment)
Multiplier: beryllium
Total blanket power: 2500 MW ( + 300 MW in the divertors)
Maximum nominal heat flux on the fist wall = 0.4 MW/m
Maximum local heat flux on the first wall = 0.5 MW/m
Coolant helium temperature: inlet = 250°C, outlet = 450°C
Coolant helium pressure = 8 MPa
Coolant helium pressure drop (first wall, blanket, feeding tubes) = 0.3 MPa
First wall maximum steel temperature = 550°C
Max. temp, in beryllium = 580°C
Max. temp, in pebble bed = 800°C
Min. temp, in pebble bed = 380°C
Real tridimensional tritium breeding ratio (assuming ten 3 x 1 m ports on
outboard blankt for heating systems and others) = 1.15
Tritium production rate = 390 g/d
Average helium purge pressure = 0.11 MPa
Helium purge pressure drop in the pebble bed = 0.1 MPa
Purge helium velocity in the pebble bed = 0.3 m/s
HT partial pressure in blanket purge helium = 0.5 Pa inboard, 0.8 Pa outboard
Total tritium inventory in the breeder material = = 10-20 g (using 0.1% H2 in
purge helium).

- compatibility with Manet
- behaviour of the interface between beryllium

and cooling tubes under thermal cycling
These properties should be optimized by changing the beryllium
structure and its oxygen conten1.

c) Segment Box and Canisters: general behaviour of these structures under
neutron irradiation, stationary and cycling thermal stresses, and other
stresses. Behaviour under plasma disruptions.

The Breeder Inside Tube Option

Main Design Features of the Blanket for DEMO
A blanket segment of this design is made of banana-shaped poloidal breeder
modules arranged in rows inside the segment box (see Figure II.6.9),

The design of the generic breeder module depends on its location in the
segment box:
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the breeder module generic of the back rows consists of a banana-
shaped martensitic steel pressure vessel on the outer wall of which
sintered blocks of beryllium are either brazed or mechanically attached.
Inside this vessel, martensitic steel breeder tubes equipped with helical

wire spacers and containing a stack of annular LiAlO2 pellets are arranged
in a shrouded bundle surrounded by a baffle.

Coolant and purge gas are both fed and collected through the upper end
of the module.

The coolant, helium at 6 MPa, enters the module at 250 or 310°C
(depending on the cooling scheme). It first extracts heat produced in the
vessel wall, the beryllium and the baffle while flowing downwards in an
annular space between the vessel wall and the coaxial baffle. Then,
attaining the bottom end of the module, it reverses direction and flows
upwards through the breeder tube bundle before exiting the module at
520°C.

The stagnant helium gap between the bundle hexagonal shroud and the
circular baffle provides a thermal insulation which limits the heat losses
from the hotter unflowing to the colder downflowing coolant.

The purge gas, helium at a pressure close to the one of the coolant, flows
inside the breeder tubes through the central hole of the annular pellet stack.
After being fed to an inlet chamber located at the top end of the module, it
flows first downwards in half of the tube bundle, reaches an intermediate
chamber welded to the bottom end of the tubes, and then flows upwards up
to an outlet chamber connected to the outer header.

the breeder module generic of the front rows differs to the above design
mainly by the arrangement of the beryllium blocks. Indeed, Be/Steel
brazing or mechanical attachment being not well suited to the
accommodation of the large swelling rates expected from this material in
regions of high fluence, beryllium, in form of quarters of an annulus
sintered blocks, has been placed inside the pressure vessel between two
concentric steel tubes surrounding the breeder tube bundle.

A narrow gap is provided between the Be blocks and the outer tube so
as to accommodate Be swelling, while the outer side of the inner tube is
equipped with helical wire spacers which create a stagnant helium gap for
thermal insulation purposes.

This beryllium zone is actively purged in order to minimize the
permeation to the coolant of the tritium produced within the beryllium.
Beryllium and breeder purge circuits are connected in series.

Another difference relates to the breeder tubes which are U-shaped (in
order to avoid the welds associated with an intermediate purge chamber)
and spaced with grids.

All the breeder modules belonging to the same row are connected at
their upper end to a single coolant and purge gas general header (see Figure
II.6.10) consisting of a coolant inlet header surrounding the coolant outlet
header and the purge gas headers.
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Fig. II.6.9. The EC Helium-Cooled Ceramic BIT Blanket Option for DEMO. General Layout of an Outboard Segment
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OUTBOARD SEGMENT

Fig. II.6.10. The EC Helium-Cooled Ceramic BIT Blanket Option for DEMO.
Details of the Coolant and Purge Gas Manifoldings

Each pressure vessel is provided with a ring located at about one fourth
of its length. Each ring is electron beam welded to adjacent ones so as to
define a "supporting grid" gathering all the breeder modules of a segment
into a single module assembly.

This "supporting grid" is attached to the back plate of the segment box by
screws, the weight of the assembly being carried by a supporting pad welded
to the back plate.

The module assembly is contained in the segment box whose first and
side waffs are equipped with toroidaf cooling tubes (see Figure IL6.11)
connected to poloidal headers located at the back of the blanket.
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Fig. II.6.11. The EC Helium-Cooled Ceramic BIT Blanket Option for DEMO.
Details of the Seffnent Box

In order to simplify the plant, the same coolant is used first to cool the
first wall and box side walls, and then the blanket proper. However, the
connection in series is made ouside the blanket.

Main critical issues for the poloidal bit blanket concept

• Beryllium Swelling under temperature and irradiation: the poloidal
design can accommodate beryllium end of life dimensional changes on the
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order of 5-8% in volume. Be swelling rates significantly exceeding this value
might endanger the feasibility of this blanket concept.

• Control of tritium losses to the steam circuit: the coolant will be
contaminated by tritium originating from the purge gas. If no specific
measure is taken, tritium losses by permeation through the steam generator
tubing will be prohibitive.

The control of these tritium losses has to be ensured at two levels:

1) reduction of the tritium contamination of the coolant by controlling
the tritium permeation through the breeder tubes, by means of either
permeation barriers or (and) an appropriate (oxidizing) chemistry of the
purge gas.

2) control of the tritium permeation through the steam generator tubes
(by the same means).

This issue constitutes a new area requiring a substantial R&D effort.
• Mechanical integrity and tritium retention behaviour of the breeder

material at high burn-up: end of life DEMO conditions correspond to a
maximum Li burn-up of the ceramics on the order of 25%. Should such a
burn-up or associated irradiation effects substantially degrade the tritium
retention performances and mechanical integrity of the lithiatcd ceramics,
the safety and reliability of this blanket concept would be negatively
affected.

• Segment box and tubes: general behaviour of these structures under
neutron irradiation, stationary and cycling thermal stresses and other
stresses. Behaviour under plasma disruption.

EC proposal of an irradiation program in ITER

The EC test philosophy for the solid breeder blanket is based on an
exhaustive R and D program previous to the tests in ITER.

The objectives of the presently proposed program in ITER are:
a) Building of a data base on the neutronic, thermomechanica! and chemical

behaviour, in a fusion environment,relevant to the DEMO blanket,
b) providing testing results for DEMO blanket concept verification, comparison,

selection and improvement.
To achieve these objectives, five categories of tests are foreseen:

1. Basic materials tests for characterization of structural breeder and
multiplier under fusion neutron irradiation (could be in common with
experiments for other blanket concepts).

2. Basic neutonics tests on assemblies of multiplier/breedcr/structural
material of very simple geometry (could be in common with experiments
for other blanket concepts).

3. Integrated tritium retention, release and permeation tests on blanket
submodules similar to those used during the in-fission pile nuclear tests.

4. Performance and concept verification tests on blanket modules. A short
test should be made with a module with 316L austenitic steel as
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TABLE II.6.4. PROPOSED TESTS FOR THE

Descriptor Test name Purpose

ECSB-MAT Solid Breeder Basic build data base for structural
Material Tests materials, Be and solid breeders

under irradiation; fission/fusion
correlation; verify fission data

ECSB-1 Solid Breeder improve nuclear data, improve
Neutronics Tests neutronic calculational methods

ECSB-2 Solid Breeder Sub- correlate and confirm results
module Tests - Inte- from submodule tests in fission
grated tritium retention, reactors
release and permeation

ECSB-TBM 1 Module Test with performance & concept
Austenitic Steel verification, including thermal-

hydraulics, mechanics, tritium

ECSB-TBM 2 Module Test with performance & concept
Martensitic Steel verification, including thermal-

hydraulics, mechanics, tritium

ECSB-PSB 1 Blanket Segment Proof prototypical full segment,
Test (short test) including 1st wall; auxiliary

equipment, off-normal tests,
fully-integrated component
behavior

ECSB-PSB 2 Blanket Segment Prrof prototypical fuU segment,
Test (duration test) similar to ECSB-PSB 1.
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EUROPEAN COMMUNr. Y HELIUM-COOLED SOLID BREEDER BLANKET

Module Area x
Depth ( m ^ m )

0.03 x 0.01

2x0.5

0.01 x 0.5

Test Requirements

Ind. Test Time: variable
Total # of Tests: -300
Min. Burn Time: > 1000s
Availability: > 10-25%

Ind. Test Time: <30 s
Total # of Tests:-100
Min. Burn Time: >30 s
Availability. 1%

Ind. Test Time: 1 d
Total # of Tests: 50-100
Min. Burn Time: >100s
Max. Dwell Time: <hrs
Availability: 10-25%

3 x 1
or

6x0.1

3 x 1
or

6x0.1

11.2x0.85

Ind. Test Time: 1-10 d
Total # of Tests: 50
Min. Bum Time: >1000s
Max. Dwell Time: <hrs
Availability: 10-25%

Ind. Test Time: 1-10 d
Total # of Tests: 50-100
Min. Burn Time: >1000s
Max. Dwell Time: <hrs
Availability: 10-25%

Ind. Test Time: 1-100 d
Total # of Tests: a few
Min. Bum Time: >1000s
Max. Dwell Time: <hrs
Availability: 25%

8.4 x 0.85 Ind. Test Time: 1-100 d
Total # of Tests: a few
Min. Bum Time: > 1000s
Max. Dwell Time: <hrs
Availability: 25% or more

Remarks

irradiation of specimens
at various temperatures &
fluences; post-irradiation
& on-line measurements

tests during Physics Phase;
short pulse and long dwell
desired to minimize
cooling needs

test objects similar to
fission submodules;
10-20 Jays operating
time desired

module placed behind
first wall;
continuous bum up
to 10 days desired

module exposed to
plasma;
continuous bum up
to 10 days desired

continuous bum up
to 10 days desired;
tests to be performed
near the end-of-life of
HER

continuous bum up
to 10 days desired;
test to end of life
oflTER
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structural material, while a longer test (up to the maximum fluence)
should be performed with a module with MANET as structural material.

5. Proof test on a blanket segment. This should be fully prototypical
(poloidal length, first wall, MANET as structural material). Short and
medium duration tests should be performed on a fist segment. The same
tests plus long duration tests on a seconc' blanket segment.
These five test types are shown in more detail in Table II.6.4.

11.6.2.2. Japanese programme

DEMO Blanket Concepts

The major design parameters and performance characteristics of
candidate blankets for DEMO/power reactors (Fusion power: ~ 3 GW) studied
at JAERI are summarized in Table II.6.5 [7,8]. Various kinds of blankets for a
DEMO reactor, including liquid metal breeder have been studied.

One of the advantages of a helium-cooled blanket is the possibility to
obtain high thermal efficiency. From this point, the outlet temperature of helium
coolant was selected to be 700°C in the above design studies. As for structural
material, molybdenum alloy was selected to allow the use of the high
temperature helium coolant. For the Mo-alioy/Li2O/He/Be blanket, the BOT
concept (breeder out-of-tube) was adopted as shown in Fig. II.6-12. The former
has a layer of beryllium multiplier which is separated from a breeder region. The
latter is a beryllium/breeder mixture type. The breeder (Li2O) is fabricated in
the form of small spherical pebbles (< 1 mm in diameter) to avoid thermal
cracking of breeder. The breeder temperature is maintained between 450°C and
950°C to recover tritium efficiently in the low pressure helium purge stream.
There is no thermal resistant layer around the coolant tubes because the inlet
helium temperature is 400°C. Thus the breeder temperature is naturally kept
above 400°C.

The helium coolant pressure was selected to be 9 MPa in terms of
sufficient heat removal capability. To keep the coolant pressure drop acceptably
low, coolant channels and manifolds in the blanket are poloidally divided into two
or three sub-units.

The major parameters of the energy conversion system are also
summarized in Table II.6.5. A turbine system of the latest (oil-burning) power
plant was assumed for the helium coolant system and gross thermal efficiency
was estimated to be 47.2%. Though the pumping power of the helium coolant is
about five times as large as those of the water and liquid metal coolants, the
helium coolant still gives a larger new electric power (i.e. subtracting the
pumping power from the gross electric power) than the other two coolants.

Technical issues for DEMO blanket

Major technical issues for the high temperature helium-cooled are listed
below:
(1) Development of refractory alloys and material data base. Development

of a new refractory alloy (e.g. Mo alloy) or substantial improvement of
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TABLE II.6-5 MAJOR DESIGN FEATURES OF CANDIDATE BLANKETS FOR DEMO

Blanket Concept

Thermal power/gross electric power (HU>
Neutron wall loading (HU/m ) .
Heat flux on the first wall (MU/nO -
Nuclear heating in the first wall (Mw/iO
Structural material
Maximum temperature of structural material (°C)
Breeder/neutron multiplier
Li enrichment (X)

Breeder configuration
Temperature range of breeder (°C)
Tritium recovery
Outboard/inboard local breeding ratio
Breeding ratio

Coolant
Pressure (HPa)
Inlet/outlet temperature (°C)
Flow direction: first wall/breeder region
Maximum verlocity: first wall/breeeder region (M/s)
Pressure drop (HPa)
Number of primary cooling loops
Pumping power (HU)
Steam pressure/temperature (MPa/°C)
Gross thermal efficiency (X)

Mo-alloy/Li-O/He/Be

3720/1810
3.3
0.9
27
Mo-alloy
852
Li,O/Be
30Z

outside tube
400 . 950
He purge stream
1.37/1.32
!.19

He
9
400/700
toroidal/poloidal
63/52
0.11
7
109
24.6/538
47.2

Mo-atloy/LiAlO2/He/Be

3510/1710
3.3
0.9
27
No-alloy
852
LiAlO-/Be
95 Z

outside tube
400 . 725
He coolant
1.24/1.17
1.06

He
9
400/700
toroidal/toroidal
63/8.1
0.11
7
103
24.6/538
47.2
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Fig. 11.6.12. Schematic View of Mo-Alloy/Lifi/He/Be Blanket for DEMO Reactor
(Breeder/Multiplier Mixture Type)

the existing alloys (e.g. ferritic steels) is necessary. Material data base
including following items must be completed.

• Physical/chemical properties
• Mechanical properties
• Irradiation-induced property changes
• Compatibility
• Radioactivity
• Mass production and fabrication (welding etc.)

(2) Arrangement of coolant tubes in blanket
• Fabrication and assembling accuracy of coolant tubes must be
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considered because temperature control of breeder is realized by the tube
arrangement.

(3) Mass production of small-size breeder and/or multiplier pebbles
• small size (< 1 mm diameter)
• Low production cost

(4) Packing of breeder and/or multiplier pebbles
• Method for uniform and high density packing
• Non destructive investigation of breeding zone

(5) Thermal stress on structures
• Careful design to absorb large thermal expansion is necessary because of

large temperature difference of coolant.
(6) Tritium permeation through coolant pipe

• From the safety point of view, reduction methods of permeation of
tritium into/from the coolant through the high temperature pipe wall
must be considered (e.g. surface coating of coolant tubes in blanket and
the adoption of a double-walled pipe for high temperature outlet pipes
etc.)

(7) Radiation streaming through large-size coolant pipe
• Reduction method (e.g. shield design and pipe arrangement) must be

considered.
(8) Thermo-mechanical design of high heat flux components

• Feasibility of helium-cooled divertor/limiter should be investigated to
avoid multiple coolant materials (e.g. helium for blanket and water for
divertor).

Among the above issues (2) and (4) are the same as those for the ITER
driver blanket. Therefore they might be solved entirely or partially in the driver
blanket design, and must be assured by the start of the DEMO design through
the design, fabrication and operation of the ITER blanket.

Test descriptions

The tests required in ITER are as follows:
(1) Neutronics test and system check-out
(2) Screening test
(3) Tritium recovery test
(4) Performance test
(5) Segment test
(6) Material irradiation test.
Major aspects of these tests are summarized in Table II.6.6.
A neutronic test for blankets including system/instrumentation checkout

will be performed with very low neutron fluence during the Physics Phase.
Submodules for 5-10 candidate blanket concepts will be tested in series using
one-fourth region of the test port allocated to solid breeder blankets.
Distributions of nuclear heating rate and tritium generation rate, g-ray and
induced activity should be measured in order to characterize neutonic aspects of
the candidates.
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TABLE II.6.6. PROPOSED TESTS FOR THE

Descriptor Test name Measurements

JASB-1 Neutronics Tests and
System Check-Out

Nuclear heating rate,
tritium generation rate, and
neutron & gamma distributions;
induced activity

JASB-2 Screening Test
(mainly tritium
recovery performance)

Tritium inventory, release rate,
breeding, temperature control

JASB-3

JASB4

JASB-5

JASB-6

Tritium Recovery Tests Tritium release rate and
(irradiation effects on inventory; effects of irradiation
breeder/multiplier on tritium behavior and thermal
behavior) control

Performance Tests

Segment Tests
(demonstration of
DEMO act-alike
blanket)

Material Irradiation
Tests

Heat generation and removal;
continuous tritium recovery;
tritium breeding & inventory;
thermo-hydraulics & -mechanics;
irradiation effects

measure nuclear heating rate,
tritium generation rate, and
neutron & gamma distributions;
induced activity

Irradiation effects on
physical and mechanical
properties of structural
breeder, insulator, plasma
facing,shell conductor
materials etc.

*fluence units are MW-vr/m2
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JAPANESE HELIUM-COOLED SOLID BREEDER BLANKET

Module Area x
Depth (m2xm)

0.2-0.4 x 0.5

0.2-0.4x0.15-0.5

Test Features*

# of test elements: 1-2
Ind. test time: short
# of tests: ~6
Total test time: <2-3 yrs
Fluence: <0.001

# of test elements: 1-2
Ind. test time: 0.3-3 hrs
# of tests: -2-3
Total test time: 1-2 yrs
Fluence: 0.01-0.02

Remarks

during Physics Phase;
no plasma exposure;
10 iterations each test

no plasma exposure;
5-10 iterations each test
(total burn time >4-5 days
required, dwell time
<300-400 s)

0.2-0.4 x 0.15-0.5

3x0.5

10 x 0.5

1.5
(specimens)

# of test elements: 1-2
# of tests: 1-2

Total test time: 2 yrs
Fluence: >0.2

# of test elements: 1
Ind. test time: 0.3-3 hrs
# of tests: 1-2
Total test time: 1-2 yrs
Fluence: >0.2

# of test elements: 1
Ind. test time:
# of tests: 1-2
Total test time: TBD

# of test elements: many
Ind. test time: TBD
# of tests: TBD
Fluence: 1-3

sequential with screening
tests;
same operating conditions
asJASB-2
Plasma explosure
# of cycles per test TBD;
burn time >1000 s for
dwell=200 s for thermal
equilibrium

Plasma explosure
full height of driver blanket
test requirements similar
toJASB-4

some tests with plasma
exposure, some without;
performed in materials port
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Tests during the Technology Phase start with a screening test. In this
test, tritium recovery performance based on tritium release from the breeder and
breeder temperature control will be mainly investigated. The number of
submodules to be tested will be 2-6 depending on the results of the neutronic
test. Submodules will be installed also in one-forth region of the port allocated
to helium-cooled solid breeder blanket (one or two submodules in the region at a
time). Neutron fluence required for this test is relatively low (^0.01-0.02
MW/m), therefore the test will be performed in one year.

Following the screening test, tritium recovery test will be conducted.
Main objective of this test is to investigate neutron irradiation effects on tritium
recovery performance in terms of property changes of breeder and multiplier
materials. One or two concepts chosen from the screening test will be tested
with the same submodule used in the screening test. Indication of irradiation
damage (singering cracking, grain growth etc.) would be also obtained. Neutron
fluences of >0.2 MW/m , therefore 1-2 years of reactor operation will be
required for this test.

In the performance test, almost all of the basic characteristics of
blankets, such as heat generation and removal, tritium generation and recovery,
and some of thermo-mechanical performances, will be demostrated. The size of
modules will be changed to full port size, and 1-3 blanket concepts will be
selected from the results of above series of submodule tests. Test modules will
directly face the plasma for the first time in the testing. (In above tests, test
modules would not be directly exposed to the plasma). More than 0.2 MW/m
of neutron fluences will be required in order to investigate irradiation effects on
breeder/multiplier properties as in the tritium recovery test. This test will be
sufficiently performed in the last three years of the Technology Phase when the
number of the candidates is reduced to 1-3.

It is desirable to perform a segment test with one complete segment or
even one sector in order to demonstrate accommodative performance of blankets
to poloidal wall load distribution and thermo-mechanical integrity of large
blanket structure.

Material irradiation test including the investigation of tritium release
characteristics of breeder materials is performed in the port allocated for
materials testing.

Specifications and characteristics of test articles.

A test article considered here is a full port size module (first wall area:
~ 3.5 m ) which will be tested at the performance test phase. The module will
be directly exposed to plasma.

Major test items of the helium-cooled test module are as follows:
1. Verification of thermal-hydraulic performance of cooling mechanism.
2. Verification of integrity of blanket structure under normal and off-

normal conditions.
3. Verification of neutronics performances (tritium production rate and

nuclear heating rate etc.).
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TABLE II.6.7. ROUGH ESTIMATES OF ACHIEVABLE HELIUM
OUTLET TEMPERATURE UNDER DEMO CONDITIONS

(Av. neutron wall load:~3MW/m2;
Av. surface heat load: —lMW/m2)

Maximum allowable Maximum Outlet
temperature of temperature of
structures (°C) coolant (°C)

1.

2.

3.

4.

Austenitic steels
??CA etc.)
Ferritic/martensitic steels
steels (HT9 etc.)
Nickel-based alloys
Inconel. Hastelloy
Molybdenum alloys
(TZM, Mo-Re alloy etc.)

. 450 °C

- 500 °C

. 700 °C *

. 950 °C *

. 430

(. 200

. 480

(- 250

. 680

C- 450

- 880

(- 700

°C
°C)
°C)
°C)
cc*
°C*)

°c*
°c *>

Tentative values () Coolant temperature for first wall

4. Demonstration of coolant conditions expected in a DEMO/power
reactor i.e. coolant outlet temperature > 450°C, as high as possible.

5. Demonstration of in-situ tritium recovery under the DEMO coolant
conditions.

(1) Consideration on structural material

In order to obtain high thermal efficiency, one of the most important design
parameters of the helium-cooled blankets is outlet coolant temperature from the
blanket. The outlet temperature depends on structural material of the blanket.
Rough estimates of allowable outlet helium temperature for various structural
materials are shown in Table H.6.7.

Refractory metal alloys, such as molybdenum alloys, have the most
attractive feature in terms of high coolant temperature, and they were selected as
one of the candidate structural materials (Table II.6.7). The data base of these
materials, however, is not sufficient for the present design of test modules in
ITER. Therefore, ferritic/martensitic steels or nickel-based alloys will be
considered as structural material for the test modules.

Nickel-based alloys which are used in a high temperature gas-cooled
fission reactor (HTGR) could not be applied to a fusion DEMO/power reactor
because of their irradiation damages (i.e. helium embrittlement and
radioactivity). They might be applied, however, to test modules in ITER because
the neutron fluence during the testing is low. Physical and mechanical properties
seem to be good enough to demonstrate the advantages of helium-cooled
blankets.
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Ferritic/martensitic steels will also supply the basic understanding of the
performance of helium-cooled blankets though the outlet temperature of the
coolant may not be high enough to demonstrate the attractive features of helium-
cooled blankets.

During the early period of the testing in ITER, ferritic/martensitic steels
or nickel-based alloys will be used as structural material of test modules. In the
later stage of the testing, they might be replaced by newly-developed refractory
metal alloys which are foreseen for a DEMO/power reactor.

EAOER

FIRST WALL

COOLING TU8E

OUTLET PIPE

MAN!FOLD

[NLET PIPE

HEADER

Fig. II.6.13. Schematic View of He-cooled Test Module for ITER Testing
(Breeder/Multiplier Mixture Type)
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(2) Test module concept

A test module design with ferritic/martensitic steel as the structural
material is presented here. Selection of structural material and blanket concept
could be changed according to the progress of material development and out-of-
ITER R&D.

The BOT concept (breeder out-of-tube) with beryllium/breeder mixture
zone has been adopted for one of helium-cooled test modules as shown in Fig.
II.6.13. The breeder (LUO) is fabricated in form of small spherical pebbles (< 1
mm diameter). The breeder temperature is maintained between 450°C and
950°C to recover tritium efficiently in the low pressure helium purge stream. In
order to eliminate thermal resistant layers around the coolant tubes, the inlet
helium temperature of the breeding zone is set to be above 400°C to keep the
breeder temperature above 400°C. On the other hand, the inlet temperature of
the first wall coolant is set to be below 400°C to keep the first wall temperature
below the maximum allowable temperature for ferritic steel (around 500°C).
Therefore, the following coolant flow scheme was selected: the coolant flows in
series through the module box structure (including the first wall) and the
breeding zone. The helium coolant pressure was selected to be 9 MPa similar to
the DEMO blanket.

The major characteristics of the test module are summarized in Table
II.6.8.

II.6.2.3 USA programme

Description of technical issues

The major issues of helium cooled solid breeder blanket components
have been thoroughly studied and described in previous works (e.g., [9,10]). The
key technical issues to be addressed in ITER are listed in Table II.6.9. Adequate
testing of these issues require the integration of various effects such as bulk
heating and nuclear reactions, and is best done in a fusion environment, such as
ITER. The experimental data generated in ITER would then provide the
essential information to select components for future fusion devices and to
confidently assess the feasibility and attractiveness of fusion. These issues are
described in more detail below.

Tritium Breeding
One function of the blanket is to breed enough tritium to fuel the

plasma. For many reactor concepts, the margin in the tritium breeding ratio is
not large enough to cover the uncertainties. Uncertainties exist in determining
both the achievable tritium breeding rate (e.g. neutronics calculation accuracy)
and the required tritium breeding rate (e.g. blanket tritium holdup). Because of
the complexity of the test environment, the tests in ITER will not fully ascertain
whether tritium self-sufficiency is achievable or not, but will allow a judgement
on the credability of the design, based on tritium breeding performance.
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TABLE II.6.8. MAJOR DESIGN PARAMETERS AND CHARACTERISTICS
OF HELIUM-COOLED TEST MODULE

Location
Module type
Module size

First wall area
Thickness

Neutron wall load
Surface heat load
Coolant

First wall (module box)
Temperature (in/out)
Pressure
Breeding zone
Temperature (in/out)
Pressure

Structural material
Allowable temperature

Breeder
Temperature control
Operating temperature

Neutron multiplier

Operating temperature

Local tritium breeding ratio
(1-0 poloidal model)

Heat deposition
Module box (first wall)
Breeding zone

Tritium recovery

Tritium inventory

Outboard, midplane
BOT (breeder out-of-tube)

h u
3.5 m' {3.4 m x 1.1 m )
0.6 m
1.2 MU/M1

0.15 MU/m'
Helium

360/400°C
9 MPe

400/480°C
9 MPs
Ferritic/martensitic steel
<500°C
Lithium oxide (1mm F pebble)
Cooling tube arrangement
450 - 600°C
Beryllium (1mm F pebble)
mixture with breeder
450 - 600°C (mixture type)
<500°C (separate type)
-1.6 (mixture type)
.1.3 (separate type)

1.73 MW
4.20 MU
In-situ and continuous with
helium purge gas
TBD

TABLE II.6.9. TECHNICAL ISSUES FOR SOLID BREEDER BLANKETS
TO BE ADDRESSED IN ITER

• Tritium production (breeding) rate
• Tritium inventory, recovery, permeation and control
• Breeder/multiplier thermomechanical behaviour
• Structural response and failure modes
• Corrosion and mass transfer
• Thermal hydraulics performance

84



Tritium Inventory and Transport
Tritium inventory is important because it influences the required

breeding ratio and the safety risk of the blanket. Major uncertainties relate to
both the fundamental tritium transport mechanism in the solid breeder and
purge, and the effect of the fusion environment, which includes irradiation,
mechanical and material interactions. Tritium transport within the solid breeder
is very sensitive to the fabrication techniques and operating conditions,
particularly the effect of radiation. The breeder temperature profile is
particularly important because a relatively narrow window of operation is
predicted, based on maintaining an acceptable inventory level at low
temperatures and sintering and materials properties changes at high
temperatures.
Breeder/Multiplier/Structural Mechanical Interactions

The interface between the breeder/multiplier and the structural
cladding can be an area where stress and heat transfer limits occur. Issues
include the mutual loads and responses imposed by the element on each other
and their influence on the breeder thermal behaviour (e.g. gap conductance).
Structural Response to Environmental Conditions
The mechanical behavior of structural elements of the blanket during blanket
operation determines the physical lifetime. The uncertainties involve both the
source of thermomechanical loading (e.g. disruptions, hot spots) and responses
(e.g. influence of swelling and creep).
Tritium Permeation

Tritium permeation is primarily a safety concern. In the bulk of the
blanket, permeation can be significantly altered by the form in which the tritium
is released from the solid breeder and the chemistry and kinetics as it travels
through the blanket.
Corrosion and Mass Transfer

Material interactions include mass transfer of the breeder within the
internal porosity or out of the blanket entirely, and chemical reactions at the
structure/breeder interface. These affects the configuration and operating
temperature limites.

Objective of testing
ITER provides a unique and needed capability for performing in'egrated

tests. Thus, a major objective of solid breeder testing in ITER is to perform fully
integrated tests of the top-ranked helium-cooled solid breeder blanket concepts
in a fusion environment. These tests would include both submodule and full
module tests. In addition, the U.S. advocates the performance of "issue-specific"
tests (performed in sub-scale submodules) whose purpose is to allow adequate
interpretation and extrapolation of the results obtained in larger, more integrated
tests.

The concepts to be tested include advanced blanket configuration (e.g.,
with silicon-carbide composite as structural material). Other nuclear
components covered in the solid breeder tests include breeder blanket tritium
interface (BBI), tritium processing system and radiation shield.
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TABLE II.6.10. US-LED SOLID BREEDER BLANKET TEST

PORT
PHYSICS

3 4
TECHNOLOGY PHASE

7 8 9 10 11 12

He-cooled
Solid Breeder

System Checkout
Partially-Integrated Sceeniig Tests

Environment
Characterization subnodule 1'

submodule 2

Full-size Nodules with Plasma Exposure
Issue-oriented tests

(subscale subnodules)

Partially-Integrated Sceening Tests

Water-Cooled
Solid Breeder

System Checkout

Envi ronment
Characterization submodule 1

submodule 2

Full-size Modules with Plasma Exposure
Issue-oriented tests

(subscale submodules)



The performance of these components should be determined for both
normal and transient operation, which includes off-normal events and
startup/shutdown events. The results of the tests would aim at providing fusion
testing data to calibrate results from non-fusion facilities and to confirm the
predicted response of the blanket. The results would also provide data for
extrapolation to DEMO/reactor relevant conditions, and some preliminary
measure of the reliability and safety of FNT components.

Strategy
The strategy adopts the conclusions from the Test Program Workshop in

Garching during February, 1990. It is thus assumed that some test port space will
be available during the Physics Phase for initial tests including neutronics
mapping and instrumentation check-out. During the first three years of the
Technology Phase the helium-cooled test port will be divied in three. During the
next three years full module tests utilizing the whole test port space will be
conducted either for one chosen reference design or for two or three full module
designs in series (Table II.6.10).

During the first three years of the Technology Phase, it is proposed to
test two different helium-cooled solid breeder submodules in series. Both
configurations are designed for maximum performance under ITEP-like
conditions. The first submodule configuration to be tested is a more mainstream
one, which will be replaced by an advanced concept module after about 1 1/2
years. In parallel with the submodule test will be a series of subscale submodule
tests initially providing confirmation of the engineering performance of the
advanced concept submodule prior to its insertion and in general providing
engineering scaling information to help in extrapolating results for both
submodule tests to DEMO and/or power reactor conditions. These tests are
carried out without direct plasma exposure to facilitate rapid replacement. The
machine first wall covers the entire port during this period.

During the next three years the full module tests are performed with
direct plasma exposure for maximum testing performance. The module first wall
in this case is designed to withstand the more demanding conditions of plasma
exposure (e.g. plasma heat flux).

Description of tests

Two kinds of tests will be performed during the first three years of the
Technology Phase: submodule tests and subscale submodule tests.
Submodule tests

The solid breeder submodule test activities are divided into the following
phases: (1) design, (2) pre-technology, (3) irradiated integrated performance test
(Technology Phase), and (4) post-irradiation test. The design phase starts with
concept scoping and selection, which is essentially based on the information
obtained (and to be obtained) from fission facilities, point neutron source
facilities, theory and modelling. Since it is desired that a maximum
understanding of component operation be available prior to insertion in ITER,
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cNon-Neutron Test Stand, Fission Reactors, Point Neutron
Source + Theory and Analytical Tool

Time

Scoping

Design i- Analysis

Breeder design and assembly

Purge flow system design

First wall design(plasma and coolant side)
Coolant flow system design
Module configuration

Instrumentation. Ancillary equipments
Manufacture

Thermomechanical, fluid flow behavior
under cold and normal operating
pressure conditions
Purge flow system

System checkout

per canister

-3yr

-2yr •

Coolant Manifold Designj-
multiple-canister

assemoiy

-1 yr

ncillary Equipment « | Engineering Fit I

I ITEB testing I Technology
Phase

Fig. H.6.14. Solid Breeder Submodule Test Prog-am: Activities During Design Phase

solid breeder blanket submodule components will thus be thoroughly tested
during the pre-technology phase. The tests will cover the overall submodule
assembly including subsystems such as the manifolds, the ancillary equipment
interfaces and the purge flow and trigium processing. A typical design phase
program is illustrated in Figure II.6.14.

The pre-technology test phase includes shakedown tests and verification
of the proper operation of ths various components and support equipment, and
the environment characterization tests, such as neutron and surface heat flux
mapping.

The technology phase test sequence for the helium-cooled test
submodule assembly is summarized in Figure II.6.15. A series of tests are
conducted to investigate the following issues: thermal hydraulics, tritium
behaviour, tritium permeation, corrosion and mass transfer, thermomechanics,
and tritium behaviour under thermal/purge composition transients. During each
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series of tests, parameters such as coolant flow rates, inlet temperature and
pressure, and purge gas flow rate, composition, chemistry and pressure are to be
varied (either single variable or multiple variables) to observe effects on blanket
performance. The blanket pressure drop and temperature distribution at
different operating conditions can be established at this stage, which will validate
models related to loss of flow or power variation transient response. The tritium
generation, release, transport and permeation experiments are performed under
different breeder temperature conditions and/or purge conditions. Tritium
permeation tests focus on the concentration of tritium in the main coolant, which
should be constantly monitored for safety reasons, effectively providing
continuous information on permeation or leakage of tritium to the main flow.
The thermomechanical responses of the blanket at different levels of neutron I
fluence can be examined through measurements using internal strain gauges
(single effect) and thermocouples or through the observation of the blanket
submodule overall engineering performance (multiple effects). Corrosion
examinations are scheduled at the end of each test. The effects of plasma
disruption and erosion on the first wall will be examined frequently during
plasma shutdown periods if space is available for photographic first wall
inspection.

As part of the post-irradiation test phase, a thorough inspection will be
done. After one and a half years of irradiation, the first module will be removed
to the hot cell for inspection and/or destructive tests. The tests will include
measurements of tritium inventory and gross dimensional changes, determination
of whether any cracks have developed, determination of mechanical property of
structure, and microstructural examinations. The information from post-
irradiation examinations, combined with the operating history of the submodule,
can be used to evaluate the thermomechanical response of the test submodule.

The test for the second submodule (advanced concept tests) is similar to
the one proposed for the first module test. It is to be inserted halfway through
the first three-year phase and withdrawn at the end of three-year phase.
Subscale Submodule Tests

Subscale submodule tests are issue-oriented tests designed to reproduce
reactor operating conditions. These types of tests are particularly important £o
bridge the gap between test submodule operation in ITER and prototypic
conditions. For example, key issues such as tritium re'iase and thermomechanics
behaviour under power reactor operating conditions for the reference design are ,,-
influenced by the temperature drop in the breeder elements. These issues can be
addressed in a partially integrated submodule designed to reproduce a critical
section or unit cell of the reference blanket submodule. Based on engineering
scaling, the temperature difference in the breeder zone (it can be rod, plate or
pebble form) can be reproduced by increasing the thickness of the breeder zone.
Similarly, for addressing thermomechanical issues for the first wall, the first wall
thickness can be adjusted to reproduce prototypic temperature drop. The
increased thickness in effect compensates for the lower neutron wall loading 1.2
MW/m for ITER compared to a typical reactor design value of 5 MW/m .

Table II.6.11. shows the proposed tests to be executed in ITER.
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TABLE II.6.11. PROPOSED TESTS FOR THE

Descriptor Test Name Purpose

SBH-J System checkout & environ- Neutronic environment character-
ment characterization for top- rization; blanket system check
ranked solid breeder blanket out; instrumentation check out.

SBH-2 System checkout & environ- Neutronic environment character-
mem characterization for rization; blanket system check
advanced He-cooled blanket out; instrumentation check out.

SBH-3

SBB4

SBH-5

SBH-6

SBH-7

SBH-8

Integrated concept verifica-
tion for top-ranked solid
breeder blanket.

Integrated concept verifica-
tion for advanced solid
breeder blanket.

Issue-oriented top-ranked
solid breeder blanket
submodule tests.

Issue-oriented advanced
helium-cooled blanket
submodule tests.

Full port size top ranked
solid breeder integrated tests.

Fully-integrated blanket
segment tests.

Confirm blanket responses;
calibrate results with non-fusion
tests; provide data to extrapolate
to DEMO.

Confirm blanket responses;
calibrate results with non-fusion
tests; provide data to extrapolate
to DEMO.

Provide data to help interpret and
extrapolate results from larger,
more integrated texts.

Examine tritium behavior in
breeder and multiplier. Examine
response of advanced structural
material.

Integrated concept performance.

Prototypical full segment tests.
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US HELIUM-COOLED SOLID BREEDER BLANKET

Module Area Total Remarks
x Depthg Test Time
(m2xm) (years)

Without plasma exposure;
O.Sxl 1.5 tests during physics phase

Without plasma exposure;
0.5x1 1.5 tests during physics phase;

follows SBH-1 in series.

0.7 x 1 2 With plasma exposure.

0.7 x 1 2 With plasma exposure;
follows SBH-3 in series.

0.3 x 1 2 Without plasma exposure

0.3 x 1 2 Without plasma exposure;
parallels with SBH-3.

3 x 1 3 With plasma exposure;
parallels with SBH-4.

9.8 x 1 1 With plasma exposure.
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Technology
Phase

"*" 0.3

TEST NAME

0.6

YEAR

0.9 1.2 1.5
>ust-

irradiation
Test Description

Shakedown &
neutronics

Instrumentation checkout,
source characterization

Thermal-hydraulics
BOL performance
Fluence effects

Tritium behavior
BOL performance
Fluence effects

Purge composition
Effect of purge composition on
tritium release (one canister)

Thermomechanics
Deformation (strain gage)
Gap conductance(thermocouple)

Corrosion &
mass transfer

Plasma effects on
first wall

Non-destructive examination
during plasma shutoff

Tritium behavior in
thermal & flow transients

Transient behavior

Tritium behavior in
chemistry transients

Transient behavior

Fig. 11.6.15. Solid Breeder Submodule Test Program: Activities During Irradiation



Description and specifications of blanket submodules
Examples of the two solid breeder submodules to be tested in series

during the first three years of the Technology Phase are described below.

Baseline submodule

Concept Description
The proposed design for the baseline helium-cooled test submodule

assembly is based on the UCLA ITER blanket design illustrated in Fig. II.6.16
[11]. Typically, the assembly would consist of three canisters, each 33 cm wide.

He Inlet He Ouflef He Inlet
Manifold

SB/Be Rod
Be Rod

First Wall

Fig. 11,6.16. Helium-Cooled Solid Breeder Blanket Submodule Canister
Configuration
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Fig. 11.6.17. Helium-Cooled Solid Breeds Submodule Canister Assembly



This particular design offers a certain degree of testing operation flexibility. As
described in the next section, the solid breeder and Be temperature can be
actively controlled. In addition, if required, the helium coolant pressure and
temperature can also be varied. The submodule assembly is thus designed for
operation at commercial reactor-like temperature and pressure levels. However,
as dictated by testing purposes, the canisters can be made to operate at lower
pressures or ai different temperature levels.

Test Submodule Description
Each canister in the test submodule assembly is self-supporting and

contains arrays of rods over which the helium coolant flows. The rods consist of
a cladded SB inner cylinder with a cladded beryllium/helium packed bed annular
region on the outside. In this configuration, the SB and multiplier are in well-
defined volumes to facilitate the predictability of their properties. For simplicity,
a single rod configuration is shown inside the canister. However, the canister
could easily be divided into two or three regions with different rod configurations
in each, as required by neutronics or other considerations. (Note that small Be
rods can also be positioned between the large rods for added Be volume fraction,
as shown in Fig. II.6.16). The helium coolant flow comes in along the side wall to
provide for the cooling of the first wall, and then enters the canisters at the first
wall and flows over the rod bundle before exiting the canister at the back. A
porous mesh is provided along the side-wall helium channel so that a stagnant
layer of helium inside the mesh will act as an insulator betwen the cooler side-
wall flow and the hotter rod bundle flow. Li^SiO^, which is one of the major
solid breeders considered internationally, is the chosen solid breeder material
consistent with the reference design [11].

Figures II.6.17 shows a schematic of the mechanical design of the
canister including the purge gas and main coolant manifolding systems. The
second wall is separated from the first wall primary pressure vessel by ribs
located a small distance apart. The resulting structural configuration (first wall,
second wall and rib) provides the necessary support for each module to be
structurally independent [12].

Advanced submodule

Concept Description
The proposed advanced submodule to be tested uming the later stage of

the first three years of the Technology Phase is based on the ARIES blanket [13].
It represents an advanced concept in the sense that it has been carefully designed
for low activation and low tritium inventory.

The principal structural material used is a composite of silicon-carbide
(SiC) fibers in a SiC matrix. This composite retains many of the desirable
features of bulk SiC ceramic while the addition of SiC fibers greatly reduces the
brittle nature of the material, producing a high degree of fracture toughness.
The increased toughness offers more freedom in the engineering design, allowing
both tensile and comprcssive stress in the composites. The desirable features of
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the SiC composites include very low levels of activation and afterheat, high
temperature capability, high strength, and extensive resource availability.

The tritium-breeding material in the blanket is lithium zirconate
(LijZrO-,), a ceramic solid breeder which is mixed with the Be multiplier for
optimum neutronics performance. Li^ZrO-j is selected as the solid breeder
material at this stage because the database demonstrates long-term and high-
temperature stability and good tritium release. Isotopically-lailored zirconium is
used to reduce the level of decay Iieat and waste disposal rating of the blanket.
Note that Li^SiO^ and l ^ O in particular also have good tritium release
characteristics, and are preferable even to isotopically-tailored l^ZrO-j based on.
the activation criteria. However, for a better assessment of their attractiveness,
for this design application, uncertainties regarding lithiu:n mass transport in
L^O at high temperature and the transition at high burn-up of LLSiO^ to
Li- SiO^ which exhibits poorer tritium release characteristics must be addressed.

Test Submodule Description
The proposed test submodule configuration is shown in Fig. II.6.18. It is

composed of nested U-shaped SiC-composite shells with built in channels for the
helium flow. The sphere-pac solid breeder and beryllium neutron multiplier
mixture is located in the space between the shells. Tritium is recovered by a
slow, low pressure purge flow of helium between the shells. Beryllium pebbles
are used as the neutron multiplier in order to obtain an adequate tritium
breeding ratio and high blanket energy multiplication. At the back of the plenum
(not shown in Fig. 11.6-18) a Be reflector zone and a thick SiC reflector/shield
zone are included. The SiC reflector/shield region is not a pressure boundary
and the heat generated there is low, resulting in very low stresses. Thus, either
bulk SiC or composite SiC could be used. Here for assembly purposes, this SiC
region is assumed to consist of a stack of thin SiC composite plates.

The high pressure (6 MPa or more) helium coolant reaches the inlet
plena through radial pipes from the inlet manifold. It then flows poloidally in the
plena at the back of the blanket. The inlet plena feed the first-wall and blanket
coolant tubes through which the coolant flows radially inward, then toroidally
across the module, and finally radially outward back into the outlet plena. The
coolant then flows out radially through pipes connecting the outlet plena to the
outlet manifold. This routing configuration was selected in the ARIES design to
provide adequate cooling of the blanket materials and to minimize the first wall
blanket pressure drop.

Fig. II.6-19 shows a schematic of the assembly. The construction
scenario is as follows:
• The first wall, all interior blanket tube-sheets, the back panels

(consisting of inlet and outlet plenum) are manufactured and readied for
assembly.

• The tube-sheets are nested into each other starling with the largest, i.e.,
the first wall, followed by blanket tube-sheets. Spacers are used to
insure proper distances between the tube-sheets and to insure proper
aligment for fitting into the back panel slots.
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END COVER PLATE

Hc-MPES

FIRST WALL-v

Fig. H.6.18. Advanced Helium-Cooled Solid Breeder Test Submodule Configuration

• The blanket back panel, which consists of the inlet and outlet plenums,is
lowered with the tube-sheets fitting into the provided slots. The endings
of the tube-sheets are pasted with brazing material beforehand. When
heated to about 1400°C the brazing materials transform into SiC. This
technique results in a braze that has properties very similar to those of
the base material, i.e. it has the same melting temperature as the
structure. To minimize heated areas during brazing electron beams are
being considered.

• A panel (flat sheet of SiC composite casted to include the inlet helium
purge pipe) is brazed to the bottom of the blanket module.
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FIRST WALL SHELL

2ND SHELL

REFLECTOR
PLENUM
BLOCK

BREEDER
MULTIPLIER

4 CHANNELS

TUBE SHELL
FITTING CHANNELS

LOW PRESSURE
END COVER

FLAREO SHELL BOTTOM TO FIT
PLENUM BLOCK CHANNELS

Fig. 11.6.19. Advanced Helium-Cooled Solid Breeder Test Submodule Assembly
Schematic

The breeding and multiplying material (pebbles) are poured into the
spaces between tube-sheets and vibration packed.
The reflector/shield SiC composite plates, which are manufactured with
clearances for the protruding manifold piping and instrument connecting
tube, are stacked radially.
The top panel with the outlet purge plenum is brazed onto the blanket.
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II.6.3. Water cooled solid breeder blanket

11.6.3.1. Introduction

In the development of a DEMO/powcr reactor relevant water-cooled
solid breeder blanket, Japan, the USA and the USSR have shown interest. Their
programs for a joint blanket testing in ITER are described in the following
sections.

II.6.3.2. Japanese Program

DEMO Blanket Concepts

The major design parameters and performance characteristics of one of
the candidate blankets for DEMO and power reactors (Fusion power: ~ 3GW)
studied in Japan are summarized in Table II.6-12 [7,8].

One of the advantages of a water-cooled blanket is the possibility of
utilization of water cooling technology which has been developed for pressurized
water reactors (PWR). Based on this technology, the outlet temperature of water
coolant was selected to be about 320°C in above design study. As for structural
material, austenitic stainless steel will be selected considering its abundant
material data base. However, the existing austenitic steel, for example 316SS, is
not sufficient to be used in a DEMO/power reactor in terms of irradiation
damage. The modified austenitic stainless steel (e.g. PCA) was selected in the
design study. The BOT concept (Breeder-Out-of-Tube) was adopted as shown in
Fig. 11.6.20. It has a layer of beryllium multiplier which is separated from a
breeder region. Another concept in which beryllium and breeder pebbles are
mixed homogeneously is also proposed.

Breeder (1^0) is fabricated in the form of small spherical pebbles
(< 1 mm dia.) to avoid thermal cracking of breeder. The breeder temperature is
maintained between 450 °C and 950 °C to recover tritium efficiently in the low
pressure helium purge stream. A thermal resistant layer around coolant tube is
necessary to keep the breeder temperature above 400 °C because the coolant
temperature is between 280 °C and 320 °C. The resistant layer consists of the
spacer tube (i.e. gap layer) as shown in Fig. II.6.20 or the solid insulator (e.g.
ceramics).

The water coolant pressure was selected to be about 15 MPa to apply
the PWR coolant condition. In order to accommodate the poloidal power
variation, coolant channels and manifolds in the blanket are poloidally divided
into two or three subunits.

The major parameters of the energy conversion systems are also
summarized in Table II.6-12. A turbine system of the power plant was employed
for the water coolant system and gross thermal efficiency was estimated to be
34.4 %.
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TABLE II.6.12. MAJOR PARAMETERS OF A BLANKET FOR DEMO [7,8]

Thermal power/gross electric power (MU)

Neutron wall Loading (MU/m2)

Heat flux on the first wall <MUI/m2) ,
Nuclear heating in the first wall (MU/m )

Structural material
Maximum temperature of structural
material (°C>

Breeder/neutron multiplier
Li enrichment <%)

Breeder configuration
Temperature range of breeder (°C)
Tritium recovery
Outboard/inboard local breeding ratio
Net breeding ratio

Coolant
Pressure (MPa)
Inlet/outlet temperature (°C)
Flow direction:first wall/breeder region
Maximum velocity:first wall/breeder
region (m/s)
Pressure drop (MPa)

Number of primary cooling (oops
Pumping power (MU)
Steam pressure/temperature(MPa/°C>
Gross thermal efficiency (X)

3820/1320

3.3

0.9
43

Ti-modified SS

423

Li-0/Be
30^
outside tube
450-950
He purge stream
1.20/1.13
1.03

H O
15.5
280/320
toroidal/poloidal

7.9/7.1
0.37

4
26
6.5/280
34.4

Technical issues for DEMO blanket
Major technical issues for the water-cooled blanket are listed below.

(1) Development/Modification of structural materials
- Modification of austenitic and ferritic stainless steels is necessary. In

particular, substantial improvement is required in terms of
irradiation-induced property change.

(2) Safety consideration against coolant tube rupture
- Safety analysis for transient phenomena after coolant tube rupture in

blanket is necessary (incl. vaporization of pressurized water,
Li2<VH20 reaction, pressure rise in blanket vessel and temperature
response).

- Mechanism for pressure relief under the accident condition
(3) Temperature control of breeder

- Fabrication and assembling accuracy of coolant tubes (including
thermal resistant layer) must be considered.

(4) Recovery of tritium from water coolant
- Development of effective method and a compact apparatus to recover

tritium leaking into water coolant
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(5) Mass production of small-size breeder and/or multiplier pebbles
- small size (< 1 mm dia.)
- Low production cost

(6) Packing of breeder and/or multiplier pebbles
- Method for uniform and high density packing
- Non destructive investigation of breeding zone

(7) Thermo-mechanical design of high heat flux components
- Design consideration against boiling and burn-out of pressurized water

for first wall and divertor.

Among above issues, (3),(5) and (6) are also issues for the ITER driver
blanket. Therefore they could be solved entirely or partially in the driver blanket
development.

Test Descriptions
Tests to be performed in ITER for water-cooled solid breeder blankets

are the same as those for helium-cooled solid breeder blankets, which are as
follows:

(1) Neutronics tests and system check-out
(2) Screening test
(3) Tritium recovery tests
(4) Performance tests
(5) Segment tests
(6) Material irradiation tests.

Major aspects of these tests are very similar to those for the helium-
cooled blankets, as summarized in Table H.6-6.

Neutronic tests for blankets including system/instrumentation check-out
will be performed with very low neutron fluence during the Physics Phase.
Submodules for 5-10 candidate blanket concepts will be tested in series using
one-sixth region of the test port allocated to solid breeder blankets. Distributions
of nuclear heating rate and tritium generation rate, g-ray and induced activity
should be measured in order to characterize neutronic aspects of the candidates.

Tests during the Technology Phase start with a screening test. In this
test, tritium recovery performance based on tritium release from the breeder and
breeder temperature control will be mainly investigated. The number of
submodules to be tested will be 2-6 depending on the results of neutronic tests.
Each submodule will be installed in one-third region of the port allocated to
water-cooled solid breeder blanket. Neutron fluence required for this test is
relatively low (0.01-0.02 MW/m ), therefore the test will be performed in one to
two years.

Following the screening test, tritium recovery test will be conducted.
Main objective of this test is to investigate neutron irradiation effects on tritium
recovery performance in terms of property changes of breeder and multiplier
materials. One or two concepts chosen from the screening test will be tested with
the same submodule used in the screening test. Indication of irradiation damage
(sintering, cracking, grain growth etc.) would be also obtained. Neutron fluences
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of >0.2 MW/m , therefore 1-2 years of reactor operation, will be required for
these tests.

The next will be performance tests in which almost all of basic
characteristics of blankets, such as heat generation and removal, tritium
generation and recovery, and some of thermo-mechanical performances, will be
demonstrated. The size of modules will be changed to full port size, and 1-3
blanket concepts will be selected from the results of above series of submodule
tests. Test modules will directly face the plasma for the first time in the testing.
(In above tests, submodules would not be directly exposed to the plasma.) More
than 0.2 MW/m of neutron fluences will be required in order to investigate
irradiation effects on breeder/multiplier properties as in the tritium recovery
tests. Performance tests will be conducted for two to three years in the
Technology Phase when the number of the candidates is reduced to 1-3.

In the last year of the Technology Phase and also in possible Extended
Operation Phase, segment tests with one complete segment or even one sector
would be performed in order to demonstrate accommodating performance of
blankets to poloidal wall load distribution and thermo-mechanical integrity of
large blanket structural

Material irradiation tests including the investigation of tritium release
characteristics of breeder materials are performed in the port allocated for
materials testing.

Specifications and characteristics of test articles
A test article considered here is a full port size module (first wall area:

-3.5 m ) which will be tested at the performance test phase. The module will be
directly exposed to plasma.

Major test items of the water-cooled test module are as follows:
(1) Verification of thermal-hydraulic performance of cooling mechanism
(2) Verification of integrity of blanket structure under normal and off-

normal conditions
(3) Verification of neutronics performances (tritium production rate and

nuclear heating rate etc.)
(4) Demonstration of coolant conditions expected in a DEMO/power

reactor i.e. coolant outlet temperature ~320°C
(5) Demonstration of in-situ tritium recovery under the DEMO coolant

conditions

Consideration on structural material
Austentic stainless steel is the first candidate material for the water-

cooled test module because it has a great experience in fission reactors. The Ti-
modified austenitic stainless steel (PCA), in which irradiation swelling property is
modified, has been developed and could be used for the ITER test module.

Ferritic steel (e.g.HT9) is another candidate material because it will
supply superior properties in terms of irradiation swelling and thermal
conductivity.

During the early period of the testing in ITER, 316SS will be used as
structural material of the test module. In the later stage of the testing, it might be
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Fig. II.6.21. Schematic View of Water-Cooled Test Module for ITER Testing
(Breeder/Multiplier Mixture Type)

replaced by newly-developed austenitic and/or ferritic steels which prospect for a
DEMO/power reactor.

Test module concept
A test module design with 316SS as the structural material is presented.

Selection of structural material and blanket concept might be changed by
progress of material development and out-of-ITER R&D.
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The BOT concept (Breeder-Out-of-Tube) with beryllium/breeder
mixture zone was adopted for the one of water-cooled test modules as shown in
Fig. II.6-21. The breeder (L12O) is fabricated in the fom of small spherical
pebbles (<1 mm dia.). The breeder temperature is maintained between 450 °C
and 950 °C to recover tritium efficiently in the low pressure helium purge stream.
In order to keep the breeder temperature above 400 °C, thermal resistant layer,
which is made of ceramics insulator or a spacer tube (He gap), is provided
around the coolant tube. The water coolant pressure was selected to be 15 MPa
similar to the DEMO blanket.

Major characteristics of the test module is summarized in Table II.6-13.

TABLE II.6.13. MAJOR DESIGN PARAMETERS
OF WATER-COOLED TEST MODULE

Location
Module type
Module size

First wall area
Thickness

Neutron wall load
Surface heat toad
Coolant

First wall (module box)
Tmeperature (in/out)
Pressure

Breeding zone
Temperature (in/out)
Pressure

Structural material
Allowable temperature

Breeder
Temperature control

Operating temperature
Neutron multiplier

Operating temperature

Local tritium breeding ratio
(1-D poloidal model)

Heat deposition
Module box (first wall)
Breeding zone

Tritium Recovery

Separate first wall design for test article

Outboard, mi dplane
BOT (Breeder-Out-of-Tube)

O h LJ

3.5 m (3.4 m x 1.1 mw)
0.6 m 7

1.2 Mw/m ,
0.15 MW/m
Water

280/320 °C
15 MPa

280/320-C
15 MPa
Austenitic steel (316SS)
< 450 °C
Lithium oxide (1mm dia. pebble)
Thermal resistant layer around
cooling tube and cooling tube
arrangement
450 - 600 °C
Beryllium (1 mm dia. pebble)
mixted with or separated from
breeder
450 - 600 °C (mixture type)
< 400 ° (separate type)
-1.5 (mixture type)
. 1.2 (separate type)

1.70 MU
4.11 MU
In-situ and continuous with
helium purge gas

containment
A structural concept of a test article container during the performance

test phase is illustrated in Fig. II.6-21. The container and the test port duct are
hermetically sealed by lip seal welding at the support flange. The inside of the
container is under atmospheric condition. Therefore, the plasma chamber is not
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contaminated even if some trouble, for example, coolant leakage would occur.
Replacement and setting of the test module can be performed without breaking
the vacuum boundary of the reactor.

The container has the same cooling mechanism as the first wall of the
base machine. The wall of the container is a pile of ribbed panels which have
rectangular coolant paths. The coolant is pressurized water which has the same
conditions as those for the main first wall of the base machine, i.e. 1.5 MPa and
60/100 °C.

II.63.3, USA prog-am

Description of Technical Issues
The major issues for water cooled solid breeder blankets are similar to

those for helium-cooled solid breeder blankets, and have been thoroughly studied
and described in previous works (e.g., [9,10]). The key technical issues to be
addressed in ITER are listed in Table H.6.9. Adequate testing of these issues
require the integration of various effects such as bulk heating and nuclear
reactions, and is best done in a fusion environment, such as ITER. The
experimental data generated in ITER would then provide the essential
information to select components for future fusion devices and to confidently
assess the feasibility and attractiveness of fusion. These issues are described in
more detail in section II.6.2.3.

Description of tests
Two kinds of tests will be performed during the first four years of the

Technology Phase: submodule tests and subscale tests.

Submcdule tests
The solid breeder submodule test activities are divided into the following

phases: (1) design, (2) pre-tcchnology, (3) irradiated integrated performance test
(Technology Phase), and (4) post-irradiation test. The design phase starts with
concept scooping and selection, which is essentially based on the information
obtained (and to be obtained) from non-fusion facilities and modeling. Since it is
desired that a maximum understanding of component operation be available
prior to insertion in ITER, solid breeder blanket submodulc components will
thus be thoroughly tested during the pre-technology phase. The tests will cover
the overall submodule assembly including subsystems such as the manifolding,
the ancillary equipment interfaces and the purge flow and tritium processing. A
typical design phase program is illustrated in Fig.II.6-14.

The pre-technology test phase includes showdown tests and verification
of the proper operation of the various components and support equipment, and
environment characterization test, such as neutron and surface heat flux
mapping.

The technology phase test sequence for the water-ccjled test submodule
assembly is summarized in Fig. II.6-15. A series of tests are conducted to
investigate the following issues: thermal hydraulics, and tritium behaviour under
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thermal/purge composition transients. During each series of tests, parameters
such as coolant flow rates, inlet temperature and pressure, and purge gas flow
rate, composition, chemistry and pressure are to be varied (either single variable
or multiple variables) to observe effects on blanket performance. The blanket
pressure drop and temperature distribution at different operating conditions can
be established at this stage, which will validate models related to loss of flow or
power variation transient response. The tritium generation, release, transport and
permeation experiments are performed under different breeder temperature
conditions and/or purge conditions. Tritium permeation tests focus on the
concentration of tritium in the main coolant, which should be constantly
monitored for safety reasons, effectively providing continuous information on
permeation or leakage of tritium to the main flow. The thermomechanical
responses of the blanket at different levels of neutron fluence can be examined
through measurements using internal strain gauges (single effect) and
thermocouples or through the observation of the blanket submoduie overall
engineering performance (multiple disruption and erosion on the first wall will be
examined frequently during plasma shutdown periods if space is available for
photographic first wall inspection.

As part of the post irradiation test phase, a thorough inspection will be
done. The end-of-life tests will include measurements of tritium inventory and
gross dimensional changes, determination of whether any cracks have developed,
determination of mechanical property of structure, and microstructural
examinations. The information from post-irradiation examinations, combined
with the operation history of the submoduie, can be used to evaluate the
thermomechanical response of the test submoduie.

Subscale Submoduie Tests
Subscale submoduie tests for water-cooled solid breeder blankets are

issue-orientated test- designed to reproduce reactor operation conditions. These
types of *est are particularly important to bridge the gap between test submoduie
operation in ITER and prototypic conditions. For example, key issues such as
tritium release and thermomechanics behaviour under power reactor operation
conditions for the reference design are influenced by the temperature drop in the
breeder elements. These issues can be addressed in a partially integrated
submoduie designed to reproduce a critical section or unit cell of the reference
blanket submoduie. Based on engineering scaling, the temperature difference in
the breeder zone (it can be rod, plate or pebble form) can be reproduced by
increasing the thickness of the breeder zone. Similarly, for addressing
thermomechanical issues for the first wall, the first wall thickness can be adjusted
to reproduce prototypic temperature drop. The increased thickness in effect
compensates for the lower neutron wall loading of 1.2 MW/m for ITER
compared to a typical reactor design value of 5 MW/m

The proposed tests for water-cooled blankets are very similar to those
shown in Table II.6.11, except that advanced water-cooled concepts will not be
tested.
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Fig. 11.6.22. Concept of Test Article Containment Shell



Dcscripticn and specifications of blanket submodule
An example of a water-cooled solid breeder submodule to be tested

during the first four years of the Technology Phase is described below.

Concept Description
The proposed concept for the water-cooled test submodule assembly is

based on the design objective of flowing the pressurized water-coolant in tubes
and of providing a temperature gradient between the solid breeder and coolant
through the use of packed beds of Be. The Be in this configuration serves the
dual purposes ot providing the required neutron multiplication and of providing
the possibility of adjusting the solid breeder temperature through pressure
control of the Be packed bed effective thermal conductivity. The design is similar
to one of the Japanese design options for ITER driver blanket presented at the
ITER blanket workshop in Garching in February 1990.

Test Submodule Description
The submodule consists of a single lm x lm canister whose cross-secticn

is shown in Fig. 11.6.23. It consists of layers of coolant tubes surrounded by Be
packed beds which separates the coolant region from the packed bed solid
breeder region. The dimensions of the solid breeder layers are set so as to
produce the same maximum solid breeder temperature in each layer. Thus, the
solid breeder layer dimensions increases as the volumetric heat generation falls
with radial distance from the first wall. To maximize the volume fraction and
thermal conductivity of the packed beds, a binary mixture is assumed for both Be
and solid breeder. The first wall is cooled separately through its own inlet and
outlet manifold.

For the example calculations, LL̂ O is the chosen solid breeder. It is
designed to operate in the lower range of its allowable temperature window. The
thermal conductivity of the Be packed bed can then be lowered by decreasing the
helium purge pressure to enable tests to be done at higher Be and solid breeder
temperature (close to the higher temperature limit of about 1000°C) The initial
water pressure is set at 1.5 MPa but the submodule is designed for higher
pressure operation (6MPa or more) and tests will be done for higher water
pressure and temperature. In this sense, this design provides significant flexibility
for testing under a wide range of pressure and temperature conditions.

JI.6.3.4. USSR program

The proposal solid breeder water-cooled blanket module is aimed to
simulate conditions of the similar design for DEMO reactor blanket. First wall
and material bulk heating in the module are -3-4 times lower during testing in
ITER in comparison with DEMO conditions. Material thickness and Li
enrichment in the breeder were changed correspondingly to simulate
temperature distributions for DEMO blanket and provide a possibility to
investigate temperature control conditions of the DEMO blanket.
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Fig. 11.6.23. Water-Cooled Solid Breeder Test Submodule Configuration

Main technical issues
(1) Study of working capability of blanket structure elements, including the

behaviour of blanket structure elements ; neutron fluences and
temperatures, stationary and cycling thermal stresses and other of fusion
reactors conditions. The main critical database and design issues are:

- tritium release characteristics
- methods to provide a thermal insulation between the structure

and breeder materials
- strain and dimension changes in the design under irradiation
- thermal-hydraulic characteristics
- temperature and strain distribution in the design

(2) Tests of the structural materials and their welds, including austenitic
steels, ferritic and ferritic-martensitic steels, low-activation steels, and
molybdenum and titanium alloys
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Fig. II.6.24. Water-Cooled Solid Breeder Test Module (Elevation View)
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Fig. H.6.25. Water-Cooled Solid Breeder Test Module (Side View)
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(3) Surveillance and advanced test elements, of ceramic breeder materials.
(4) Test of beryllium multiplier.

Specification ofTgsts
(1) Structural materials

- Compatibility with beryllium and ceramic breeder
- irradiation effects (swelling, long-term strength, embrittlemcnt)

(2) Ceramic breeder materials
- Compatibility with beryllium and structural materials
- thermal conductivity
- breeding and tritium release properties
- mechanical stability
- tritium transport

(3) Beryllium multipliers
- Compatibility with structural and ceramic breeder materials
- thermo-mechanical behaviour (swelling, embrittlement).

Description of test modules
The water-cooled solid breeders tests module consist of three

experimental ceramic breeder submodules with different design of lithium zone
(Figs.II.6-24 and II.6-25).

Submodules are installed inside the module case integrated with the first
wall. Each experimental ceramic submodule consists of a vessel, lithium zone and
shield, (cooled by water). Tritium is released in-situ by purge-gas (He).

Lithium zone consist of different solid breeder elements.
Each submodule has a separate cooling system.
Experimental ceramic submodules must be equipped with water (two

submodules) and steam-water mixture (one submodule) cooling systems.
Coolant parameters are:
- water - p = up to 12 MPa

Tout = m°C

- steam-water mixture - p = 7 MPa
Tout = 2 8 5 ° C

Submodules described are devoted to full-scale module extended
performance test and could be used for short term performance test due to their
independent design.
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II.7. PLASMA FACING COMPONENTS

Impurity control development represents a major test area for the ITER
testing program. The specifications of a test program for impurity control is
complicated by the close coupling of the impurity control system with the overall
physics operation of the device. This section reviews the types of tests, test
considerations, and test proposals.

II.7.1. Types of tests

There are several types of tests that can be performed in ITER, and they
can generally be divided into plasma physics related tests and engineering related
tests.

Plasma Related Tests
There are usually short-term tests aimed at determining the plasma

operating parameters for a specific configuration of the impurity control system.
Specific tests in this category are:
1. Impurity buildup in the main plasma. Determine distribution of a-particles

and high-Z impurities in the plasma.
2. Plasma edge characteristics. Determine plasma density and temperatures in

the plasma edge and scrape-off.
3. Plasma characteristics at the divertor. Determine particle flux and energy

distribution at the divertor
4. Vacuum system pumping capability. Determine the effect of plasma facing

component positioning on characteristics of neutral gas in pump ducts and
assess pumping behavior.
The overall plasma performance will depend on the characteristics of the

impurity control system (e.g., the type of divertor material exposed to the plasma),
and initially these tests will be part of the initial ITER physics program. However,
these types of tests will need to be performed whenever there is a change in impurity
control system configuration.

Engineering Related Tests
Engineering related tests are similar in scope to those conducted on

blankets.
1. Thermal- hydraulics performance. Assess the capability of efficiently

removing heat from the impurity control system. These tests could be
performed using different coolants and/or higher coolant temperatures than
the base design.

2. Alternate pumping and impurity removal systems. Standard vacuum
pumping systems could be replaced by advanced approaches such as helium
surface burial or He exhaust enrichment using paladium membranes.

3. Thermo-mechanical behavior. Divertor plates subjected to high heat fluxes
and a high number of cycles will be subjected to high thermal stresses. One
of the goals of divertor designs is to minimize the influence of thermal stress
cycles on performance.
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4. Extended performance of divertors. Over a long period of time, the effects
of surface erosion and neutron radiation will strongly influence the divertor
lifetime. Extended tests are desirable to assess the capability for long
lifetimes.

5. Transient response. The response of the impurity control system to both
normal and off-normal transients needs to be determined. In particular,
surface erosion and electromagnetic forces during disruptions could severely
reduce the operating life.

6. Advanced divertor targets. Alternate designs, such as liquid metal droplet
divertors, have been suggested. Such approaches would eliminate the
normal divertor plate. Many of the engineering concerns with standard plate
designs would be eliminated, but new concerns will arise, and the alternate
concepts will need to be tested after extensive out-of-ITER tasks, selected
designs could be tested in ITER.

II.7.2. Test considerations

The definition of the test program for impurity control systems is not as far
advanced as for the blankets. A number of tests are described below, but much more
effort is required to define the complete test program. Several factors should be
considered when defining the test characteristics and the test schedule:

1. Length of individual test. Tests that can be performed in seconds or minutes
are most likely to be conducted earlier in the test program.

2. Need to replace components. Can a test be performed by replacing only a
single module, or must the entire impurity control system be replaced?
Tests that can be performed with a minimum amount of change-out will
likely be performed prior to tests requiring a complete impurity control
replacement.

3. Test environment. Are specific plasma, temperature, or radiation conditions
required for the test? For example, high neutron fluence tests can only be
conducted in the latter stages of the technology phase.

4. Auxilliarv equipment. Will the impurity control tests require the installation
of new auxiliary equipment, or can existing equipment be used for the tests?

5 Safety. Are there specific safety considerations for alternate approaches to
impurity control that will affect operation? For example, the use of exposed
liquid metals for divertors raises several safety considerations.

6. Ability to test outside ITER. Because of the difficulty and expense of
conducting tests in ITER, the ability to do tests in other devices should be
considered.

7. Influence on other parts of the test program. Testing a new impurity control
system will likely affect the availability and operating schedule of ITER. The
timing of the impurity control tests should be consistent with the scheduling
needs for tests of other systems.
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II.7.3. Examples of proposed tests

As an example of advanced divertor tests, a proposal has been made to test
liquid metal divertor targets.[l] The overall objectives of the tests are:
1. Test the feasibility of the liquid metal target in the ITER magnetic field.
2. Study the compatibility of the liquid metal (Ga) free surface with the plasma

for ITER operating conditions, including transients and disruptions.
3. Study the thermal-hydraulic characteristics of the liquid metal targets under

different divertor operating conditions.
4. Study the extended performance of the liquid metal target including the

effects of tritium extraction, radiation damage, materials corrosion, and
safety.
The foremost issue of the liquid metal target operation is the MHD effects

of the tokamak magnetic field on the flow characteristics of the liquid metal.
Therefore, the MHD effects will be tested, first without the presence of the plasma,
and then for all stages of the plasma discharge, including plasma current rise,
formation of the diverted plasma, normal operation, and plasma current ramp down.
The behavior of the free surface flow along with the hydraulic characteristics, e.g.,
pressure drop, will be studied.

The impact of the liquid metal target on plasma performance will be
examined. In particular, the degree to which the liquid metal impurities reach the
plasma will be measured. These measurements will be made for both normal plasma
operation as well as transients, including disruptions. The relation between liquid
metal flow thermal-hydrauiics, liquid metal surface temperature, and impurity
penetration into the plasma will be studied. The DT and He pumping ability of the
liquid metal target will also be determined.

The ability of the liquid metal divertor target to accomodate high heat fluxes
will be examined. Potentially, liquid metal targets could remove higher heat fluxes
than conventional divertor plates.

The extended performance of the liquid metal target along with the
efficiency of the sub-systems will be studied. The areas to be studied are the effects of
neutron damage on performance; the efficiency of tritium extraction systems; the
radiation and corrosion resistance of in-reactor components with electroinsulation
(laminated walls, insulating inserts, etc.); the stability characteristics of pumps, heat
exchangers, etc.; and remote maintenance.

Test module design and operation
The experimental divertor module is expected to operate in two modes : film

flow and liquid droplet, with a combined operating mode also being a possibility.
The overall shape of the divertor corresponds to the basic divertor target, so that the
absence of a liquid metal flow will not affect normal divertor operation.

In order to minimize the size, the liquid metal target occupies only the
outboard side of a single bottom divertor section. The inboard side target uses the
same design as the basic divertor. The in-reactor portion of the system is composed
of the liquid metal target and the liquid metal inlet and outlet lines. The sub-systems
outside the reactor are the pump, heat exchanger, flow rate regulators, tritium
extraction unit, purification unit, charge tank, etc. The primary structural material is
austenitic stainless steel, which is compatible with gallium up to 300-350C. In the
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regime where higher temperatures are possible, the structure is protected with
protective coatings or laminated walls of tungsten, which is resistant to gallium up to
800C. The liquid metal inlet and outlet channels use a form of tubes with electric
insulating inserts. The ceramic insulation of the inserts is protected from contact
with the gallium by a metallic layer that is about 0.1mm thick. The design provides
for reduced MHD pressure losses and for the possibility of liquid metal drain
through the outlet channels by gravity force alone. The common parameters of the
module loop under normal operating conditions are given in Table II.7.1. The
module can also operate at enhanced loads into the divertor by increasing the pump
pressure and the liquid metal flow rate.

TABLE II.7.1. COMMON PARAMETERS OF AN
EXPERIMENTAL MODULE LM-DIVERTOR

Working LM
Total power removed, MW
GA temperature at
divertor inlet. K

Average Ga warm-up, K
Total Ga flow-rate, 1/s
Volume of GA in the system, 1
Tritium concentration in

Ga, appro
Total quantity of tritium

in LM,g
Hydrogen Isotope extraction

system productivity, mole/s

GA
1.2

350
200
1-3
100
3

10J

25
A

10"4

at the divertor outlet in supposition of f u l l pump-out of hydrogen isotopes by
LM flow

The target is composed of the backing plate, electromagnetic former of the
jet-droplet flow (FJDF), the deflector-film-former to organize the film flow, and the
liquid metal collector. The backing plate edges are inclined downwards so that the
lasteral wall are "shaded" from the direct particle flux. If the liquid metal should
overflow the lateral walls, it will fall into a drain and be directed to the collector. The
FJDF uses the tokamak toroidal field to form periodic perturbations in the liquid
metal volume near the slot nozzle by means of a built in inductor, supplied with ax.
current. The electromagnetic influence provide for the jet splitting into droplets over
the length of one perturbation. The inductor is composed of a copper coil cooled
with water. When the module operates in the jet-droplet mode, the liquid metal
velocity is a maximum and the droplets flow above the deflector-film-former. The
transition to the film mode of operation is made by switching off the inductor and
reducing the flow rate, so the jets coming from the FJDF are curved under the force
of gravity and arrive at the deflector-film-former where the liquid metal opened
collector is formed. The film on the backing plate may be formed both as a result of
the liquid metal coming from the lower edge of the deflector-film-former and by
overfilling of part of the flow-rate through its upper edge. The main parameters of
the experimental divertor module are given in Table II.7.2.
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TABLE II.7.2. PARAMETERS OF AN
EXPERIMENTAL MODULE LM TARGET OPERATING REGIME

Parameters Film flow Droplet flow
regime regime

Film thickness/droplet
diameter, mm 2.5 2.5

Velocity of film/
droplet, ms 1.3 10

Angle of separatrix
intersection, degrees 15 15

Pressure at the reactor
input, HPa 0.4 1.6

Power consumption for
LM pumping, kW 6 28

Examples of specific tests to be conducted with the liquid metal module are
given in Table II.7.3. The tests involve the study of MHD effects on flow, thermal-
hydraulics and heat removal capability, and the influence of the module on the
divertor and main plasma.

The heat removal and pumping abilities of the module can be controlled by
means of the liquid metal flow rate. For each reactor operating regime,
characterized by a particular set of plasma parameters, the optimum level of liquid
metal flow can be found. In the case of the film flow mode, the heat load distribution
on neighboring divertor plates should not be affected. However, in the case of jet-
droplet flow, the experimental module could partially shadow the neighboring
modules, and thus take an additional heat load.

A full-scale liquid metal divertor could be a powerful means for pumping the
divertor plasma. In this case, it may be possible to use the liquid metal flow as an
additional degree of freedom to control the particle balance between the main
plasma and the divertor. In the extreme, the use of intensive particle pumping by
means of liquid metal flow could be used to suppress the high recycling mode and
attain a "vacuum" regime near the target with a high edge temperature. At the other
extreme, a high recycling regime, similar to the basic divertor, could be obtained by
the \nz of controlled gas puffing (He) into the divertor chamber. By controlling the
rate of gas puffing, intermediate regimes could be obtained. A single test module is
not likely to significantly affect the pumping due to the limited amount of liquid
metal surface, but local gas puffing could be provided to the experimental module to
control the local recycling.
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TABLE II.7.3. TESTS FOR LIQUID METAL DIVERTOR

Test Nam*

Study of MHD characteristics
of liquid metal diver**

Study of liquid metal dlvertor
target Impact upon tokamak
plasma

Study of liquid matal dlvertor
larget: thermal hydraulic
characteristic*' and pumping
ability

Study of LM dlvartor
components feasibility and
lifetime

Purpose

Determine the liquid metal
flow behavior with the ITER
magnetic field

Determine the level of liquid
metal Impurities In ihe
dtvertor plasma and main
plasma

Determine LM temperature
and heat removal capability,
assess LM gas retaes* and
tritium extraction and
purification

Evaluate the long term
potential of LM dlvertors for
DBvK>

Module

Size m3

1
Location
Bottom dlv. module

Size m2
1

Location
Bottom dlv. module

Size m2
1

Location
Bottom dlv. module

Size m2
1

Location
Bottom dlv. module

11.7.4. Future effort

To date, there has been only a limited effort to assess the test program for
plasma facbg components in ITER. Because of the importance of developing these
components for efficient and reliable operation for a DEMO, a significant amount of
additional effort is needed to produce a comprehensive test plan, including both
ITER and out-of-ITER testing. It is also important that such work be done in close
coordination with the physic community, due to the significant influence of the
plasma facing components on plasma operation.
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Boundary Conditions Support Equipment Test Conditions

Basic dlvartor target
modules on both Bides with
basic Inboard module

Gallium loop with EM pump, ind Test Time 30 minutes
heat exchanger, flow rate
regulators, LM purification
system, tritium extraction
system, variablr freq.
FJDF power supply

Total No of Tests 10 In a series

Burn Time mln [g^

Dwell Time max NA

Availability mln NA

Basic dlvertor modules on
both sides and basic
dlvertor target on Inboard
side

Gallium loop with EM pump,
hest exchanger, flow rate
regulators, LM purification
system, tritium extraction
system, variable freq.
FJDF power supply

Ind Test Time 200s

Total No of Tests 20-30

Burn Time mln 200s

Dwell Time max NA

Availability mln NA

Basic dlvertor target
modules on both sides with
basic dlvertor target on In
board

Gallium loop with EM purrp,
heat exchanger, flow rate
regulators, LM purification
system, tritium extraction
system, variable freq.
FJDF powar supply

Ind Test Time up to 24 h

Total No of Tests 10-20

Burn Time mln 200s

Dwell Time max 30-50s

Availability mln NA

Basic divertor modules on
both sides with basic
dlvertor target on Inboard

Gallium loop with EM pump,
heat exchanger, LM flow
regulators, LM purification
system, tritium extraction
system, variable freq.
FJDF power nupply

Ind Test Time weeks

Total No of Tests 10-3

Burn Time mln 2000 s

Dwell Time max 200s

Availability mln 10%
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H.8. MATERIAL TESTING

The goals of material testing in ITER are: 1. to validat results of material
irradiation tests in fission reactors and other simulation facilities, and 2. to
accumulate data on material properties in a fusion reactor environment as clorc as
possible to DEMO. The fluence goal for material testing is very limited by the
presented goal fluence of ITER (1-3 MW/yr/m2). Due to this, ITER alone cannot
provide a complete assessment of material properties changes or a reliable estimate
of their feasibility. However, the importance of ITER in the overall development of
fusion materials and the need for numerous small test specimens for a large number
of materials warrauts a full module in ITER devoted to materials testing.

There two types of test in the material test program. The first test type is
surveillance tests, which involves determination of the properties of materials in the
base machine during operation. This inlcudcs mateials in the first wall, blanket,
divertor plates, and welding and brazing joints. Acquisition of thermo-physical and
mechanical properties is required to assure safe operation of heavily-loaded
components, possibly requiring modifications of replacemnt during operation.

The second test type is development and investigation of advanced materials
which are assumed for future use in fusion reactors, such as DEMO. These tests will
establish correlations between properties changes and operating time, neutron
fluence, temperature, pulse characteristics, and other environmental factors. Taey
will also help to correlate radiation damage data from fission reactor and fusion
reactor spectra in order to provide the ability to use and extrapolate the wealth of
data available from fission reactors.

Types of tests are listed in Table II.8.1. For these tests, accurate control of
the specimen temperature is critical. Table n.8.2. shows the ranges of temperature
and the required coolants for material tests. Other ancillary equipment needs are
summarized in Table H.8.3.

TABLE II.8.1. TYPES OF MATERIALS TEST

Active (under external loads)
Passive (without external loads)
Mechanical
Corrosion
Thermophysical properties
Geometric changes
Special tests (e.g. gas permeability, tritium release, etc)

TABLE II.8.2. TEMPERATURE RANGES AND COOLANTS
FOR MATERIALS TESTING

Coolant Temperature range, °C

upHe,C02

Steam/water mixture

60-320
200-650
260-285
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TABLE II.8.3. REQUIREMENTS FOR AUXILIARY SYSTEMS

Systems/Room Area Height Distance Vertical
from module location

#1 Mater cooling 100

#2 Steam-water
mixture

#3 Gas

#4 Pneumatic

60

60

120

Total area for
Auxiliary system 340

*5 rooms for the 400
material test

#6 The specimen 50
storage

#7 The room for 75
control system

No special no special
requirements requirements

No special No special
requirements requirements

No special No special
requirements requirements

*30 m No special
requirements

close to #6 No special
requirements

close to #5 No special
requirements

No special No special
requirements requirements

Table II.8-4 summarizes the range of structural materials to be tested in
ITER and lists the major features of the tests. The total number of specimens to be
tested in the materials module during the life of ITER is approximately 32.000. The
break-down between different material types is shown in Table n.8-5.

Some material testing is expected to occur in other parts. Investigations requireing
liquid metals will be carried out in submodules in one of the liquid metal ports.
Surveillance tests of plasma-facing materials during the Physics Phase will be
performed in a submodule in the neutroiiics port.

Description of the materials test module

The material module consists of a number of removable submodules. Each
submodule has a separate cooling system, as shown in Figure n.8.2. A pneumatic
system is used to periodically remove specimens, including first wall submodules
open to the plasma.
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TABLE II.8.4. TOTAL NUMBER
OF SPECIMENS FOR MATERIAL TEST-3200

Materials

316 type austenitic steels
Other austenitic steels
Ferritic and ferritic-

martensitic steels
Beryllium
Copper and its alloys
Molybdenum based alloys
Nickel based alloys
Niobium based alloys
Titanium based alloys
Tungsten and its alloys
Vanadium and its alloys

Carbon based materials
Ceramics
Insulators
SiC

b - base metal, w - welding joint, br - brazing joint, j - other type of joint,
SM - structural material, PFM - plasma facing material, SPM - special purpose
material, HSM - heat sink material, M - multiplier, B - bulk damage, S - surface
damage, st - surveillance testing (for ITER materials), f - fundamental investigations
(for candidate materials).

State

b.w.br
b.w.br

b.w.br
b.j
b.br
b.w.br
b.w.br
b.w.br
b.w
b.br
b.w
b.br
b
b
b

Material Damage
Employment type

SM
SM

SM
PFM.M
HSM.SM
HSM.SM
SM
SM.PFM
SM.PFM
PFM
SM.PFM
PFM
BREEDER
-

SM.PFM

B.S
B.S

B.S
B.S
B
B.S
B
B.S
B.S
B.S
B.S
B.S
B
B
B.S

Aim of
testing

st
f

f
st.f
st.f
st.f
f
f
f
st.f
f
st.f
st.f
st.f
f

TABLE II.8.5. NUMBER OF SPECIMENS
TO BE TESTED IN THE MATERIALS MODULE

Surveillance structural alloys
Advanced structural alloys
Solid breeder materials
Surveillance and special purpose materials

TOTAL

1500
25000
500
4000

32000

Tests in the first wall submodules include:
- variants of the first wall design
- studies of first wall structural materials and their welds
- studies of first wall protection materials
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Shield

First wall

(replicable by pneumatic aystam)

Fig. II.8.1. Material Module
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Material module

Circuit of cooling
of submodules shield

Gaseous submo-
dules circuit

Steam-water submo- 4
dules circuit

Circuit of first
wall cooling

Circuit of shield and
module vessel cooling

P = 1 MPa Water circuit for cooling of
long-time and replacable submodules

<±r

1 compressor

2 pressurizer

3 thermocouple

4 heat-exchanger

5 device for coolant quality control

6 device for coolant doping

7 coolant circulating pump

8 filter

Fig. H.8.2. Scheme of Material Module Ancillary Systems



D.9. SAFETY ASPECTS OF THE TEST PROGRAM

ITER will be the first significant fusion test environment with plasma,
neutrons, and magnetic fields. The ITER testing value should be maximized, subject
to cost penalties, risk to the public, and risk to the machine. Two basic safety issues
relevant to the conceptual design should be considered in the testing program [1]:

1. What limitations do safety considerations place on the testing program?
How can these limitations be overcome by modifying the design of test
components or the basic machine?

2. What safety research value can (and should) be obtained from ITER? How
can this be enhanced by design?

II.9.1 Safety limitations on testing

The basic groundrules for testing should be:

1. No individual test should jeopardize the integrity or function of the basic
machine, implying that damage from test module failures should be confined
to the module or the machine should be recoverable.

2. No test should endanger the public or plant personnel.

Among safety and environmental areas, accident safety appears to be the
major concern. By themselves, test articles are unlikely to be major effluent or waste
management concerns. More analysis is needed on maintenance, repair/recovery,
and personnel exposure from test articles.

77.9.1.1. Thermal interactions/incompatibilities

Thermal interaction issues arise from the likely presence of cold (100 °C)
water in either blanket or divertor, near very hot components and surfaces. For
example, water spraying from a failed divertor (which is anticipated over ITER
lifetime) could thermally shock the first wall of either the basic machine or test
module. Thus, the consequences of failing the test module wall should be made
acceptable [2].

The problem of thermal shock is not limited to test modules; the problem is
the cold water cooling the FW, DP, blanket/shield. Fluids leaking from test modules
(300 °C water, hot helium, lithium, 17Ii83Pb, Flibe) appear to pose less thermal
shock potential for plasma-facing components than from the basic machine coolant.

Test modules with pressurized water may pose additional hazards of steam
explosions and vacuum chamber overpressure. lithium, 17Li83Pb, Flibe, or helium
modules would not pose any overpressure concerns within the vacuum chamber (in
the absence of chemical reactions).

11.9.1.2. Chemical incompatibilities

Several test materials planned for use in ITER may be chemically reactive.
These include liquid lithium (blanket test module), liquid Lil7Pb83 (blanket test
module), vanadium (blanket test module), and other metals (other candidates for
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divertor testing). However, lithium, 17Li83Pb, and V-alloys are primary options for
commercial fusion, and for this reason are vital to include in ITER testing. Several
criteria help to place these chemical hazards into perspective. The most instructive
are the potential for hydrogen production and energy release, versus potential
flammability limits.

This potential has to be compared with other sources of hydrogen and
energy production, i.e. water or air reacting with graphite. For those hazards the
safety group has established limits which can be applied in a first approximation to
the test modules too.

The graphite-air reaction is exothermic, but requires high temperatures to
ignite. With excess air, the reaction product is CO^, producing 33 MJ/kg-C. With
excess carbon, the reaction product is CO, producing 9.4 MJ/kg-C. The current
estimates for C-air accidents in ITER is that about 200 kg-C would react with excess
air. In terms of energy release, this is about the same as 0.30 m-Li.

The graphite-steam reaction is endothennic, but it produces hydrogen gas.
The current INEL estimate for 90% of the graphite at 1000 °C and 10% at 1800 °C
give about 6 kg-H2- In terms of hydrogen production, this is about the same as 0.08
m -Li. fhe Safety group has an informal criterion that 10 kg-Hj in the torus
presents a risk of hydrogen explosion.

Lithium reacts vigorously with air, water, concrete, and carbon dioxide. It
reacts mildly with nitrogen [3]. The energy release per m -Li with reacting fluids
include nitrogen (5 GJ), oxygen (22 GJ), and water (16 GJ assuming hydrogen not
reacting; 25 GJ assuming liberated hydrogen does react) [3]. Assuming complete
reaction between lithium and water, 38,000 mole-rWm -Li can be liberated. At
standard pressure (0.1 MPa) and temperature (20 *C), this is 925 mi-K^/m-U-
reacted. NaK is about as reactive as lithium.

17Li83Pb reacts significantly with water, carbon dioxide, and the water
content in concrete. It has very mild or nil reactions with air or nitrogen [3]. Per
volume, the lithium content in 17Li83Pb is 1/8 that of lithium. Thus, assuming
complete reaction, the hydrogen production and energy release from 17Li83Pb will
be 1/8 that of lithium, per volume. At least in some accidents involving water,
complete 17Li83Pb-water reaction should be assumed [3]. The water reaction issue
is thr dominant one for 17Li83Pb in ITER test modules.

Finally, the data base (particularly irradiation data) for most test module
structural materials, e.g. vanadium alloys and advanced ferritic steels, will be w ak.
Accordingly, they should be considered more likely to fail than the bas', machine's
structure. If there would be only a single wall between liquid metal and the plasma
chamber, the maximum volume of lithium and lithium-lead siould be limited to
0.1m and 0.6 m respectively at least for the first series of blanket tests, assuming
the same failure probability as for carbon-water reaction. These limits may be
increased in later stages of the test program after gaining more confidence in the
dependability of blanket design and materials used.

To avoid this severe limitation it is planned to enclose the blanket test
modules in a separate box during the entire physics phase and for the first two years
of the technology phase. This allows for an increase of the liquid metal volume by a
factor of 10 because the additional barrier reduces the probability of a failure by an
order of magnitude. After gaining some experience with the test blankets, some
modules will be exposed directly to the plasma in a later stage of the test program. It
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should be mentioned here, that these limitations are mainly caused by the water-
cooling of the basic machine. It is highly recommmended to avoid this coolant in the
plasma chamber of a power reactor if liquid metal breeder blankets are employed.

II.9.2. Safety value from testing

Recognizing the unique testing opportunities in ITER and its inevitable
global role as showcase for fusion research, as well as the internationally recognized
goal of passive safety for ITER, aiere are four possible objectives for safety-related
tests:

1. Support transient/safety model development required for a fusion DEMO.
2. Support safe operation of ITER, i.e. find possible hazardous fault conditions

in a safe manner by good checkout tests.
3. Demonstrate positive safety characteristics of ITER and of fusion, i.e. help

build public and funding support for fusion research.
4. Explore unknown system interactions.

U.9.2.1. Types of tests

Relevant systems include (a) blanket test modules, (b) basic blanket, (c)
high heat flux components, (d) plasma support and control components, and (e)
magnets. Safety-related tests can be divided bto these types:

o Checkout tests (CK): Tests during checkout of a given system to insure
correct performance prior to regular operation. An example is checkout of
plasma termination systems (a) prior to tritium operation and (b) during
early tritium operation before highly activating the machine.

o Normal operation tests (NL): Tests during routine operation.
o Extended operation tests (ETC): Tests to safely push operating limits. In the

physics regime, these include finding disruption limits.
o Demonstration tests (DEMO): End-of-life tests, which would be

approached in a stair-step fashion, each time validating predictive models to
insure that the next step/test could be performed without endangering the
machine or the public. These could demonstrate some of FiER's and
fusion's high potential for both public and facility protection, e.g. claimed
fusion advantages in ease of fusion reaction termination and passive safety.

There is a continuum of tests from checkout to demonstration, although
here they are divided into discrete classes. Each stage of tests increases predictive
capability, extending the range of validated parameter space. One would move into
more aggressive tests in a safe stair-stepping fashion, never seriously endangering the
machine. For example, to find out how much mass injection was required to
terminate the plasma, one would first perform a series of checkout tests starting with
very low masses and moving up to what was thought to be required, a value that was
probably used in the safety analyses required to gain approval for the facility.
Checkout and operational tests would verify that the installed plasma termination
approach(es) work. Later, one might move into extended tests and explore what
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happens if slightly higher amounts of mass were injected. Finally, demo tests of a
validated termination feature might be performed after the machine's operation was
understood.

In general, the chronological order would be checkout, normal, extended,
and demonstration - for each given type of test, e.g. plasma termination. However,
test phases for differing test types will progress at different rates. For example,
extended tests of plasma control and termination systems may occur before checkout
tests of blanket modules.

II.9.2.2.Possible tests

Tests not requiring an integrated facility should not be performed in ITER
because of limited space, time, and money. The following test suggestions focus on
three of the four testing objectives. The fourth, exploring unknown system
interactions, will occur naturally and/or accidentally.

a) Blanket test modules
Relevant tests fall into thermal-hydraulic,
electromagnetic, and tritium transient categories.

b) Basic blanket
One would perform appropriate versions of the same tests as for blanket test
modules. For example, the tritium buildup in the water would be measured
as tritium operation started. These measurements would validate the design
and supporting models. Any deviations would be the starting point for
further model development. Excessive deviations might require alteration of
the facility. The demo tests for the basic blanket would be more hazardous
to the machine, and less technically relevant, than demo tests of prototypical
test modules. Thus, there is less technical incentive to perform basic blanket
demo tests. However, there would still be political incentive to demonstrate
passive safety of the basic blanket (assuming it was designed for passive
safety).

c) High heat flux components
One would perform appropriate versions of tests as for blanket test modules.
Other tests are mentioned under "plasma support and control components."

d) Plasma s»ppr>rt and control components
In each case, one would stair-step from benign tests to more exciting ones
over the lifetime of the facility. Early in the steady-state operation of the
machine, one would have to validate methods for turning the plamsa off.
Assume that the machine is designed with two shutoff methods (a)
termination using regular plasma systems, e.g. stopping fueling, and (b)
some type of passively-activated mass injection. Possible passive mass
injection features would be coating volatility (STARFIRE) or fusible
sprinkler heads (MINIMARS). The passive feature would have been
included in the formal safety analysis of the machine. One would perform
two types of CK tests.
First, as one progresses into the relevant physics regime, one would naturally
test the performance of the active plasma control system. Second, one
would also wish to have an actively-controlled article to simulate the
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passively-actived mass injection safety feature. The test article would be
capable of injecting varying amounts of mass, perhaps at different rates.
Thus, the passive safety feature would be tested without having to heatup
coatings or fusible plugs. Successful mass injection tests would validate
assumptions used in the machine's safety analysis. Later, at end of life, one
might do a demonstration test involving actual triggering of the passive
feature, e.g. turn off cooling to a high heat flux component with active
plasma control stopped so that the coating volatility (or fusible plug) would
stop the plasma discharge. Successful completion of this test would partially
illustrate passive safety for ITER.
Similarly, one would have to explore failures of the plasma control system,
e.g. X-point control. Such failures are certainly credible and some
assumptions would have been included in the formal safety analysis of the
machine. Some failures would be expected to occur during progression into
each new physics regime, i.e. checkout information. One would also wish to
explore extended operation tests with slightly off-normal control system
function. At end of life, one might perform a demonstration test of
complete failure of all plasma control systems,

e) Magnets
Because magnet testing does not appear to need neutrons, the need for
magnet testing in ITER would seem to be limited to checkout tests,
necessary to insure that the machine, as built, performed satisfactorily.
Tests of advanced magnet materials would be performed.
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m . ANCILLARY EQUIPMENT, CONFIGURATION AND
MAINTENANCE

III.l. TEST PORTS AND TESTING SPACE

Testing will be performed primarily through horizontal access ports
around the machine. Figure III.l. shows a cross sectional view of the test port
locations in ITER. The area of these ports is ~l.lm wide by 3.4 m high. The
testing group has also made strong recommendations for full segment tests
(outboard divertor-to-divertor).

The total plasma-facing area required to implement the full test
program of the four parties has been described previously [1] and was found to
exceed the total available space. Subsequently, the test plans were reduced and
fuller utilization was made of international combined testing in order to optimize
the use of the available port space. The current design of ITER allows for 3 full
ports during the Physics Phase and 5 full ports during the Technology Phase.

Tests have been allocated to ports according to the type of breeder and
coolant (see Table III-l). This provides the simplest arrangement for ancillary
equipment and the most compatibility between submodule tests performed
simultaneously within the ports. Ports numbered 8, 9, 10, 12, and 13, which are
to be used for the nuclear test program, are shown schematically in Figure III.2.

TABLE III.l. ALLOCATION OF PORTS TO COMPONENT TYPES

port # usage

Physics Phase

8 shared among all solid breeder blankets
12 for neutronics tests
13 shared among all liquid metal blankets

Technology Phase Breeders

8 gas-cooled solid breeders
9 water-cooled solid breeders
10 materials tests
12 water-cooled liquid metals
13 liquid-metal-cooled liquid metals

III.2. ANCILLARY SYSTEM CONFIGURATION AND SPACE
REQUIREMENTS

For each test location in the machine, a specific set of external
equipment must be provided in the ITER plant, with supply lines to the test
location. The main equipment required to supply and support the tests are:
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Fig. III.l. Cross sectional view of ITER configuration
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Fig. III.2. Space allocation during the Technology Phase

- heat rejection
- tritium recovery systems and test-specific intermediate tritium
processing
- chemical (impurity) control systems
- coolant and purge fluid storage, start-up, dump tanks, and volume
control systems
- emergency and safety systems
- remote handling equipment
- test rooms and hot cells for examinations
- control and data acquisition systems
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Ancillary equipment needs will change from the Physics Phase to the
Technology Phase as additional ports and ancillary rooms become available.

Most of this equipment is specific to the individual tests, and cannot be
integrated into the main system of the plant. Coolant and purge systems operate
with fluids and conditions (temperature and chemistry) which are different from
the basic machine components, and also require separate monitoring as an
integral part of the testing.

Tritium extraction will take place in the ancillary equipment specific to
the individual test modules and tritium will be released to the main plant tritium
system (or stored in beds for future disposal) following extraction. It is
envisioned that services from the basic plant will provide the test programs with
at least the following tritium processing capabilities:

- He stream carrying tritium and some level of impurities (to be
specified)
- water stream carrying tritium and some level of impurities
- room air detritiation

Similarly, heat removal systems are specific to the individual test
modules. Generally, low-temperature water will be passed from the final heat
exchanger stage of the test module ancillary equipment to the plant heat rejection
systems.

Test ports will be occupied by submodules, full-port modules, and
possibly full segment tests. The ancillary equipment needs depend on the test
type, as shown in Table III.2. In some cases, equipment can be designed to
handle the higher power and tritium levels and then shared among the various
types of tests.

TABLE III.2. APPROXIMATE POWER
AND TRITIUM HANDLING REQUIREMENTS

Test Type Size (mxm) Power Level Tr i t ium Production Rate

submodule 0.5x1.7 1 HU 0.15 g/FPD ( f u l l power day)

module 1.1x3.A 5 MU 0.6 g/FPD

segment 1.1x10 15 MW 1.5 g/FPD

Space Requirements
Preliminary designs of the required ancillary equipment have been

performed for some of the proposed tests. For example, a schematic diagram is
shown in Figure III.3 for the EC water-cooled LiPb submodule. Estimates of the
total volumes required for ancillary equipment for all the test modules are shown
in Table III-3. In general, as the size of a test object increases, the space
required for ancillary equipment increases only moderately. The greatest space
requirement comes from submodule tests, because the majority of the ancillary
equipment can not be shared. The cooling and tritium processing systems may
be different in design, and must be allowed to operate independently.
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TABLE III.3.
ESTIMATE OF ANICLLARY EQUIPMENT SPACE REQUIREMENTS

Space Requirements (Area x Height, m xm)
Port Test Article Type behind ancillary plant

test port rooms services

SB/gas
3 submodules
full module or

SB/H2O
3 submodules
full module or

LM/self
4 submodules
full module or

LM/H2O
2 submodule
full module
segment

Materials
Test assembly

TOTAL FLOOR AREA

segment

segment

segment
300 x
300 x

11
11

50 x 11
100 x
100 x

120 x

400-500

11
11

5**

m
2

730
370

450
150

100
100
200

220

1600

X

X

X

X

X

X

X

X

m2

11
11

11
11

11
11
11

11

300 x 11
130 x 11

30 x 5
10 x 5

525 x 11

855 m2

* plant services include space allocated in the main tritium processing hall
and post-irradiation examination rooms (hot cells)

** pneumatic system for test specimen insertion/extraction, may be located
in ancillary room

Design of the ancillary equipment rooms must include proper tritium
containment and protective measures. In addition, some parts of the ancillary
systems will require accessibility for maintenance and replacement.

The distance between the test modules and ancillary systems is also very
important. This concern arises due to the following concerns:

- Safety requirements constrain the total amount of potentially
hazardous materials present, particularly a concern for liquid metals and
tritium entrained in process lines.
- Time constants for system equilibrium depend on the volume of fluids
and distance to the ancillary equipment. Time-related test requirements
will increase if the distance to the ancillary equipment increases.
- The test ports contain highly-instrumented, complex systems. In some
cases, there are several submodules within a single port, and the total
number of process lines and instrumentation cables is expected to
number in the hundreds. Running these lines over long distances will
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TABLE III.4.
AVAILABLE SPACE FOR TEST PROGRAM ANCILLARY EQUIPMENT

Location

15 m behind the test modules,
floor 3.65 m below mid-plane
adjacent to reactor building

adjacent to reactor building

Type

Test cells

Ancillary rooms

Plant tritium
processing
hall (shared)

Number

5

2

1

Size

65m2x11m

995m2x11m

995m2x11m

Post-test examination
rooms and hot cells

make the systems complicated and may lead to problems with reliability
and maintenance. Some piping will require special measures (such as
guard heaters for liquid metal systems) to control the process fluid
conditions.
- In general, the behavior of and interactions with ancillary systems are
an integral part of tests, especially for integrated tests. The design of the
ancillary systems must be prototypic, including the process lines, in order
to obtain valid information from the tests.
For these reasons, it is strongly recommended that space be provided for

the installation of ancillary equipment as close as possible to the torus.
In addition, the vertical location of external cooling systems relative to

the test modules is an important concern. In general, the ancillary equipment
should be at least as high as the test modules to provide natural circulation for
off-normal operation and emergency conditions.

Available space and space allocation
Figure III.4. shows a plan view of the mid-plane of ITER. Space for

ancillary equipment is provided in several rooms, as shown in Table III.4.
As mentioned above, proximity to the test ports is important for the

ancillary equipment associated with most of the test types. However, since
adequate space is not available directly behind the test ports, priority has been
given to the liquid metal tesis, for which safety and time constants are more
important concerns.

Based on the space requirements and the available space, tentative
allocation of space has been defined for both the Physics Phase and Technology
Phase. Figures III.2 and III.4 show the location of the 5 test cells and 2 ancillary
rooms. Test cells 1 and 2 are reserved for diagnostics during the Physics Phase,
and are released to the test program during the Technology Phase. Test cells 3-5
are permanently reserved for liquid metals. This allows the installation of at least
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the primary liquid breeder loops as close as possible to the test ports. An
additional 300 m is reserved in Ancillary Room I to accommodate the
remaining needs for liquid metal blanket testing, which would include primarily
water cooling and secondary NaK loops.

Solid breeder blanket ancillary equipment is housed primarily in the two
ancillary equipment rooms. The gas-cooled solid breeder blankets have the
largest space needs, and are allocated 700 m in the ancillary room. An
additional 320 m is required for tritium recovery equipment, and it is proposed
to occupy this amount of space in the main plant tritium processing hall. Water-
cooled solid breeder blankets have smaller space needs, but could also benefit
from space allocated in the plant tritium processing hall, provided the room is
separated from the main hall. A common holding tank is desirable to isolate and
combine the exhaust streams from all of the test module extraction systems
before combining with the plant tritium system. This system would also be best
placed in the tritium processing hall.

Support equipment for the materials test module includes cooling
systems, a pneumatic system for specimen withdrawal and replacement, post-
examination, and control systems. Additional space for post-irradiation
examination (PIE) is required for all test objects, including material specimens,
submodules, modules, and segments. Analysis of full 10-m segments could be
performed in the area reserved for base blanket PIE.

I1I.3. MAINTENANCE AND HANDLING REQUIREMENTS

From the proposals of the four parties, a crude estimate has been made
of the number of insertion/extraction cycles likely to be expected for each type of
test article, for examination and replacement. This is summarized in Table III.5.
The machine shutdown times required for these operations are likely to be
significantly different depending on whether or not the primary vacuum would
have to be broken.

If either the element to be replaced or the devices used to handle them
are made of magnetic materials and cannot be shielded, then the TF coils will
have to be de-energized and re-energized - an operation which is expected to
require 6-8 hours. Assuming that de-energizing would be required for all
movements of test submodules, modules, or segments, the number of
energization cycles for the test program would be in the range of several
hundred.

From the number of movements estimated, it is clear that the remote
handling procedures and systems must have the following capabilities:

- replacement of material specimens within a few hours without
deenergizing the TF coils
- replacement of submodules within 2-3 days
- replacement of modules within a week.

The total weight of the test modules (at least 10 tonnes) must be taken
into account when considering remote handling. It is important that the gripping
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TABLE III.5. HANDLING REQUIPEMENTS FOR THE TEST OBJECTS

Test
Articles

material
specimens
Submodule

Module

Segment

Typical
Size/Weight

1-100 cc/<1kg

0.05-0.2 m3/1t

0.5-2m3/<10t

10 m3/30t

Maximum # of

with plasma
exposure

6-7

4

4

Articles

w/o plasma
exposure

1000's

12

4

Maximum
Frequency
Load/Unload

1-3/yr

2/yr

1/yr

0.1-1/yr

Maximum number
Load/Unloads
with plasma
exposure

12-14

4

4

per yr.
w/o plasma
exposure

1000's

24

4



operation necessary to remove the module be performed as close as possible to
the Center of Gravity (CG) of the module in order to minimize the out-of-
balance forces on the handling equipment.

The biological shield plug is a large and heavy item. It would therefore
be more convenient to remove it prior to breaking the vacuum seal, i.e. before
opening up the Contained Transfer Unit (CTU) housing the remote handling
equipment for the test module. It would not be necessary then to house the plug
within the CTU.

The blanket module testing programme requires the use of several
equatorial ports for various testing campaigns. These campaigns involve several
different approaches for remote handling which are described in more detail in

An example design of the plug region is shown in Section II.6 for the EC
He-cooled solid breeder blanket test submodule (1/4 of the total port area). The
design accommodates rapid disconnection of the services and instrumentation
lines through a small number of flanged seals close to the access door.

REFERENCES

[1] ITER Testing Group, "Test Program Summary Report." ITER-IL-NE-3-
9-4, July 1989.

III.4. DESCRIPTION OF ANCILLARY EQUIPMENT

Below, examples are given for the ancillary equipment associated with
the major classes of blanket to be tested in ITER.

III.4.1. Water-cooled LiPb blanket module ancillary equipment

The ancillary systems for water-cooled LiPb modules will be designed
based on full-module heat (5 MW thermal power) and tritium removal capability,
and installed from the beginning of the Technology Phase. A schematic drawing
of the EC LiPb/water test module ancillary equipment is shown in Figure III.3.
Table III.6. summarizes the components and approximate sizes. The total
volume of the LiPb/water ancillary systems is estimated as -500 m .

IH.4.1.1. Lithium-lead systems

The breeder velocity will remain the same as in the DEMO reactor - 5
mm/s. In this case, the liquid metal flow rate would be ~5 m /s. For this type
of circuit (low liquid metal flow rate), a classical electromagnetic pump is
proposed. Due to the MHD pressure losses, the pressure head of the pump
would be -0.4 MPa.

The tritium extractor uses circulating helium, and would have a volume
of -0.2 m . R&D studies are underway at CEA to qualify this type of extractor.
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TABLE III.6. MAIN COMPONENTS OF THE LiPb ANCILLARY SYSTEMS

Component

LiPb System

storage vessel

safety vessel

expansion tank

tritium extractor

1-2 EM pumps

(5 m3/h, D =5 bar)

electrical heater

("100 kU)

purification system

main pipes (d=22 mm)

discharge pipes (d=107 mm)

Water System

pressuriier

(310°C, 100 bar)

1-2 circulating pumps

(240 m3/h)

water/air cooler

main pipes (d=K0 mm)

water decompression vessel

water treatment system

(probably shared with main plant)

Volume

"2 m3

-3 m3

"0.5 m

'0.2 in

"1.5 m3

"1.5 m3

"50 m3

-5 m3

One major safety concern for the liquid metal water-cooled blanket is
the possibility of Pb-17Li/pressurized water interaction. Some theoretical studies
are underway (with French computer codes used for sodium/water interactions
in steam generators) to define an acceptable solution to protect the systems
against the overpressures due to the Pb-17Li interaction.

For the Pb-17Li system, we propose to have a discharge loop (with
bursting discs) connected to an effluent safety vessel, designed to support an
overpressure due to the Pb-17Li/water interaction. It will be necessary also to
have a liquid metal purification system with, for example, cold traps, plugging
indicators, etc.

111.4.1.2. Pressurized water systems

The pressurized water system is designed based on the following
conditions:

water inlet temperature 280°C
water outlet temperature 300°C
water pressure 10 MPa
water flow rate 240 m /hour
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To remove the thermal power, a water/air cooler will be used with a
very low temperature difference on the water side. Due to the pulsed operating
conditions of ITER, the air circuit will be pulsed, with an air by-pass controlled
by air valves. The main characteristics on the air side are:

air inlet temperature 35°C
air outlet temperature 215°C
air flow rate 27.5 kg/s
The other main components in the water loop are a pressurizer (10

MPa@310°C), 1-2 main circulating pumps (240 m /hr), and a water treatment
system. For the same reason as above, it will be necessary to include a water
decompression vessel.

I1I.4.2. Self-cooled liquid metal blanket module ancillary equipment

The test strategy as outlined in Section II.5 is based on testing of up to
four submodules in parallel. This requires the installation of four independent
systems for heat and tritium extraction. Each system will have the capacity for
serving a full-size test module (approximately 6 MW thermal power, 0.6 g
~T/day) and will be operated at about 25% of full capacity during submodule
testing.

Different systems are required for the different breeder/coolant
material combinations, but the total space requirement for Li and Pb-17Li
systems will be about the same. An example for the case of a self-cooled Pb-17Li
system is described below.

The system shown schematically in Figure III.5. is based on the use of a
secondary liquid metal (NaK) for both heat and tritium extraction. The liquid
breeder is circulated by a rotary pump through a Pb-17Li/NaK heat exchanger.
There is a secondary cooling loop where the NaK is circulated by an
electromagnetic pump to a NaK/water heat exchanger. All of the tritium bred in
the test module permeates in the first heat exchanger from the Pb-17Li through
the tube walls and into the NaK. From here, it is removed by cold traps. The
tritium partial pressure in the NaK loop will be very low due to the high tritium
solubility of this liquid metal, minimizing the tritium losses to the cooling water.
For tritium recovery, the cold trap is drained and then heated up under vacuum
conditions. There are two cold traps arranged in parallel for batch-wise
reprocessing with a frequency of roughly once per day.

The arrangement of the main components of the heat and tritium
extraction system with a capacity of 6 MW thermal power and 0.6 g T/day is
shown in Fig. III.6. They can be fitted into a room with a floor area of 65 m and
a height of 10 m.

Hair-pin shaped concentric tubes are used in the two heat exchangers.
This design has been used successfully in LMFBR's for many years, and allows
for cyclic operation. In the case of a power reactor, the two heat exchangers with
an intermediate NaK loop will be replaced by a double-walled steam generator
with water flowing in the inner tube, Pb-17Li around the outer tube, and a small
NaK flow in the gap between the concentric tubes.
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Tritium removal by cold trapping is a technology proven in LMFBR's.
No tritium interface system is needed between the cold traps and the fuel
processing system because the tritium released during the regeneration phase is
very pure.

Lithium as a breeder/coolant material requires different components
such as heat exchanger, pumps and tritium recovery system, but they can be fitted
into a room of similar size.

III.4.3. Gas-cooled solid breeder blanket module ancillary equipment

The He-cooled solid breeder blanket test program consists of 3
independent submodules tested simultaneously during the initial stage of the
Technology Phase, and full-port test modules installed during the later stages.
Below, one example set of ancillary equipment for a submodule is summarized.
Most of the equipment will be completely independent between submodules;
therefore, the entire test program will require three such sets of ancillary
systems. For the full-port module, the main components and their sizes will be
roughly similar to a single submodule, even though the power and tritium
handling capacities are three times higher.

The main ancillary systems for the He-cooled solid breeder test module
include the cooling, gas purification, purge gas, and auxiliary systems. The
cooling system and coolant gas purification systems for the helium-cooled solid
breeder blanket are similar to and can be based on experience and knowledge
from HTR fission reactor technology. For the purge systems, new development
is needed, especially for the design of tritium extraction and storage systems.

The layout of the ancillary systems is shown schematically in Figure 3.7.
In addition, Tables III.7. - III.9. summarize the main components, operating
conditions, and space required.

The cooling system has the functions of (1) removal of the heat
generated in the test plug (cooling), (2) heating of the test module from room
temperature to 400°C (dry-out and bake-out of the breeder material), and (3)
decay heat removal by forced and natural circulation. It consists of two
redundant cooling loops.

The gas purification system serves to (1) remove gas impurities, in
particular H2, HT, T2, and N2 from the helium in the cooling system, (2) reduce
the tritium partial pressure in the cooling loops to limit tritium permeation into
the rooms or the cooling water system, (3) remove radioactive impurities from
the helium before transfer to the He supply and storage systems, and (4)
pressure control in the cooling, He supply and storage systems. Purification
occurs in three temperature steps:

- high-temperature range to oxidize reducing impurities
- room-temperature range to adsorb water

The purge gas system serves the roles of tritium removal from the
breeding material, intermediate storage of tritium before transfer to the isotope
separation system, and emergency cooling for loss of decay heat removal by the
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TABLE III.7. COMPONENTS O F THE He-COOLED
SOLID BREEDER TEST MODULE ANCILLARY EQUIPMENT

Cooling System
- dust filter in the main coolant line
- recuperative heat exchanger
- helium/water heat exchanger (main cooler)
- blower
- electric heater

Purification System
- fine filter
- electric heater
- copper oxide beds with integrated filters
- helium/water heat exchanger
- water separator
- room temperature adsorbers with integrated filters
- recuperative heat exchanger
- low-temperature adsorbers with integrated chillers and filters
- hydrogen getter (U-bed)
- blower

Purge Gas System
- main cooler (He/water heat exchanger
- fine filter
- room temperature adsorber with integrated filters
- electric heater upstream of the permeator
- Pd/Ag permeator (permeation cell consists of Pd/Ag membranes)
- aftercooler downstream of permeator
- recuperative heat exchanger
- low-temperature adsorber with integrated chiller and filters
- purge gas blower
- blower aftercooler
- vacuum pump for sweep gas loop
- hydrogen getter (U-bed) for sweep gas loop

Auxiliary Systems
- He supply and storage
- regeneration system for adsorbers of the purification system
- regeneration system for adsorbers of the purge gas system
- evacuation system
- water extraction system
- pressure relief system, including storage of radioactive waste

Additional Services
- cold water system
- cooling water system
- mir%'-i- supply and storage (liquid N2)

J:'Oi "*!>:•" "' '-f- '*ion

vsntita' iu>i

- compressed air supply
- low-temperature range for the adsorption of nitrogen
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TABLE III.8. MAIN DESIGN DATA AND OPERATING CONDITIONS
FOR THE He-COOLED SOLID BREEDER

TEST MODULE ANCILLARY EQUIPMENT

Cooling System
Cooling power 1.2 HU
Coolant inlet/outlet temperatures 200/450°
Coolant pressure 60 bar
Pressure dr?p in test plug 1.14 bar
He mass flow rate 0.924 kg/s

Purge Gas System
He mass flow rate 3 g/s
He pressure 1 bar
Blanket pressure loss 0.13 bar
He inlet/outlet temperatures >20/350°C
H2 injection 0.1X by volume
Cooling mode coo'ir- power 10 kU

TABLE III.9. SPACE REQUIREMENTS FOR He-COOLED
SOLID BREEDER TEST MODULE ANCILLARY EQUIPMENTS

System

Cooling Loop I
Cooling Loop II
He purification system
Purge gas system
Adsorber regeneration for

purification system
Adsorber regeneration for purge

gas system
He supply and storage
Pressure relief system
Evacuation system
Electrical cabinets
Control station
Water extraction system
Gas analysis room
Storage of gas samples

Space (m>

315
315
110

440

105

105
315
115
40
70
60
35
55
30
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Fig. 111.7. Ancillary systems for the He-cooled solid breeder blanket test module
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main cooling loops. The purge gas system consists of a purge gas loop and a
sweep gas loop which is connected to the secondary side of a Pd/Ag permeator
to convey the hydrogen isotopes to the uranium beds for intermediate storage.

II1.4.4. Water-cooled solid breeder blanket module ancillary equipment

The water-cooled solid breeder test modules are each equipped with
separate cooling and tritium processing systems, because test conditions are
different for the different oubmodules. Additional systems are required for water
purification. In this section, ancillary systems are described for a full-port test
module, as described in Section II.5.

III.4.4.1. Test module cooling system

The test module cooling system removes heat generated in the test
module, including the module box strucutre, and controls the breeder
temperature for the projected test conditions. The main components include the
cooler, circulator, electric heater, pressurizer, and purification unit. Heat is

TABLE 111.10. MAJOR PARAMETERS FOR THE
WATER-COOLED SOLID BREEDER TEST MODULE

Cooling System
Heat load in breeding zone 1.70 MW
Heat load •>, module box 4.11 MW
Total heat load 5.81 MW
Coolant inlet/outlet temperature 280/320°C
Coolant pressure 15 MPa
Flow rate 90t/h
Cooler (secondary sid^) conditions

Inlet/outlet temp. 35/50°C
Pressure 2 MPa
Flow rate 345 t/h

Tritium Recovery System
Tritium production rate
Sweep gas fluid
Sweep gas pressure
Sweep gas inlet/outlet temperature
Sweep gas flow rate
Tritiated species partial pressure
Tritium form
Impurity composition
Tritium recovery method

Adsorption
Extraction efficiency

0.0533 g/h
He
0.1 MPa
25/400°C
10 m3/h
5 Pa
97% HT, 3* HTO
2000 ppm H2, <1 ppm H20

catalytic oxidation followed by

0.999 (single-pass)
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rejected from a heat exchanger directly to the ITER heat rejection systems.
Major parameters are summarized in Table HI.10. Figure II1.8. shows a
schematic flow diagram for the cooling system.

During plasma burn, water from the test module flows through the
cooler and one of the circulators; during the dwell time or before plasma
burning, the bypass line of the main cooler is opened and a heater is put into the
line to maintain the test conditions as well as possible. The purification unit
circulates the coolant water at a lower flow rate compared with the main circuit,
and removes impurities from the water coolant stream. Corrosion products,
which are estimated as major impurities in the water, are removed by
demineralization. The total volume of water in the cooling system is ~ 3000 kg,
assuming the coolant pipe length between the test module and cooling system is
100 m.

IH.4.4.2. Test module tritium recovery system

The purpose of the tritium recovery system is to (1) recover tritium
produced in the breeder zone of the test module continuously from the He sweep
gas system, (2) analyze tritium recovered and contained in He gas, and (3)
control the conditions in the breeder zone by varying the gas flow rate and by
adjusting the gas composition. The main components include a catalytic oxidizer,
cooler, dryer, pump, and cold trap. Major parameters of the tritium recovery
system are summarized in Table HI-10, and the system layout is shown in Figure
III.9.

The helium sweep gas is at atmospheric pressure; its flow rate is
determined to keep the tritiates species partial pressure, below 5 Pa, which is
l/20th of the equilibrium water pressure at 400°C in the L^O-H^O-LiOH
system. Hydrogen gas is added to the helium sweep gas in the ratio of 100:1 in
order recover tritium efficiently. The chemical form of tritium released from the
breeder is assumed to be 97% HT and 3% HTO, based on in-situ tritium
recovery experimental data. As water is used as the coolant, water leakage to the
test module purge is assumed to be 0.1 g/h. The recovery method is catalytic
oxidation, followed by adsorption on a molecular sieve (U^-cooled packed bed).

III.4.5. Materials test module ancillary equipment

Materials testing takes place in a test port occupied by a materials test
assembly. Specimens are maintained at the appropriate temperature by water,
steam, and gas cooling systems. The total floor area required for these systems is
-220 m (see Table III.11.), and can be located in the ancillary equipment rooms
away from the test module.

Specimens are extracted more frequently than blanket test modules, so a
pneumatic insertion and removal system has been designed. Figure II.8.2. shows
the main features of the materials module and its removable submodules.
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TABLE III.ll. ANCILLARY EQUIPMENT FOR MATERIALS TESTING

System

Test module support
Water cooling
Steam-wate mixture
Gas

Pneumatic system

Examination and control
Post test analysis
Specimen storage
Control room

Size

100
60
60

100

400
50
75

X

X

X

X

X

X

X

(m x m)

5
5
5

5

5
5
5
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IV. INTERNATIONAL ASPECTS OF THE TEST PROGRAM

IV.l. INTRODUCTION

The plasma-facing area required to implement the full test program of
the four parties has been described previously [1] and was foun- to exceed the
total available space. Subsequently, the test plans were reduced and fuller
utilization was made of international combined testing in order to optimize the
use of the available port space. The current design of ITER allows for 3 full ports
during the Physics Phase and 5 full ports during the Technology Phase.

Besides relieving limitations on testing space, international collaboration
in the test program is the most cost-effective and efficient means to satisfy the
testing objectives of the 4 parties. However, difficulties arise due to differences in
design choices, differences in the overall strategies for fusion development, and
even differences in the approaches to testing among the various parties.

Collaboration in the test program is fundamentally different from
collaboration on the basic device. ITER itself is a single, clearly-defined machine
with generic capabilities to perform testing of components and to demonstrate
the physics and engineering potential of fusion. On the other hand, the test
program is tightly coupled to, and in most cases plays a key role in the entire
R&D plans for nuclear components.

Increased international collaboration in ITER naturally leads to a
greater amount of common R&D to develop and test components. This has far-
reaching implications on the design and operation of ITER and on R&D
programs in fusion nuclear technology throughout the world.

IV.2. ASPECTS OF INTERNATIONAL COLLABORATION IN ITER

International collaboration in the ITER test program can take several
forms. While it is necessary to jointly plan the testing use of the machine, there
are many options for implementing the test program. In the definition of the test
program, the key features related to international collaboration include:
1. The amount of common testing. Test programs can be fully independent,

fully in common, or some combination of joint and independent testing.
Different parties can be given a lead role for testing components, with
the remaining contributing at different levels.'

2. The degree of design specificity. All the test space can be pre-designed
for particular applications, left as generic slots, or some combination of
pre-design and flexibility.

3. Allocation of available testing spaces to countries. The available testing
space can be pre-allocated to sepaiate parties, left open as a "user"
facility, or principles can be established for the allocation of space based
on some form of selection criteria.

In the conceptual design phase, some of these options have been clearly
defined, and others have been left yet unanswered. For the Engineering Design
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Phase, it is important to clearly define aspects of international collaboration in
the test program so that the design of the machine allows the maximum benefits
from testing and so that R&D programs can proceeded in a timely way toward
the development of test modules for introduction into ITER.

IV.3. BASIS FOR THE CONCEPTUAL DESIGN PHASE TEST PROGRAM

The testing group has defined a single integrated test program for ITER
which features the sharing of test ports among countries. Test ports are allocated
according to the type of tests to be performed, and all interested parties have
worked together to define the test schedule within the ports where testing of their
preferred design options will take place. During the Technology Testing Phase, 5
ports are allocated for nuclear testing, and have been assigned as shown in Table
IV.l. (3 ports are reserved during the Physics Phase, allocated to liquid metals,
solid breeders, and neutronic tests). A key element of this test plan is the intent
to test several submodules simultaneously during the ear'y years of the
Technology Phase, followed by a selection process and narrowing of concepts for
full-port and segment testing during the final years of the Technology Phase.

TABLE IV.l. SHARING OF PORTS FOR
NUCLEAR TECHNOLOGY TESTING

PORT

Gas-cooLed solid breeders

Uater-cooled solid breeders

Liquid-metal-cooled Liquid metals

Uater-cooled liquid metals

Materials

EC

J

J
V

PARTICIPANTS

Japan

•1

J

•i

US

•1

uss

(V)
4
V

Sharing of space and joint planning of the test programs is an important
aspect of collaboration, but is also desirable to enhance the amount of joint
testing, in which a single test object is developed and tested by more than one
party. Common interests in the world programs allows for a range of bilateral
and multilateral collaborations on different design concepts. During the
submodule testing (scoping) phase, it was decided that the ports will be divided
and different parties will take the lead role in developing and testing submodules.
Participations by the other parties is encouraged, but the nature of this
cooperation has not been fully defined. More effort will be required in the future
to move towards combing R&D programs outside of ITER and planning "true"
joint testing in ITER.

Materials testing is probably the most truly-integrated test program
within ITER, since mutual interests exists for a variety of materials. Testing
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-*•-* needs are well-defined and, to some extent, independent of the component
design.

IV.4. UNRESOLVED ISSUES

While a clear scheme for international testing has been laid out, the
means to fulfil it has not. In particular, while the space has been divided to the
type of components to be tested, the means to pe;: jrm tests jointly and to
develop the test components remains to be determined.

The principle of lead responsibility for submodules during the scoping
phase is useful to allow progress in the predesign of test modules, but more
formal agreements must be put in place to help involve other interested parties to
a greater extent.

Equally important, the amount of tirr>2 and space available for full-port
and segment testing is very limited, and will probably require some form of
international evaluation and selection. The major options of this stage of testing
include:

- sequential tests led by interested parties
- a single test led by party with "winning" candidate
- one port assigned to each party
- jointly planned and operated tests

IV.5. ACTIVITIES FOR THE EDA

Definition of an international test plan occurred during the conceptual
design phase, when some of the characteristics of the device had already been
fixed and testing was forced, to some extent, to fit within the available
constraints. During the Engineering Design Phase of ITER, these new principles
of international testing can be used to help design ITER to optimize its
usefulness as a test facility. Some of the aspects of the design which most strongly
affect the value of testing are:

Test space requirements
- amount and number of test spaces needed
- configuration of test spaces (module, segment, sector, channel)
Ancillary equipment layout and test cell requirements
Recommendations from the testing group can be found throughout this

report, particularly in Sections III and V.

[1] ITER Testing Group, "Test Program Summary Report", ITER-IL-NE-3-
9-4, July 1989.
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V. TESTING REQUIREMENTS ON ITER PARAMETERS

V.I. INTRODUCTION

ITER plays a critical role in the development of components and
systems for fusion reactors. As such, it is important that the design of the facility
provides a proper environment to perform useful testing. The analysis and
recommendations presented here attempt to define the testing value of ITER as
a function of the major device parameters.

Test requirements have been formulated based on results of technical
analyses performed by all parties involved in the nuclear test program. Through
a series of meetings, workshops and communications, joint recommendations
were developed. These include consideration of the entire range of design
options and fusion program strategies currently pursued by the participating
countries.

Test requirements have been considered in two main categories:
requirements on parameters and requirements on engineering. The latter
category includes concerns such as testing space (total space, configuration of
space), ancillary systems, and maintenance and handling requirements. These
are treated elsewhere in this report. Test requirements on the major device
parameters are the subject of this section.

The most important parameters which affect the value of testing are
neutron wall load, neutron flucnce, and time-related parameters (burn time,
dwell time and continuous operating time). The requirements are based on
extensive analysis of the behavior of nuclear components as a function of these
parameters.

Tests in ITER are expected to provide information useful for predicting
component performance in devices beyond ITER, up to commercial reactors.
The majority of ITER parameters will most likely be lower than those of a
demonstration reactor (DEMO) and commercial reactors. Therefore, if the test
modules are designed to "look like" components in DEMO and commercial
reactors, temperatures, stresses and other operating parameters are reduced and
information from the tests is generally not useful. Therefore, "act-alike" modules
have been designed using engineering scaling to preserve important phenomena
so that data from tests at "scaled down" conditions can be extrapolated to reactor
conditions. Engineering scaling involves altering physical dimensions (e.g.,
increasing the thickness of a solid breeder plate in a blanket to increase
temperature differences and thermal stress) and changes in operating conditions
(e.g. reducing the mass flow rate of the coolant to maintain coolr-t temperature
rise). However, there are limits to engineering scaling. Thereiure, there are
minimum values for the major device parameters below which the test
information is not useful, because results can not be extrapolated to reactor
conditions.

Engineering scaling requirements are different for the various issues. In
general, it is found that it is nearly impossible to design an "act-alike" module that
can simultaneously provide testing for all the issues. Thus, several "act-alike"
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TABLE V.I. NUCLEAR TESTING REQUIREMENTS -
SUMMARY OF RECOMMENDATIONS

Device Parameter Minimum Highly
Desirable

1TER
Conceptual
Design
Reference
Parameters
(Technology
Phase)

Average neutron wall
load at the test module,
MW/m2

Number of ports

Minimum port size

Total test area

Plasma burn time

Dwell time
"Continuous" test duration
Number of "continuous"
tests per year
Average availability
Annual neutron fluence
(at the test module),
MW-yr/m2

Total neutron fluence
(at the test module),
MW-yr/m2

_>1

5

2-3 m2

10 m2

>.1000s

_>.l week

2-3
10-15%

0.1

- 1

2

7
(plus segment
or sector)

segment
or sector
20-30 m2

(plus

1.2

5

3.74

18.7m2

segment or sector) ^
1-3 hrs
(to steady-state)
^20 s
2 wks

~5
25-30%

0.4

2-4

2500 s

300-400s

18%

0.19

1.53

Minimum acceptable dwell time is highly dependent on the design concept,
and is difficult to specify. Further analysis in this area is recommended.

Alternate plasma scenario provides for steady operation.
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modules are generally required, with each one properly scaled to obtain useful
test information for a subset of the technical issues.

Analysis has been performed to help define the benefit of testing as a
function of these device parameters. This subject is very complex, since the test
program involves multiple objectives for the various parties and because behavior
of components in the fusion environment is complex and highly uncertain.

Below, the conclusions and recommendations of the Testing Group are
summarized and some key supporting analyses are presented. Previous works
document in more detail the issues and analyses [e.g., 1-7]. It is worth noting that
extensive studies were performed in this area prior to ITER [5-8]. The results of
these previous studies were very helpful to the ITER testing effort. Most of the
analysis at this time has been focussed on blanket and materials testing. Test
requirements for other important tests, such as impurity control systems, have
been examined in less detail.

V.2. RECOMMENDATIONS

Table V-l. summarizes the recommendations of the ITER testing group.
Both minimum and highly desirable goals are provided. Minimum values are
determined primarily from analysis of the important blanket phenomena under
scaled conditions. One can show that test device parameters below the minimum
value in any category will seriously limit the usefulness of nuclear testing for at
least one identifiable phenomenon. There is a high probability that results could
not be extrapolated to reactor conditions under these circumstances. Conversely,
the desirable ranges provide values above which there is confidence that results
could be extrapolated to reactor conditions. The desirable values are determined
partly from analysis and partly from engineering judgement. While testing at
prototypical values is clearly more beneficial, the large majority of nuclear issues
can still be adequately addressed if the desirable parameters are achieved in
ITER,

Table V-l. also shows the reference parameters for ITER in ihe long-
burn hybrid operating scenario (Bl). In every case, the design of ITER meets or
exceeds the minimum values; however in several cases the highly desirable goals
are not met. Note that the alternate plasma scenario (B2) provides steady state
burn.

V.2.1. Time-related parameters: burn, dwell, and continuous operating time

Steady-state operation is a highly desirable ultimate goal for ITER
during the technology testing phase. If not initially achievable, then high priority
should be given to attaining it during some later phase of operation. Pulsing has
several negative effects on testing, including:
(1) difficulty obtaining and sustaining equilibrium conditions for processes

with long time constants,
(2) difficulties in maintaining equilibrium conditions during the dwell time
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because of the very short time constant for physical parameters (e.g.
temperature and temperature gradients),

(3) undesirable changes in behavior which are not representative of
equilibrium conditions,

(4) difficulty interpreting and extrapolating data, and
(5) negative impact on machine availability and achievable fluence, due to

the damaging effects of pulsing on the basic device.
If pulsing is unavoidable, then iong burn times (in the range of 1-3

hours) and short dwell times (less :han -20 seconds) are highly desirable. Dwell
time is defined as the sum of ramp-down, off-time to reset the magnets and
evacuate, and ramp-up to full power. As discussed below, a longer dwell time
will make the need for longer burn time more critical.

Assigning precise number; to both minimum allowable burn and
maximum allowable dwell times is difficult. Uncertainties arise due to several
factors, including the following: 1. There are a large number of design variations
under consideration for testing in ITER, with widely differing time-dependent
behavior. In fact, it is likely that before the technology phase begins, advanced,
entirely new design concepts with their own unique behavior will have been
developed. 2. Behavior of nuclear components to be tested in the ITER
environment is complex, and not currently well-understood. 3. Integrated
concept performance and validation involves complex component and system
interactions, and cannot be accurately modelled today. System time constants
tend to be much longer than those of individual components.

Equilibrium conditions generally require a long time to reach, but only a
short time to destroy. This is partly a result of exponential time-dependence of
many phenomena and the fact that interrelated phenomena with widely-varying
time constants are often present. The current pulsing options for ITER indicate
that dwell times will be long enough in all cases to drop the test 'module
conditions substantially away from equilibrium. Therefore, attaining a "true"
equilibrium through a series of sequential pulses is difficult. In that case, it is
more important to extend the burn time than to attempt to maintain a short
dwell time. Longer burn times also lead to fewer net cycles, which is
advantageous for extending machine lifetime. However, very long dwell times
may reduce the duty cycle, leading to an unacceptably low rate of fluence
accumulation. If the dwell time exceeds ~ 20 s, then the burn time should be
much longer than 1000 s, and should approach or exceed 3000 s.

Since the dwell time under pulsed operating scenarios will be long
enough to significantly degrade the test conditions, it becomes important to
obtain the maximum amount of test information possible within a single cycle.
With a burn tim" greater than ~1 hour, integrated tests should be able to
approach equilibrium conditions for many technical issues (assuming a "warm
start"). If the dwell time can be kept moderate (less than 100~200 s.), then
additional information may be obtained by providing a succession of
uninterrupted pulses.

While the exact details of the testing program have not been specified
yet, it is anticipated that testing will be carried out during continuous operating
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periods, followed by machine shut-down and possibly maintenance to the base
machine. With an availability goal in the range of 10%, long periods of down
time (up to several months) are expected. It u> rery desirable to complete a test
campaign before a long shut-down, during which time the conditions within the
test modules may be difficult to maintain. A more likely scenario is that these
down times will be used for post-irradiation analysis of test modules and material
specimens.

Continuous test periods of 1-2 weeks have been shown to be desirable
and practical to achieve with the assumed ievice availability goal. Most
important tests can be completed within this amount of time, and many of those
with longer operating time requirements (such as corrosion and fluence effects)
are not seriously affected by extended periods of down time.

V.2.2. Neutron fluence

The fluence recommendation is based on a combination of the need to
perform a sequence of concept performance tests, which take roughlv 3-6 years at
full power and high availability (—25%), resulting in 1-3 MW-yr/m of fluence,
and the desire to perform concept verification tests, which require activation of
fluence-related ph'nomena, resulting in 3-5 MW-yr/m of fluence. These
fluences are based on the exposure at the location of the test articles: the actual
machine fluence required to obtain these exposures is higher, due to several
reasons. For example, the existence of multiple-containment structures for some
tests reduces the neutron flux at the test module. Also, the current test schedule
provides for extensive use of sequential testing. Most tests will be inserted and
removed over periods ranging from 1-3 years.

The current operating scenario allows for a 8-year technology phase,
with the possibility of an extended operation period under consideration. From a
testing viewpoint, an extended phase of operation is needed to obtain the high
fluences required for concept verification.

V.2.3. Neutron wall load

The minimum acceptable wall load depends primarily upon two factors.
(1) Heat sources are directly proportional to the wall load. Most
thermomechanical and tritium-related phenomena in nuclear components
strongly depend on temperature profiles, which in turn are determined by the
heat sources. (2) The ability to achieve adequate fluence exposure to test
modules in a reasonable amount of time requires relatively high wall load and
high availability.

Past studies suggest that a wall load in the range of 1-2 MW/m is
adequate for thermomechanical and tritium testing [6-9]. Useful testing at
reduced wall load is made possible by altering the design and operating
parameters of the test modules. Generally, bulk average temperatures are easy
to maintain by varying the coolant speed and controlling the amount of heat
removed through the heat exchanger. Temperature gradients within components
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are much more difficult to maintain. Some control over temperature gradients
can be obtained by changing the thickness of blanket elements. However, if sizes
are changed by more than a factor of 2-3, new effects may arise and the overall
geometry may become less representative of a real reactor component. Surface
heating is an important aspect of thermomechanical performance, and care must
be exercised to maintain prototypical ratios of surface to bulk heating.

In summary, engineering scaling techniques are useful, particularly in
simulating individual effects. However, the quality of the overall simulation is
significantly degraded beyond a factor of 2-3 reduction in the wall load and
surface heating.

The wall load required to attain the recommended fluence is difficult to
specify, due to uncertainties in the achievable availability To illustrate the need
for high wall load and availability, Tai ie V.2. shows several options which would
provide an accumulated exposure of 3 MW-yr/m in 6 years.

TABLE V.2. WALL LOAD AND AVAILABILITY REQUIRED TO
REACH 3 MW-yr/m2 IN SIX YEARS

Wall Load (MW/m2) Availability

1 50%
1.5 33%
2 25%
2.5 20%

V.3. ANALYSIS AND ASSESSMENT

V.3.1. Time-related parameters

Unfortunately, the ability to achieve steady state operation in ITER
cannot be assured. The goal of testing under pulsed plasma mode of operation is
to obtain and sustain equilibrium conditions long enough to accumulate
prototypical data. The quality of the data (the degree to which they are
representative and interpretable) depends very strongly on the burn time, dwell
time, and continuous operating time of the device.

V.3.1.1. Time constants and time-dependent
behavior

Assuming that steady state test conditions are not achieved, burn and
off-burn time requirements for nuclear testing can be related to the time-
dependent responses of all the important blanket phenomena. These include
flow, thermal, mechanical, chemical (corrosion), tritium, and neutronic
responses.
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The unsteady behavior of the blanket is usually very complex; however,
a simplistic approach can aid in the estimation of burn cycle requirements by
exploring the inherent time constants for the processes involved. Three major
classes of time constants recur frequently:

1. Diffusive processes governed by a uiffusivity and scale length, t j =
L /D. This involves primarily thermal and mass diffusion. In this case,
equilibrium is normally reached exponentially:

f(t) = fQ (l-

For an exponential type of process, the time to achieve equilibrium is much
larger than the time to destroy it.

2. Convective processes governed by a velocity and scale length, t c =
L/v. The time constant is sometimes called a "residence time". Examples
include the residence time of LiPb in water-cooled LiPb blankets, the time for
coolant to circulate once through the cooling system, and the average transit time
for a tritium «;om through the tritium recovery system. If the inlet conditions are
controlled, the time to reach equilibrium is equal to the residence time. In many
cases, convective processes are coupled to other processes (such as bulk increase
in tritium or temperature) and a more thorough treatment is needed.

3. Changes in bulk quantities, such as tritium inventory or bulk
temperature. For example, the adiabatic rate of temperature rise is given by:

r Cp (dT/dt) = Q

where Q is the volumetric heating rate. In this case, equilibrium is approached
linearly. In most cases, the adiabatic time constant is shorter than the true time
constant including all heat transfer processes.

More complex processes cannot be reduced to a simple time constant.
For example, stress relaxation is a non-linear time-dependent phenomenon that
has no single characteristic time. Tritium transport through solid breeders is
another example, in which the tight coupling of individual processes makes it
impossible to specify a single time constant.

Table V.3. shows approximate values of time constants for a particular
set of design options. The values are highly design-dependent, and therefore
cannot be directly translated into test requirements.

Time constants follow some general trends which can help in
determining the effects on testing: flow processes are usually very fast, thermal
processes are somewhat slower, tritium transport is moderately slow, and
mechanical and chemical interactions are very slow. Time constants can be
classified in relation to the burn and off-burn time:

1. Processes which are short compared to the burn time. A good
example of a fast process is MHD velocity profile development, which has a time
constant of the order of 1 s or less. In this case, the velocity profile reaches a
"true" equilibrium and can be tested within a single pulse. The "true" equilibrium
may or may not accurately represent steady state conditions. For example, timc-
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TABLE V.3. EXAMPLES OF BLANKET TIME CONSTANTS

Flow
Coolant residence time in
blanket and cooling system

Li, LiPb
Purge stream residence
in blanket and purge system

He (SB)
LiPb

Thermal
Conduction

Structure
Liquid breeder
1/2 cm solid breeder plate
1 cm solid breeder plate

30s/60s

6s
1000s/l-2hr

5s
30s
50-100 s
200-400 s

bulk temperature rise (300 °C) in solid breeder
front region 100 s
back region 1000 s

bulk temperature rise (100°C) in liquid breeder
Li blanket
LiPb blanket

Tritium Transport and Recovery
Inventory in Li (1 wppm)
Inventory in LiPb
Residence time in solid breeder
(LiAlO2,0.8 mm grains)

@600°C
@500°C
@400°C

Tritium permeation through SS316
@500°C
@300°C

100 s
500 s

10 days
10 hours

1000 s
3 hours
85 hours

10 days
150 days

Material (Chemical) Interactions
Dissolution of Fe in Li 40 days
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dependent poloidal field variations ir inductively-driven tokamaks can affect
MHD velocity profiles and heat transfer, and could provide misleading results.

2. Processes which are long compared to the burn time plus dwell time.
In this case, the process may reach a quasi-equilibrium after many sequential
pulses, with conditions changing very little during a single pulse. If the duty cycle
is high, then the quasi-equilibrium will be close to the true equilibrium, provided
that no significant changes occur during the off-burn time. Unfortunately, few
important processes can be rigorously placed in this category, because most
phenomena with long time constants are dependent on other processes with
shorter time constants, and thus conditions between pulses can substantially alter
the net behavior.

3. Processes with time constant roughly equal to the burn time. These
are the most difficult processes to test. Tritium transport and some thermal
processes (components with low thermal conductivity or high heat capacity, or
regions where the heat sources are low) fall into this category. It is these which
have received the greatest attention, and are described in more detail below.

There are two situations which can not be accommodated by this
simplified structure: threshold effects and interrelated processes with different
time constants. Structural responses provide good examples of important
threshold effects. For example, irradiation of ferritic steels generally increases
the transition temperature from ductile to brittle behavior (DBTT). If the
blanket temperature falls below the DBTT due to plasma cycling, then the test
module structure may experience a failure which would not occur under reactor
conditions. Other examples include high cycle fatigue, temperature-dependent
chemical reactions, plastic deformations and ratchetting, and fracture mechanics
of breeder and multiplier materials.

This analysis also ignores important component and system interactions.
For example, the issue of tritium self-sufficiency involves not only the blanket,
but also the coolant and purge systems, and all tritium processing equipment.
Establishment of equilibrium throughout all these inter-related systems usually
requires even higher burn times.

It is important to realize that the time constant in a test module may be
much different from the time constant of a reactor component. Demo/power
reactor components are larger than most test modules, and the power density is
much higher. In addition, test modules are often redesigned using engineering
scaling to maintain prototypic conditions under scaled device parameters. To
determine the effect of engineering scaling on time constants, specific test
module designs must be analyzed.

V.3.1.2. Continuous operating time

Under most foreseen cyclic burn scenarios, the length of the burn will
not be adequate for some types of testing. Processes with time constants longer
than the burn time include tritium release and inventory, corrosion and mass
transport, and slow structural responses (stress relaxation, neutron-induced
changes in mechanical behavior, etc.) For tests in which these phenomena are
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important, some testing may be performed over a series of sequential pulses.
Even for steady state plasma operation, it is necessary to define the minimum
length of time required to complete the tests.

The amount of lime the device is operating near 100% availability is
called the continuous operating time, or COT. During this period of time,
continuous steady state plasma operation or a continuous sequence of pulses is
provided for testing. It is assumed that the operation of the device will include a
series of test campaigns with relatively high availability, followed by possibly long
periods of device shut-down time to repair or modify the machine. The duration
of the device shut-down times can vary from days to months, and the conditions
of the test modules during device shut-down can not be guaranteed.

Some ancillary equipment may be provided to maintain limited control
over the conditions within test modules. Using this technique, some tests have
been proposed that attempt to "freeze" the conditions in test modules during
shut-down times by allowing the temperatures to fall below some prescribed
level. For example, tritium diffusion can be effectively reduced by rapidly
lowering the temperature. However, in other cases, completion of tests is
desirable within a single campaign. This is particularly true for integrated tests in
which a number of inter-related and sometimes poorly-understood phenomena
are involved. (For example, it may be necessary to maintain structural material
in a hot condition to prevent the ductile-to-brittle transition temperature. It may
not be practical to provide the appropriate conditions in both breeder and
structural materials simultaneously.)

The achievable continuous operating time for a single test campaign
depends on the overall availability of the device. Availability is related to the
mean continuous operating time (MCOT) and mean time to restart (MTTR) by
the following relationship:

A =
MTTR

1 +
MCOT

Table V.4. shows possible combinations of MCOT and MTTR which
provide overall machine availabilities in the range of 10-50%. Based on these
numbers, MCOT in the range of 1-10 days can be expected during the technology
testing phase.

V.3.1.3. Time-dependent calculations

Tritium release and recovery tests are among the most demanding in
terms of the requirements on bum time, dwell time and continuous operating
time. Various studies have been performed to examine the transient tritium
build-up and migration in the breeder material, the entire blanket, and the
tritium circuit. In some cases, temperature response can also be relatively slow.
Virtually all blanket phenomena depend on temperature, and therefore attaining
and sustaining thermal equilibrium during testing is critically important.
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TABLE V.4.
RELATIONSHIP BETWEEN MCOT, MTTR AND AVAILABILITY

Availability (%)

10
10
10

25
25
25

50
50
50

MTTR (days)

7
14
28

7
14
28

7
14
23

MCOT (days)

0.78
1.56
3.11

2.33
4.67
9.33

7
14
28

In general, some liquid metal blankets are easier to test with burn times
in the range of 1000-2000 seconds. Tritium recovery and control (permeation)
issues appear to be the most important moderate time scale issues. Self-cooled
blankets have the shortest time scales - the slowest fluid residence time is of the
order of tens of seconds in the blanket and hundreds of seconds in the cooling
and tritium processing systems. Separately-cooled (e.g., LiPb/F^O) designs
have longer thermal and tritium time constants due to the slower flow rate and
larger heat capacity of the breeder.

Solid breeder blankets are dominated by a larger number of medium
time-scale processes. Thermal time constants are longer due to the lower
thermal diffusivity and the relative importance of the deeper parts of the blanket
(where the power density is lower). In addition, tritium-related issues, which
tend to have medium to long time scales, are more important for solid breeder
blankets. The inter-relationship between thermal, mechanical, and tritium pro-
cesses in SB blankets also leads to higher burn time requirements.

Water-cooled LiPb design
Thermal equilibrium can be reached relatively quickly in water-cooled

LiPb blankets - of the order of minutes - if the LiPb is kept warm between cycles.
However, tritium inventory build-up and steady state permeation rates may take
several hours up to several weeks. Permeation barriers have been proposed to
reduce losses. Barriers generally increase the time to reach equilibrium beyond
the bare wall case. Tritium permeation is one of the most serious issues for this
class of blanket, and will dictate time-related test requirements.

An example of the total tritium inventory in a water-cooled LiPb design
(without permeation barriers) is shown in Figure 5.1. This analysis is based on
the NET design [10,11] and is described in more detail elsewhere [12]. The
design uses a slow-flowing breeder-out-of-tube configuration, shown in Figure
5.2. Water coolant flows through a tube inside of the liquid breeder region. The
various metal surfaces through which tritium permeates are:
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Fig. V.I. Total tritium inventory in the water-cooled Pb-17Li blanket with
permeation barriers on surfaces A-D (A =coolant tube inner surface, B=coolant tube
outer surface, C=breeder tube inner surface, D=breeder tube outer surface). The
tritium transit time in the tritium processing system (t) is 10,000 s.
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2 Coolant lube

3 Liquid breeder
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Fig. V.2. Simplified calculational model of the water-cooled LiPb blanket tubes
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A coolant tube inner surface
B coolant tube outer surface
C breeder tube inner surface
D breeder tube outer surface

Tritium is continuously recovered from the breeder using a counter-
current He flow in the extractor. The breeder transit (residence) time through
the tritium processing system is assumed to be ~ 10 s.

The results indicate the following characteristic times:
99% tritium inventory
99% permeation rate
to coolant

99% permeation rate to
blanket container box
99% equilibrium transport
to extractor

~ 1 month

- l d a y
(w/o barriers)

~10 days

<1 day

If losses in the external circuit are neglected, 100% efficient extraction
assumed, and losses to the blanket boxes are low, then continuous operation of
the order of 1-2 days is adequate to observe permeation behavior.

Effective permeation barriers may be necessary to control losses. These
barriers consist of coatings, such as TiC, placed on either side of the coolant
tubes or breeder module. In this case, the time to reach equilibrium is increased.
In the case of a coating on the coolant side, the time to reach steady state
inventory is increased by a factor of 10, whereas the time to reach steady state
permeation to the coolant is increased by a factor of 100. In order to observe
effective operation of permeation barriers, the required
continuous operating time could be very long.

Self-cooled Li and LiPb designs
The KfK self-cooled LiPb blanket design uses an intermediate NaK loop

to trap the tritium produced in the blanket [13]. Calculations of transient tritium
buildup and transport have been performed using NET parameters (tdwell =
0.2 tburn). Similar to the water-cooled designs, thermal equilibrium is reached
in several (5-10) minutes. Tritium permeation is very temperature-dependent,
and so a coupled thermal/tritium calculation was performed.

Figure V.3. shows the resulting tritium concentration levels in the
primary and secondary loops, assuming no permeation through piping (100%
effective barriers). Steady state conditions are reached after about 6 days of full
power operation. For this calculation, the tritium removal system was operated
during the entire period of time. It is possible to speed up concentration build-up
by leaving the extraction system turned off until a concentration near the known
equilibrium is reached. In this case, the time to reach equilibrium inventory
levels can be as low as 18 hours.
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Solid breeder blanket designs
Time-dependent behavior of solid breeder blankets is very dependent on

material choices, since properties such as tritium diffusivity and solubility can
vary greatly between candidate materials. Currently, lithium oxide, aluminate,
silicate, and zirconate breeder materials are all actively pursued within the world
community.

In addition, configuration can have a large impact on transient behavior.
One of the more striking ways in which the design affects time constants is
through temperature profiles. Temperatures in solid breeder blankets can vary
by several hundreds of degrees between different regions and indeed even within
a single material element (such as a breeder plate). Tritium permeation and
production may be much faster at the front of the blanket (facing the plasma),
whereas inventory and diffusion are much slower in the back of the blanket. The
neutron flux and energy are always higher at the front, and the time constant tend
to be faster under transient conditions.

To indicate the possible differences, results from two He-cooled designs
are shown below. Water-cooled designs have not yet been examined in equal
detail, but the results are expected to be similar.

He-cooled Li orthosilicate designs
An example of an orthosilicate design is the KfK breeder-out-of-tube

pebble bed in toroidal canisters [14]. Typically, for this design, the minimum
adiabatic time required to reach nominal temperatures (starting with the entire
blanket at the coolant inlet temperature) is 100 sec and 300 sec in the front and
back regions, respectively. Proper control of the coolant flow and temperature is
necessary for this scenario.

For this design, burn times of 1000 and 3000 sec allow steady state
tritium release in 1/3 and 2/3 of the breeder material, respectively. Continuous
back-to-back pulses allow attainment of quasi-steady conditions in a larger
fraction of the breeder material, but transients in the purge stream will be very
difficult to eliminate under pulsing.

With burn times of 1000-3000 sec, it is not possible to reach steady state
nominal temperatures in the auxiliary coolant and purge flow systems.
Experience with similar size helium loops suggests that the times required are
about 1 hour with warm startup and 5-6 hours from a cold startup. This suggests
a minimum continuous operating time of -20 hours.

He-cooled Li q-aluminate designs
Li aluminate tends to have much longer characteristic times as

compared to Li silicate. Fig. V.4 shows the tritium mean residence time in
LiAlO2 and several other breeders as a function of temperature. It ranges from
a fraction of an hour to 100 hours, depending very strongly on temperature.
Based on analysis of the CEA breeder-in-tube design, the recommended
minimum burn time is -10 hours to achieve equilibrium in one burn cycle. In
case of pulsing, a continuous operating time of -20 hours is needed to reach a
quasi-equilibrium. If the burn time falls below 1500 sec, then the value of the
data becomes highly questionable.
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materials

Another type of analysis was performed for a U.S. LiAlCK test module
design concept. In this test, the objective was to generate data which could be
used to calibrate fission reactor test data, to validate models, and to extrapolate
using empirical correlations to DEMO and commercial reactors. An "issue-
specific" test was designed using a subscale submodule. Assuming a burn time of
1200 sec and dwell time of 200 sec, a quasi-equilibrium is obtained over back-to-
back cycles. After a quasi-equilibrium is reached, a controlled purge transient is
imposed in order to observe the effect of hydrogen concentration changes on
tritium release. FIG.V.5. shows the normalized tritium release rate from such a
test, predicted using a detailed, comprehensive tritium transport model [15]. The
effect of non-equilibrium temperatures is obvious the release rate drops near
zero between pulses when the temperature falls. An overshoot occurs after each
new pulse, releasing tritium which was stored in the ramp-down and ramp-up
periods. Following the eighth pulse, the purge composition is changed from
0.1% to 1% hydrogen. Although the exact behavior is design and material-
dependent, some general conclusions were reached:
1. It will take several cycles (up to ~ 10) for the tritium inventory levels to

reach quasi-steady-state for a newly inserted solid breeder test article.
Any tritium release controlled transients would have to be delayed
correspondingly before being initiated.

2. The tritium release can approach steady state (without radiation effects)
quite rapidly. For integrated engineering tests where the objective is to
demonstrate tritium release, the required burn time could then be
relatively modest (perhaps even as low as several hundred seconds).

3. To demonstrate tritium release under irradiation conditions may require
much longer time. Radiation-induced trapping of tritium can not be
quantitatively described at present.
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4. The burn time requirement based on performing controlled transients is
believed to be more severe since an overall quasi-steady-state must first
be reached during the burn time before the transient is initiated. This
would ensure that the observed behavior is due to the controlled
transient with minimum influence of changes in other conditions. The
characteristic time for purge composition transients is very much
dependent on the breeder material and microstructure but can be quite
high (of the order of one hour). In liiis case the required burn time
must be at least 1-2 hours. Note that the calculations were done with
relatively high purge hydrogen content and, thus, the corresponding burn
time requirement is already low.

V.3.1.4. Conclusions and overall test requirements

Many blanket processes possess either long or short time constants as
compared to the probable burn time, so ITER is expected to provide a useful test
environment for many important issues. An examination of characteristic times
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for the important blanket phenomena indicates that those phenomena with time
constants roughly of the same order of magnitude as the burn time are the most
difficult to test in ITER. Tritium release and recovery is a very important issue
which falls into this category. The requirements depend very much on the design,
and are summarized below and in Table V.5.

For water-cooled LiPb blankets, about one full power day (for any dwell
time) is required to obtain representative conditions for the tritium recovery
from LiPb. Permeation barrier tests would, however, require longer periods of
up to ten full power days.

For self-cooled LiPb blankets, which rely on cold trapping in an
intermediate NaK loop for tritium recovery, the minimum period of time
required to reach steady state tritium inventory in both LiPb and NaK loops was
found to be 18 hours of full power operation in the most demanding case (perfect
permeation barriers on the outside of the LiPb piping). A few additional full
power days are then necessary to test the tritium removal and recovery system.

For helium-cooled solid breeder blankets, provided they are maintained
in a warm standing state, burn times on the order of 1500 s are sufficient to reach
nominal temperature throughout the blanket test module during a single pulse.
However, the attainment of steady state nominal temperature in the auxiliary
coolant and purge gas systems will require a minimum period of 10 to 20 full
power hours.

As far as tritium release and recovery tests are concerned, requirements
on the burn cycle are a strong function of the tritium residence time in the
breeder material.

In the case of the BOT design with orthosilicate pebbles, single shots

with 1000 and 3000 s burn time allow achievement of steady state tritium release

in about 1/2 and 2/3 of the breeder material, respectively. These conditions are

judged sufficient to allow extrapolation with reasonable confidence to the

situation of steady state tritium release for 100% of the breeder.

In the case of the BIT design with lithium q-aluminate pellets, steady

state tritium release will have to be approached through a series of sequential

pulses. The minimum continuous operating time required is of the order of 20

full power hours. No specific requirement on the dwell time is given.

Tritium inventory tests will require longer time than tritium release tests,
because of the large influence of lower temperature regions and the greater
dependence on radiation effects.

Detailed analysis for water-cooled solid breeder blankets has not yet
been performed; however, it is expected that the behavior will be similar to their
He-cooled counterparts.

Consideration of all the analyses performed to date provides the
following general conclusions:
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TABLE V.5. SUMMARY OF TIME-RELATED REQUIREMENTS FOR TRITIUM ISSUES

Blanket Concept:

Time to reach
"quasi" steady-state:

Tritium inventory
- in the breeder material
- in the entire blanket
- in the tritium recovery
system

Tritium permeation to
the coolant

***
Nominal temperature
- in the blanket

- in the coolant circuit

Requirements on:

continuous operating time
burn time

dwell time**,*
duty cycle

Self-cooled
LiPb
(EC)

18 FPH
18 FPH

18 FPH

500 s

2-4 FPD

Water-cooled
LiPb
(EC)

1 FPD

1 FPD

10 FPD(?)

60 s

2-10 FPD

He-cooled
LiA.O,
(USA)

10-20 FPH
£0 FPH

20 FPH

<1500 s,

6 FPH

1 FPD
>1500 s

He-cooled
LiAlO-
BIT (EC)

0.5-1 FPD

-6 hours +
test time

-1 day

(100-200)/
1000 s**

20-30 hours
>1500 s

<1000 s

He-cooled
Ku.SiO,
BOT (EC)

.3000 s

.6 hours +
test time

-1 day

**
100/300 s

6 FPH

10-20 hours
>1000 s

<1000 s

He-cooled
H,0-cooled
2Li 0
<J»P)

4-5 FPD

(500-800 s>/ ti,
(3000-5000 s)

1-5 FPD
(500-800 s)/ ti,
(3000-5000 s)

FPH = fulI power hours
FPD = ful power days
s = seconds

*** front/back of blanket
assumes full control of coolant flow and inlet temperature
during off-burn time

duty cycle = Burn Time

Burn Time + Dwell Time
Average



1. Testing of blankets requires a minimum of -1000 s burn time and
continuous, uninterr jpted op .'.ration of at least one day. If these goals
are not reached, then the value of testing for tritium-related issues is
low.

2. A burn time of 1 hour or more, and a continuous operating time of 1
week or more is desirabk to allow adequate testing of the entire range
of design options now being considered. Periods longer than 1 hour/1
week are, of course, better; however, it is felt that the majority of testing
value can be obtained with these "highly desirable" conditions.

3. Many of the tests foreseen will take place over back-to-back cycles;
however, rigid dwell time requirements are not provided for the issue of
tritium testing. In general, the rate of tritium transport can be reduced
very substantially when the temperature falls between burn periods.
This is especially true if effective permeation barriers can be developed.
Changes then occur so slowly that dwell time in excess of 200 seconds
may be acceptable. However, some design concepts placed overall
requirements on the duty cycle, which in effect makes dwell times longer
than 200 seconds undesirable. If the burn time is extended, then higher
dwell time may be allowed.

4. Different methods of testing are expected for different design concepts,
depending on whether the breeder material has a "fast" or "slow"
characteristic time for tritium release. For "fast" breeders, tritium
release and possibly even inventory can achieve equilibrium conditions
within a single pulse (provided the burn time is long enough). Slow
materials require continuous operation to reach a "quasi-equilbrium"
after several burn cycles.

V.3.2. Neutron fluence

ITER will be the first device capable of supplying both the flux and
volume of neutrons needed for fusion nuclear component testing. Neutrons are
the primary source of nuclear heating and tritium production, as well as a host of
radiation-induced changes in behavior. This prototypical, high-volume radiation
environment is precisely the missing element which cannot be reproduced in non-
fusion test facilities.

One measure of the neutron exposure is the "device fluence", defined as
the product of the average neutron wall load (at the first wall) and the operating
time. The required device lifetime fluence is obtained by considering the fluence
requirements for the individual tests (properly accounting for parallel and
sequential testing needs) and the actual neutron flux at the location of the tests.
Many tests have been specified with a container first wall. This will obviously
reduce the neutron flux significantly at the location of the tests.

ITER will be operated in two phases: a physics phase and a technology
phase. Very little fluence will be accumulated during the physics phase, which is
characterized by a relatively small number of pulses and low availability. During
the technology phase, most nuclear tests will likely proceed in two stages: Stage 1
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for concept performance and scoping tests, and Stage 2 for concept verification
tests. The fluence goals for these two stages are based on an examination of the
test program schedule and, for concept verification tests, the fluence required to
activate important radiation-induced changes in behavior.

Based on these considerations, Stage 1 requires ~1 MW-yr/m and
stage 2 requires -3-4 MW-yr/m . In the current baseline scenario for ITER, the
first 8 years of operation during the technology phase will attain a device fluence
of ~1 MW-yr/m . The possibility of an extended operating phase at high
availability is thus very important to achieve the concept verification goal of
nuclear testing.

V.3.2.1. Test program schedule

Figure II.3.1. shows the integrated blanket/materials test schedule. The
schedule was obtained by combining the testing needs of all four parties. Two
subphases of "Stage 1" testing are anticipated. The first 2-3 years consist of
concept scoping, where test ports are divided into several submodules. Following
this subphase, a second 3-4 year phase is planned for long-term full module
performance tests. This test schedule accommodates the testing needs for both
solid breeder and liquid breeder blankets. The total fluence accumulated by the
end of Stage 1 is approximately 1 MW-yr/m

V.3.2.2. Neutron-induced changes in behavior

Many new behaviors are expected to occur in components
simultaneously exposed to neutrons, high heat loads, stresses, magnetic fields,
and other conditions in the fusion environment. Specific reactions resulting from
neutron radiation include tritium and helium production, atomic displacements,
and transmutations. Since the irradiation environment in fusion devices is largely
unexplored, the potential for unanticipated or unknown phenomena to occur in
components is great.

The benefits of fusion tests will depend on the ability to supply adequate
neutron exposure to the test articles and activate radiation-induced effects.
Changes in behavior often result from interactions of different efff "Is (such as
creep and swelling, or radiation and chemical embriitlement), or different parts
of a component (such as solid breeder/clad interactions). Hence, a knowledge of
material property changes alone is not sufficient to determine test requirements.

While it is probably not possible to achieve end-of-life fluences in test
modules, many of the key radiation effects can be observed earlier in life. For
structural materials, this includes changes in hardness and fracture toughness,
high temperature helium embrittlement, and irradiation creep. These
phenomena are all important in establishing design limits and lifetime estimates
for the blanket. In general, the effects activate gradually, so it is impossible to
specify an exact fluence to observe them. However, it is anticipated that
important observable changes in behavior will occur in the range of 3 4 MW-
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yr/m . Figure V.6. summarizes some of the important phenomena predicted to
occur as a function of fluence in structural materials.

In solid breeder and some plasma-facing materials, radiation effects are
expected to occur somewhat earlier. However, the desire to observe interactions
between different phenomena or different elements of a component leads to
higher goal fluences than for the activation of individual effects. Several of these
effects are expected to occur in the range of 3-4 MW-yr/m , for example, solid
breeder/clad mechanical interaction and radiation-induced changes in tritium
transport. Figure V.7. summarizes some of the changes in behavior as a function
of fluence in solid breeders and ceramics.

V.3.3. Neutron wall load

The minimum acceptable wall load depends primarily upon two factors.
(1) Heat sources are directly proportional to the wall load. Most
thermomechanical and tritium-related phenomena in nuclear components
strongly depend on temperature profiles, which in turn are determined by the
heat sources. (2) The ability to achieve adequate fluence exposure to test
modules in a reasonable amount of time requires relatively high wall load and
high availability.

Past studies suggest that a wall load in the range of 1-2 MW/ra is
adequate for thermomechanical and tritium testing [6-9]. Useful testing at
reduced wall load is made possible by altering the design and operating
parameters of the test modules (engineering scaling). Generally, bulk average
temperatures are easy to maintain by varying the coolant speed and controlling
the amount of heat removed through the heat exchanger. Temperature gradients
within components are much more difficult to maintain. Some control over
temperature gradients can be obtained by changing the thickness of blanket
elements. However, if sizes are changed by more than a factor of 2-3, new effects
may arise and the overall geometry may become less representative of a real
reactor component. Surface heating is an important aspect of thermomechanical
performance, and care must be exercised to maintain prototypical ratios of
surface to bulk heating.

In summary, engineering scaling techniques are useful, particularly in
simulating individual effects. However, the quality of the overall simulation is
significantly degraded beyond a factor of 2-3 reduction in the wall load and
surface heating.
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VI. R&D FOR THE TEST PROGRAM

VI. 1. INTRODUCTION

A variety of blanket concepts will be tested in ITER, and each concept
must be thoroughly tested prior to installation in ITER, The advanced blanket
concepts have different R&D needs than the driver blanket, and hence a separate
R&D program is required to meet the performance goals and test schedule for
ITER.

The development of the advanced blankets follows the same general
approach as other components. First, key issues are addressed to determine the
feasibility of particular concepts. These issues are usually evaluated with well
charcterized experiments that can be compared with computer models of
behavior. Once the basic feasibility of a concept is established, partially
integrated tests are performed to address the major engineering issues.

These experiments utilize mid-scale test sections that are tested in either
out-of-reactor or in-reactor facilities. During this stage the designs are modified
for optimum performance. Finally, the lead designs for each concept are tested
using full-scale test sections in integrated test facilities. In addition to basic
information, the integrated tests serve as qualification tests for the modules prior
to ITER testing.

Closely coupled with the blanket development tests are long term
materials development tests. The blankets test modules will use advanced
structural materials, such as vanadium alloys or martensitic steels. For alloy
development, base property testing, irradiation testing, compatibility testing, and
fabrication development will be required. It is expected that the materials
devlopment will continue up to and through ITER testing, becauase of the long
times required for certain parts of the test program.

VI.2. KEY ISSUES FOR BLANKETS

The key issues for solid breeder blankets are:
- Breeder neutronics
- Solid breeder charcterization and development
- Tritium inventory, transport, and recovery
- Tritium permeation and release
- Radiation damage in the solid breeder and multiplier
- Chemical interactions and compatibility
- Thermalhydralics and thermomechanical behavior
- Beryllium characterization and development

The key issues for liquid metal blankets are:
- MHD effects on flow and pressure drop
- Heat transfer including MHD influence
- Tritium recovery
- Corrosion and chemical compatibility
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- Safety limits
- Thermomechanical behavior
In each case, specific tests should be performed to address these issues

and to verify suitable models and computer codes.

VI.3. LIQUID METAL BLANKETS

VL3.1. Materials

Structural Materials. Several materials, including austenitic stainless
steel, martensitic/ferritic steels, and vanadium alloys are under consideration for
advanced blankets. Each of these materials needs to be developed to the point
where there is confidence that it can perform acceptably for the anticipated
ITER operating conditions. In addition, these materials need to be tested to high
fluences to demonstrate acceptable performance for the DEMO.

Insulators. All parties working on liquid metal blankets have indicated
the need to develop insulating layers between the liquid metal and the duct walls.
The primary purpose of the layers is to reduce the MHD pressure drop. A
secondary benefit of the layer is as a barrier to tritium permeation, and it could
also serve as a protection against corrosion losses. Two approaches to insulating
layers have beeu identified. First, a layer could be applied directly to the duct wall
surface, and second, it could be a separate layer like the flow channel insert,
described in Sec. U.S. The technology of fabrication as well as the behavior
under corrosion and irradiation conditions needs to be evaluated. It is possible
that a different approach will be required for each coolant/srtucture
combination.

Liquid metals. The interaction of the liquid metal with the structure will
in part set the upper operating temperature of the blanket as a result of corrosion
losses. Because of the long times required for liquid metal corrosion tests (1000's
of hours), experiments are required in the near term to determine the important
parameters that control corrosion. Besides temperature, flow velocity, impurity
cincentration, and MHD effects could be important in determining corrosion
rates. The work on liquid metal is closely connected with the development of the
insulating layers, since the pressence of another material in the lqiud metal loop
is likely to significantly affect corrosion behavior.

VI3.2. MHD and Heat Transfer

The liquid metal, moving through the tokamak magnetic field, produces
currents and forces that greatly imoact upon liquid metal blanket design and
development. First, the pressures and forces produced place an upper limit on
the velocity of the liqvid metal, and hence on the capability of the system to
remove heat. Second, the EM forces will alter the velocity profiles to a degree
that the heat tranfer rates could be reduced. The MHD regime in which ITER
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and the DEMO will operate is not well understood, so there is a need for
fundamental investigations of MHD flow behavior. After simple systems are
undersood, complex systems, more representative of blanket designs, can be
tested. Combined MHD/heat transfer tests are also necessary to compare
behavior with computer models. Finally, MHD tests with full scale modules will
be required prior to ITER testing.

VI.3.3. Tritium Recovery and Control

Pb-17Li. Research in this area is primarily concerned with the low
tritium solubility in Pb-17Li. In order the minimize the loss of tritium by
permeation through the structure, work is required to develop efficient
approaches for tritium removal systems and, if necessary, to develop tritium
permeation barriers.

Li. In contrast to Pb-lTLi, pure Li has a high tritium solubility, and does
not have a serious tritium permeation concern. The major task for the Li system
is to develop suitable methods for tritium removal and recovery.

VI.3.4. Themomechanical Response

The stresses that affect the structure arrise from MHD forces, thermal
stresses, disruption forces, and constraints from other components. In order the
investigate this area, it is therfore necessary to perform integrated tests. Since
the stresses depend upon the specific design, these tests will likely be scheduled
towards the end of the R&D when specific designs are available for testing. The
tests probably be part of the full size MHD tests with the application of surface
heating. The results would then be compared with computer models. One
diffuculty with testing in this area is the influence of radiation. Radiation will
alter the mechanical properties and also cause a change in the stress distribution
due to radiation creep and swelling. In reactor tests may be necessary to
investigate these effects.

Another area of concern is the disruption EM forces generated in the
liquid meatal modules. The high electical conductivity of large, liquid-metal-
filled containers can result in high mechanical loads during disruptions, and the
impact of these forces on the blanket need to be investigated.

VI.3.5. Safety

The liquid metals under consideration are chemically reactive with air,
water, and concrete. Therefore, it is necessary to investigate the reactions with
these materials to determine the safety requirements for operation in ITER. Pb-
17Li is less reactive than Li, but there is a concern with the generation of Po-210
as a result of transmutation during neutron irradiation, techniques for adequate
control of Po-210 need tc be developed
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VIA SOLID BREEDER BLANKETS

VI.4.1 Materials

Structural materials. The considerations for structural materials for solid
breeder blankets are basicly the same as for liquid metal blankets. An additional
area to be considered is thz effect of high temperature water on the corrosion
and stress-corrosion behavior of structural materials, particularly austenitic
stainless steel.

Solid breeders. Several Li ceramics, including LiJd, W^LtOy Li^SiO^,
and LUAKX,, are being considered for advanced applications. There are a
number of properties that need to be determined in both the unirradiated and
irradiated conditions. The base properties of interest are the thermophysical and
mechanical properties. Along with property determination, fabrication methods
for different forms of the solid breeders need to be developed. This work should
be performed early in the R&D program.

Beryllium. Beryllium is proposed as the neutron multiplier for all solid
breeder designs, and therefore there is a need to understand this material. First,
fabrication development is required, and next be behavior of Be under irradiation
needs to be determined. In particular, swelling behavior and the behavior of
tritium in Be should be studied. This is one area where there is overlap with the
R&D for the dreiver blanket.

VI.4.2. Tritium behavior

Since the solid breeder remains in the blanket at all times, tritium
release and recovery is an important issue. The vasious aspects of tritium
behavior, from diffusion through the solid breeder, to release at the breeder
surface, then transport in the purge stream, and finally recovery outside the
reactor needs to be studied in detail. In general, the different breeding materials
exhibit different release chacteristics which lead to different operating
requinnents for the blanket. The purpose of this portion of the R&D program is
to understand the phenomena involved in tritium release and recovery and to
then set the operating parameters for the breeder in the blanket. Both in-reactor
and out-of-reactor tests are needed to determine tritium behavior. The impact of
high tritium burnup (up to 10-15%) on release also needs to be investigated.

VI.43. Compatibility

The interactions of the solid breeder with the structure and beryllium
needs to be studied. These interactions under the expected temperature and
purge stream conditions of ITER will in part limit the operating temperatures of
the blanket. Because a neutron flux can accelerate these rections, some in-rector
testing will also be required.
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VI.4.4. Heat transfer and thermal hydraulics

Because of the need to operate the solid breeder within specified
temperature limits, it is important to detemine the ability to control the
temperature distribution in solid breeder blankets. The difficulty in maintaining
the correct distribution will vary from one design to another. In addition to the
short term control of temperature, it is necessary to demonstrate control over the
long term where radiation creep and swelling in the different materials could
change the dimensions of the blanket, and radiation could alter the
thermophysical properties of the solid breeders. In reactor tests of sub-modules,
similar to those proposed for the driver blanket R&D, will be useful in studying
thermalhydraulic? and heat transfer.

VI.5. NEUTRCNICS

Neutronics issues related to developing and confirming predictive
capabilities for tritium production, nuclear heat generation, induced radioactivity
and decay heat, and radiation streaming are crucial for the test program as well
as for the driver blanket and shielding of the basic machine. The ITER test
program requires R&D in at least three additional areas. First, the development
of measuring techniques that can operate in a high magnetic field and high
radiation field of the fusion environment is necessary. Second, there is a need to
develop a technique for extrapolating neutronics results from small size modules
to full size DEMO conditions. Third, experimental and analytical investigations
are necessary to investigate the effects of the boundary conditions of the modules
on the results of the neutronics measurements inside the r^odules.
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