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ABSTRACT

The breeding blanket with integrated first wall (FW) is the key nuclear component for power extraction,
tritium fuel sustainability, and radiation shielding in fusion reactors. The ITER device will address plasma
burn physics and plasma support technology, but it does not have a breeding blanket. Current activi-
ties to develop “roadmaps” for realizing fusion power recognize the blanket/FW as one of the principal
remaining challenges. Therefore, a central element of the current planning activities is focused on the
question: what are the research and major facilities required to develop the blanket/FW to a level which
enables the design, construction and successful operation of a fusion DEMO? The principal challenges in
the development of the blanket/FW are: (1) the Fusion Nuclear Environment - a multiple-field environ-
ment (neutrons, heat/particle fluxes, magnetic field, etc.) with high magnitudes and steep gradients and
transients; (2) Nuclear Heating in a large volume with sharp gradients - the nuclear heating drives most
blanket phenomena, but accurate simulation of this nuclear heating can be done only in a DT-plasma
based facility; and (3) Complex Configuration with blanket/first wall/divertor inside the vacuum vessel
- the consequence is low fault tolerance and long repair/replacement time.

These blanket/FW development challenges result in critical consequences: (a) non-fusion facilities
(laboratory experiments) need to be substantial to simulate multiple fields/multiple effects and must be
accompanied by extensive modeling; (b) results from non-fusion facilities will be limited and will not
fully resolve key technical issues. A DT-plasma based fusion nuclear science facility (FNSF) is required
to perform “multiple effects” and “integrated” experiments in the fusion nuclear environment; and (c)
the Reliability/Availability/Maintainability/Inspectability (RAMI) of fusion nuclear components is a major
challenge and is one of the primary reasons why the blanket/FW will pace fusion development toward a
DEMO.

This paper summarizes the top technical issues and elucidates the primary challenges in developing
the blanket/first wall and identifies the key R&D needs in non-fusion and fusion facilities on the path to
DEMO.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A fusion power reactor system consists of (1) burning plasma,
(2) plasma support system (magnets, plasma heating and current
drive, plasma fueling), (3) fusion nuclear core, and (4) balance of
plant. The fusion nuclear core, also called the plasma chamber, con-
sists of (a) the blanket with integrated first wall (FW), (b) divertor,
(c) elements of plasma heating, fueling, and vacuum pumping ducts
penetrating the blanket/FW, (d) radiation shield, and (e) vacuum
vessel. The blanket is the key nuclear component that achieves two
of the three principal functions of a fusion power system: power
extraction at high temperature and tritium breeding to ensure tri-
tium self-sufficiency. The ITER device will address plasma burn
physics and plasma support technology, but it does not have a
power-reactor relevant blanket (no tritium breeding, low temper-
ature, and non-relevant materials). ITER provides three ports for
testing six blanket modules. Although the test blanket modules
(TBM) program in ITER is very important it has a very limited
scope. Therefore, current activities to develop “roadmaps” for real-
izing fusion power recognize the blanket/FW as one of the principal
remaining challenges.

This paper focuses on the blanket for a Fusion Energy Demon-
stration Reactor, commonly called DEMO. In particular, the paper is
focused on the question: what are the research and major facilities
required to develop the blanket/FW to a level which enables the
design, construction and successful operation of a fusion DEMO? It
should be noted here that the first wall will always be integrated
with the blanket in any fusion power system (this is a conclusion of

many studies that we will not repeat here, see for example [1-3]).
Therefore, whenever we use the word “blanket,” we mean blanket
with integrated first wall. Sometimes we use the term “blanket/FW”
at points in the paper to especially reinforce this integrated nature.

Some notes are useful here to help the reader in studying
through this long paper and also in consulting related references.
The topic of blanket is a key part of the broader topic of Fusion
Nuclear Science and Technology (FNST) [3]. FNST is defined as
the science, engineering, technology and materials for the fusion
nuclear components that generate, control and utilize neutrons,
energetic particles & tritium. The primary fusion nuclear compo-
nents are the “in-vessel” components which represent the “core” of
afusion reactor immediately surrounding the plasma and are inside
the vacuum vessel: (1) blanket with integrated first wall, (2) plasma
facing components, which include the divertor, and those elements
of plasma heating, current drive, and fueling systems which pen-
etrate the blanket/FWFW and are exposed to the plasma, (3) bulk
radiation shield, and (4) the vacuum vessel. Other components of
FNST which are also affected by the fusion nuclear environment
are: (a) Tritium Fuel Cycle, (b) Instrumentation & Control Systems,
(c) Remote Maintenance Components, and (d) the primary Heat
Transport & Power Conversion Systems. The importance of FNST,
particularly the blanket was recognized from the early days of
fusion energy research in the early 1970s. Many design studies
were carried out in the 1970s in the US and from the 1980s until
now in US, EU, Russia, and Japan. More recently in the past several
years blanket studies have been carried out in China, S. Korea, and
India. Early in the 1980s, it was recognized in the US that the FNST,
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particularly the blanket is complex and its development requires
detailed investigation. The US carried out a pioneering study called
FINESSE? [4-12]. This was a major study which identified and char-
acterized the issues, and the requirements for experiments and
non-fusion and fusion facilities for all FNST. The study involved
experts from the aerospace and fission industry, experts on tech-
nology development, and strong participation by Japan and EU.
In addition to FINESSE, the US carried out in the early 1980s the
first world DEMO study [13-16], which provided the top-level per-
formance goals of FNST components used in FINESSE for technical
planning. The US also carried out in the early 1980s a Blanket Com-
parison and Selection Study (BCSS) [1,2] which narrowed the design
options for blankets based on technical criteria. EU carried out a
BCSS-type study [17] in the 1990s. EU, Japan, and Russia also car-
ried out DEMO studies [17-19] in the past 20 years. Europe carried
out power plant conceptual studies from 2002 to 2007 [20]. These
studies evaluated 5 models for commercial fusion power plants
based on 5 different blanket concepts: Water-cooled Lead-Lithium
(WCLL), Helium-cooled Pebble Beds (HCPB), Helium-cooled Lead-
Lithium (HCLL), Dual-coolant Lead-Lithium (DCLL), and Self-cooled
Lead-Lithium with SiC-composite as structural material. The first
four are also the candidate blanket concepts for the EU DEMO Plant
studies that were initiated in 2014 [21,22].

One of the most important results of FINESSE was identifying
the need for a plasma-based facility in which fusion nuclear compo-
nents can be tested in the fusion nuclear environment. The facility
was called Volumetric Neutron Source, VNS, and later called Com-
ponent Test Facility, CTF, and more recently called Fusion Nuclear
Science Facility (FNSF). An important international study was car-
ried out in 1994-1996 under the auspices of IEA to study the FNST
issues and needs particularly for FNSF-type facility [3].

Looking at FNST, particularly the blanket, studies of the past 40
years, it is clear that extensive Technical Planning Studies were
carried out to identify issues as well as define modeling, exper-
iments and facilities required for blanket R&D. Major R&D Tasks
were defined, and far-sighted Roadmaps were identified. The major
problem is that funds did not come and the well-thought-out
R&D plans of the 1980s and early 1990s were not fully imple-
mented. While the blanket program broadened to other countries
(e.g. China, Korea, and India), which is positive, the major blan-
ket programs have been seriously limited in funding, and hence
in R&D capabilities. The authors of this paper are concerned that
blanket researchers, many are new and young, may think that just
continuation of current programs is sufficient to develop blankets
for DEMO. Therefore a primary objective of this paper is to illumi-
nate the many extensive and challenging blanket R&D tasks still
required on the path to DEMO, with emphasis on the near- to
mid-term.

Some important notes about the objectives and scope of this
paper are in order. There are two principal objectives of this paper.
The first is to explain the major technical challenges in developing
the blanket/FW and the second is to define the R&D required on the
pathway to DEMO in terms of major technical features and capabil-
ities of models and experimental facilities. In this paper we are not
spending much time to explain the technical issues of each blan-
ket concept. Rather, we are focused much more on analysis of the
technical challenges created by the complex fusion nuclear envi-
ronment and the multiple functions of the blanket/FW that make
it very difficult to define modeling activities and laboratory facili-
ties to adequately investigate and resolve the blanket/FW issues. In
other words, our analysis of the technical challenges helps define
the major “drivers” of the R&D. We utilize the results of this analysis

2 See also for other FINESSE papers and reports (all can be found on the web site
http://www.fusion.ucla.edu/).

Fig. 1. Self-cooled lithium/vanadium blanket (poloidal/toroidal flow) [2].

to derive important technical requirements on R&D facilities and
modeling development. We then define a scientific framework for
the development of the blanket/FW that consists of modeling and
a sequence of laboratory facilities and plasma-based facility.

This paper does not attempt to cover certain topics. For example:
(1) the scope of the paper does not include survey or comparison
of blanket concepts or designs. Some designs for the Solid Breeder
and Liquid Metal classes of concepts are briefly presented as an aid
in identifying and quantifying the technical issues and R&D chal-
lenges, (2) the scope of this paper does not include detailing the
history of blanket development. Only quick and brief statements
were made earlier in this introduction about major national and
international activities that had direct impact on planning the R&D
for DEMO and are related to the scope of this paper, and (3) the
scope of this paper does not include describing previous R&D or
ongoing research activities. These can be found in the large vol-
ume of literature in scholarly journals and proceedings of numerous
international conferences.

Section 2 briefly summarizes the DEMO definition and the cur-
rent primary world blanket/FW concepts for this device. Section
3 describes the key technical issues of the blanket. The challenges
in developing blankets and the implications for the R&D pathway
are addressed in Section 4. A Science-Based Framework for fusion
nuclear technology R&D is discussed in Section 5 and key R&D needs
in non-fusion facilities are described in Section 6. Finally, required
R&D in integrated plasma-based fusion facilities are described in
Section 7, followed by final concluding remarks in Section 8.

2. DEMO definition and primary world blanket concepts

In this section we briefly define the “DEMO” as commonly
understood in the world fusion program. We also highlight the prin-
cipal features of liquid and solid breeder blanket concepts currently
being pursued worldwide.

2.1. Definition of DEMO

World fusion programs have defined the successful construction
and operation of a Fusion Demonstration Power Plant (DEMO) as
the last step before commercialization of fusion - i.e. DEMO must
provide energy producers with the confidence to investin commer-
cial fusion. It is anticipated that several such fusion demonstration
devices will be built around the world. The first world study of
fusion DEMO [13-16] investigated the goal of the DEMO and devel-
oped a consensus among utilities, industry, and fusion researchers
on a set of objectives. A US panel [23] on plans for DEMO further
refined these objectives. EU, Japan, Russia and other countries also
examined the objectives of DEMO (see for example [17-22,24]).
There are variations in Plans of World Fusion Programs as to when
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Table 1
Top level goals for the fusion DEMO.

Demonstrate tritium self-sufficiency and a closed tritium fuel cycle
Demonstrate simultaneous power extraction at high temperature and
efficient tritium extraction and control
Demonstrate attractive safety and environmental impact:
o No evacuation plan required
o Only low-level radioactive waste
o No disturbance of the public’s day-to-day activities
o No worker risk or exposure higher than other power plants
Demonstrate acceptable
Reliability/Maintainability/Availability/Inspectability (RAMI):
« Remote maintenance of fusion core with acceptable repair/replacement
time
e Routine operation with minimum number of unscheduled shutdowns
per year
o Ultimately achieve an availability >50% and extrapolate to commercially
practical levels
Demonstrate potential for economic competitiveness

DEMO will be built and also as to the goals and requirements for the
early phase of DEMO operation. But there is agreement that DEMO
must ultimately demonstrate the commercial practicality of fusion
power. There is also agreement on the top level goals for DEMO
summarized in Table 1.

2.2. Brief summary of world blanket concepts

Many blanket concepts have been proposed worldwide over the
past 40 years using different combinations of materials and prin-
ciples of operation. Here we will highlight only the key blanket
concepts currently being pursued in the major fusion programs.
These can be classified as: (a) liquid metal concepts, (b) ceramic
breeder concepts, and (c) other concepts such as molten salts.

2.2.1. Liquid metal blanket concepts

Lithium-containing liquid metals (LMs), are used for breed-
ing materials in blanket applications with pure lithium (Li) and
the eutectic lead-lithium alloy (PbLi), as the primary candidates.
In “self-cooled” concepts, the same LM is used as both breeder
and coolant. In “separately-cooled” concepts, another liquid or
gas, e.g. helium or water, is used as the coolant while the LM
is slowly circulated only for tritium extraction external to the
fusion reactor core. Such LMs can provide sufficient tritium breed-
ing ratio and have high thermal conductivity (~10' W/mK) and
low viscosity (~10~7 m2/s) that make them very favorable for heat
removal. PbLi is considered by many researchers as a more attrac-
tive breeder/coolant option than pure Li due to its lower chemical
reactivity with water, air and concrete, but PbLi is more corrosive
and has higher density and more undesirable activation products.
During recent decades, a handful of LM blanket concepts were pro-
posed and intensively studied worldwide, including self-cooled,
separately-cooled and dual-coolant blankets. Each LM blanket con-
cept has its own advantages with regard to its thermal efficiency,
design simplicity, cost and safety, and each also has specific fea-
sibility issues. A significant advantage of LM blankets over the
solid breeder designs is potentially higher power density and much
reduced susceptibility to radiation damage. All LM blanket concepts
have, however, feasibility issues associated with magnetohydro-
dynamic (MHD) interactions between the flowing high electrical
conductivity LM (~10%S/m) and a strong plasma-confining mag-
netic field. An important MHD issue is the high MHD pressure drop
in the blanket module caused by the electric currents induced in
the flowing liquid and the associated strong flow-opposing elec-
tromagnetic Lorentz force. Historically self-cooled blanket concepts
were the first to be considered. Self-cooled concepts have poten-
tial for simplifying the blanket design significantly. But studies
found that the high velocity needed to cool the first wall resulted

in untenable MHD effects such as large pressure drop. The high
magnetohydrodynamic (MHD) pressure drop required at high flow
rates resulted in pressure stresses exceeding the allowable struc-
tural material limits. Electric insulators for the first wall region (e.g.
coatings) have not been successfully developed. To solve the MHD
problem the separately-cooled blankets were proposed, where the
LM serves only as a breeder material while all the surface and vol-
umetric heat is removed by a coolant like water or helium (He)
gas. The separately-cooled blanket concept suffers from low coolant
exit temperature dictated by the maximum allowable temperature
of the structural material. Also, the concept still suffers from some
MHD effects due to magnetic field transients and the need to cir-
culate the liquid metal for tritium recovery. A combination of both
ideas led to proposing the dual-coolant blanket concept, where the
surface heat flux on the first wall is removed by a He coolant, while
the liquid metal is used for “self-cooling” in the breeder zone. Typ-
ical examples that illustrate these three LM blanket concepts are
briefly described below.

2.2.1.1. Self-cooled liquid metal blankets. One of the examples of the
self-cooled class of blankets is the US self-cooled lithium blanket
with the vanadium alloy as the structural material [1,2]. Although
this concept was ranked highest by the Blanket Comparison and
Selection Study (BCSS) in the US [2], its further development was
suspended due to low tolerance of insulating coatings to cracks
and other insulation defects that are likely to occur and give raise
to unacceptably high MHD pressure drop [25,26]. Mainly because
of this reason, almost no considerations are given to this concept
nowadays. In this design (Fig. 1), a toroidal-poloidal configuration
is maintained to minimize the MHD pressure drop and to provide
high heat flux removal capabilities at the same time. The design
is composed of slightly slanted poloidal manifolds and relatively
small toroidal channels. The toroidal channels are exposed to both
the surface heat flux and volumetric nuclear heating. The poloidal
manifold is protected by the toroidal channels both thermally from
the surface heat flux and structurally from radiation damage. A
large cross-sectional area is maintained for the poloidal manifold to
keep the velocity low to reduce the MHD pressure drop. Although
the toroidal flows do not create significant MHD pressure drops,
large pressure losses occur when the liquid changes its direction
from toroidal to poloidal. As a result, the overall pressure drop may
exceed the nominal pressure drop limit of 2 MPa. As a means of
reducing the MHD pressure drop, thin insulating coatings were
proposed but, as mentioned above, their ability to tolerate small
defects in the insulation is still questionable.

There were other self-cooled blankets using PbLi as
breeder/coolant and SiC composites as structural materials,
for example the TAURO concept in France [27], the Model D in
the EUPPCS [20], and the ARIES-AT concept in the US [28]. These
concepts have not been further pursued because the successful
development of SiC as structural material in the fusion nuclear
environment is not likely prior to the first generation of fusion
power plants.

2.2.1.2. Separately-cooled liquid-metal blankets. An example of the
separately-cooled blanket concept is a helium-cooled lead-lithium
(HCLL) blanket. In the EU, the HCLL blanket is considered as a
possible design option for applications in fusion power reactors.
This concept relies on available structural materials and fabrication
techniques. That is why it was chosen as the European reference
design for a LM blanket to be tested in ITER [29]. In the HCLL, PbLi
serves exclusively as a breeder material while the entire thermal
power released in the blanket is removed by a helium cooling
system. Therefore, from a thermal point of view, there is no LM
flow required for heat transfer. Only a weak flow is needed for a
slow (0.1-1 mmy/s) circulation of the breeder toward the external
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a

ﬁ PbLi
outlet

Fig. 2. EU HCLL blanket: (a) general view, (b) PbLi flow path [29].

ancillary system for tritium extraction and LM purification. A
sketch of the HCLL blanket is shown in Fig. 2.

The HCLL blanket module is subdivided by a helium cooled stiff-
ening grid into an array of rectangular breeder units (BUs). Each
of them is supplied with a number of cooling plates for efficient
heat removal. Since the liquid-metal velocity in BUs is very small,
the interaction of the electrically conducting PbLi with the plasma-
confining magnetic field is weak and MHD pressure drop in BUs is
not an issue. However, in a blanket module, as foreseen for ITER
and for a DEMO reactor, a number of BUs is combined in columns
and fed by a single system of pipes and manifolds. In these compo-
nents, velocities may reach considerable values, so that MHD effects
become important and cannot be ignored any longer [30]. Tritium
permeation from PbLi into He flows is a serious safety issue for the
HCLL blanket. Thus, it has to be ensured that all BUs have the same
PbLi mass flow rates and no stagnant flow regions are formed to
avoid high tritium losses into the He streams.

2.2.1.3. Dual-coolant lead-lithium blanket. The dual-coolant lead-
lithium (DCLL) blanket concept promises a solution toward a high-
temperature, high-efficiency blanket while using temperature-
limited reduced-activation ferritic-martensitic (RAFM) steel as
structural material [31]. In this concept, a high-temperature PbLi
alloy flows slowly (velocity ~10cmy/s) in large poloidal rectangu-
lar ducts (duct size ~20cm) to remove the volumetric heat and
produce tritium, while the pressurized He (typically to 8 MPa) is
used to remove the surface heat flux and to cool the ferritic first

He-cooled

First Wall

Tritium Breeder
Li;TiO3 (< 2 mm)

First Wall
(RAFS, F82H)

Fig. 4. Water cooled ceramic breeder blanket concept proposed by Japan [38].

wall and other blanket structures to <550 °C. A few millimeter thick
low-conductivity flow channel insert (FCI) is used for electrical and
thermal insulation (Fig. 4). Electrical insulation is needed because
of MHD effects even at low liquid metal flow velocity. Thermal
insulation is needed to thermally insulate the high-temperature
self-cooled PbLi (which operates at ~550-700°C depending on
the variant of the design) and the lower operating temperature of

Fig. 3. Sketch of a DCLL blanket design, including a poloidal duct with SiC FCI and He and PbLi flows.
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Fig. 5. Helium cooled ceramic breeder pebble bed blanket concept proposed by EU [39].

ferritic steel (which is kept <550°C because of radiation damage
considerations).

Several variants of the DCLL blanket have been considered in
Europe [32], US [33] and China [34]. Historically, the first DCLL
blanket, known as a low-temperature (LT) DCLL blanket [35], relies
on qualified materials and existing fabrication technologies that
can be used to manufacture a sandwich-type (e.g., ferritic steel-
alumina-ferritic steel) FCI as a means for electrical insulation. The

low activation ferritic steel in the sandwich FCI is the same as the
structural material and hence its database and confidence in per-
formance is good. The irradiation behavior of Alumina is still being
evaluated (Fig. 3).

In the next-step high-temperature (HT) DCLL blanket, the fer-
ritic steel first wall and blanket structure is still kept <550°C by
the use of helium cooling, but PbLi operates at much higher tem-
perature. An FCI made of silicon carbide (SiC), either composite or
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foam, is proposed as a means for electrical and also thermal insu-
lation to provide acceptable MHD pressure drops and to achieve
high PbLi exit temperature of ~700°C (i.e. ~200°C higher than
the maximum allowable temperature at the PbLi/RAFM interface
and 150°C higher than the maximum allowable first wall tem-
perature) and, ultimately, to provide high thermal efficiency of
about 45% (as opposed to about 470°C and 34% in the LT con-
cept). However, relatively low thermal conductivity of ferritic steels
may limit the design window with regard to potential increase
in neutron wall loading. Utilization of a high-temperature BRAY-
TON power conversion cycle is proposed to avoid the potential of
PbLi-water interaction in the Rankine power conversion system
[36]. In practice, utilization of SiC as a functional blanket material
requires substantial R&D efforts in both qualification of its thermo-
physical/thermo-mechanical responses to neutron irradiation and
high temperature, and development of fabrication technologies for
manufacturing complex shape FCIs. It also requires detailed studies
of fluid materials (PbLi-SiC/RAFM steel) interactions in the presence
of a strong (4-12T) magnetic field and volumetric heating. Such
studies are underway in the US and worldwide as described in [37]
and also summarized in this article in the subsequent sections.

2.2.2. Solid breeder blanket concepts

A typical solid breeder design consists of a number of breeder
units placed in alternating fashion with a beryllium multiplier layer
inserted in between with the configuration optimized for a better
tritium breeding performance and heat removal. The breeder unit
with ceramic breeders in the form of pebbles contained between
parallel cooling plates operates at a temperature window based on
considerations for enhancing tritium release and avoiding thermal
and radiation-induced sintering. Helium is the primary choice as
a coolant in most of the world ceramic breeder blankets concepts.
Japan proposes using pressurized water or supercritical water for
ceramic breeder blankets. The Japanese layered pebble bed type
ceramic breeding blanket with water cooling is shown in Fig. 4
[38]. Water-cooled blankets in DEMO fusion reactors have been
proposed because of the existing expertise in power generation
using water coolants in BWR or PWR. The crucial issues in using
water coolant in ceramic breeder blankets are: (a) potential for
water-beryllium interaction, (b) temperature of structure becomes
too low for ferritic steels that require minimum operating temper-
ature above 350°C to avoid embrittlement, and (c) typical power
plant efficiency in PWR is <35%. It should be noted that the primary
blanket concepts we address in this paper for both liquid metal
and ceramic breeder blankets do not include water cooling. Hence,
no detailed analysis of the issues, problems, and merits of water
cooling is provided in this paper.

In the layer configuration with the ceramic breeder, cooling
plates and beryllium multiplier in parallel to the first wall, there
is the flexibility of varying breeder zone thicknesses and compo-
sitions in different zones to allow for the exponential decrease in
heat generation in the radial direction while maintaining the solid
breeder at an acceptable temperature. In the column or edge-on
configuration, where both beryllium and breeder beds are placed
perpendicular to the FW facing the plasma region, the coolant man-
ifold is located at the back having an advantage of locating the welds
away from the high irradiation zone. The HCPB design by EU [39],
as shown in Fig. 5, using helium gas as a coolant can be classified
as the edge-on configuration. With the aim to reduce the amount
of beryllium multiplier in the blankets, neutron reflector materi-
als such as graphite pebbles are being considered, which results
in the HCCR (helium-cooled ceramic breeder graphite reflector)
concept as proposed by Korea [40]. In all design configurations,
the breeding zones are housed behind a reduced activation ferritic
steel (RAFS) U-shaped FW, the two remaining sides being closed
by cooled cap/side plates, forming a structural box. In the EU’s

design, the structural box is further strengthened by radial-toroidal
stiffening grid plates welded into the box.

In EU’s design, helium coolant passes the major blanket parts in
series: the First pass is through the U-shape First Wall/side walls,
the Second pass includes 75% of helium to the stiffening grid plates
and 25% to the caps running in parallel, and the Third passes are
over breeder units cooling plates. The manifolding between these
passes is contained within the back wall’s three manifolding spaces
between back plate and closure plate. In all designs, tritium gen-
erated in the ceramic pebble bed is removed by a dedicated low
pressure helium purge gas stream connected to the tritium extrac-
tion system.

A ceramic breeder blanket as it is proposed for DEMO requires
a neutron multiplier such as Beryllium (Be) to ensure sufficient
tritium breeding to meet the tritium fuel self-sufficiency goal
for fusion reactors. Be has been known to swell under neu-
tron irradiation due to the internal production of helium and
tritium. Irradiation induced volumetric swelling can be as high
as 16% at an irradiated temperature of 650°C [41], the desired
operational temperature to permit tritium release and decrease
tritium inventory. Such a significant amount of volume increase
can pose threats to the neighboring ceramic breeders by imposing
additional external compressive load to the ceramic breeder peb-
ble beds, which might worsen the dimensional stability of ceramic
breeder pebbles. Thus, from the point of view of ceramic breeder/Be
material system thermomechanics, this high swelling phenomenon
is undesired. In contrary, it is desired to operate at higher
temperatures in order to reduce tritium inventory. A solution to
this issue is the use of intermetallic beryllium such as Be1;Ti, which
has a higher melting temperature, a lower chemical reactivity with
water, a lower swelling as compared to the pure beryllium, and a
lower tritium retention [42]. Upon the successful development of
plasma-assisted sintered beryllide rod [43] for use in the rotating
electrode method for titanium beryllide pebble production, tita-
nium beryllide is a promising potential replacement to pure Be as
a neutron multiplier for ceramic breeder blankets for DEMO. It has
already been shown in recent irradiation data from HIDOBE-1 and
HIDOBE-2 [44] that helium production that at high temperature
such as 750°C titanium beryllide has significantly less volumetric
swelling of 12% as compared to about 22% of the pure Be at 30% of
the DEMO End-of-Life [41].

One possibility to enhance tritium breeding and overcome the
low power density capability resulting from the low thermal con-
ductivity of ceramic breeders is to mix the neutron multiplier with
the ceramic breeder. This possibility is not feasible with Be, but
appears more practical with Be1,Ti because of its high operating
temperature capabilities and more resistance to oxidation.

The material form of ceramic breeder and beryllium can be
either pebble beds as we showed above or can be in block forms. The
sintered block for was considered for ceramic breeder and beryl-
lium and adopted in solid breeder blanket designs in the 1970s
and 1980s, for example in ANL-DEMO [45], BCSS [1], ITER CDA
[46]. Analysis and experiments on block (including cellular) form
showed: (1) interface thermal conductance between the block and
the structural wall is a serious problem because of potentially large
temperature drop across the gap at the interface and difficulties in
predictability and control and (2) thermal stress cracking reduces
effective thermal conductivity and leads to physical integrity con-
cerns [47]. Therefore, the pebble bed form was later considered
as superior to the block form. Ceramic breeder spheres have sev-
eral advantages for fusion blankets including: (1) simpler assembly
of breeder into regions of complex geometry without needing
many uniquely shaped parts; (2) uniform, stable pore network for
purge-gas transport; and (3) no thermal stress cracking because
the thermal gradient across each sphere is small [48]. These advan-
tages have led to adopting pebble bed configurations in recent solid
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Fig. 6. View of a self-cooled molten salt blanket [51].

breeder blanket designs and developments as seen for example in
ITER TBMs [49] and DEMO [50] designs. This paper only addresses
R&D issues associated with the pebble bed configurations; however
this does not exclude considerations of more advanced block forms
of materials if such material development is shown to have merits.

It should be noted that practically all He-cooled blankets suffer
from an important issue. The large number of very small coolant
channels (typically 4 mm by 4 mm) in the large number of coolant
plates causes high pressure drop (impact on net efficiency) and is
a challenge for obtaining high reliability.

2.2.3. Other concepts

In the recent past in the US [51] and even currently in other
counties, especially Japan [52], there is an interest in the use of
lithium containing molten salts as a breeder material and coolant.
The main motivation for this is the low electrical conductivity of
molten salts when compared to liquid metals, which eliminates
MHD pressure drop and flow control concerns, leading to low oper-
ating pressures. Typical salts, such as combinations of F-Li-Be and
F-Li-Na-Be, also are relatively inert in contact with water and air.
The main disadvantages include high viscosity and high melting
point and therefore small operating temperature window given the
upper limit on current structural steels. Molten salts also have ques-
tionable breeding requiring the addition of extra Be, and corrosion
concerns during irradiation where highly aggressive free fluorine is
liberated. Both self-cooled and dual coolant blanket concepts have
been developed, and example of a self-cooled design is shown in
Fig. 6.

Another recent blanket concept advanced by India, and being
pursued jointly for test blanket development for ITER by India and
Russia [53] is the combined use of PbLi as a coolant and solid
ceramic breeder. The goals of such a combination are to achieve
high breeding without the use of hazardous Be present in most
ceramic breeder blanket concepts, and the ability to control online
breeding rates by adjusting the Li6 concentration in the flowing
PbLi. The disadvantages are that the concept inherits the feasibility
issues of both ceramic breeder and liquid metal designs including
MHD and tritium control and release issues. The complexity of the
system is also increased by the use of both types of breeder. The
design of the Indian TBM shown in Fig. 7 is a dual coolant type
concept with helium cooling the FW and box structure.

3. Key technical issues

This section highlights the key technical issues for blanket and
associated tritium systems. The intention here is not to provide
a detailed description of all technical issues. Rather it is intended
to highlight only the key feasibility and attractiveness issues that
substantially influence the required R&D.

Fig. 7. Indian PbLi ceramic breeder TBM cutaway view. 1. Be-armor; 2. FW; 3. Inter-
duct partition of eutectic downward flowing zone; 4. Ducts of eutectic downward
flowing zone; 5. Partition of eutectic flowing zones; 6. Ducts of eutectic upward
flowing zone; 7. Partition of eutectic upward flowing zone and inlet header of He-
coolant; 8. Partition of He-coolant headers; 9. Back plate of TBM casing; 10. Flexible
support; 11. Outlet branch-pipe of He-coolant; 12. Shear key; 13. Stiffness ribs of
He-coolant headers; 14. Inter-duct partition of eutectic upward flowing zone; 15.
Canisters with ceramic breeder [53].

3.1. Tritium self-sufficiency

Tritium is a dominant consideration in the development and
operation of D-T fusion plants. It must be generated in suf-
ficient quantities and extracted efficiently to ensure tritium
self-sufficiency. Because tritium is a safety and biological hazard,
its transport and permeation must be controlled.

The tritium self-sufficiency condition can be stated as:

TBR; > TBR¢

where TBR; is the achievable tritium breeding ratio and TBR; is
the required tritium breeding ratio. Both are complex functions
of plasma physics, materials, and technology choices and operat-
ing parameters. This critical topic has been addressed in several
publications, e.g. [54-57].

The required TBR must exceed unity by a margin to

(1) Compensate for losses and radioactive decay (5.47% per year)
of tritium between production and use.

(2) Supply tritium inventory for start-up of other reactors (for a
specified doubling time).

(3) Provide a “reserve” storage inventory necessary for continued
reactor operation under certain conditions (e.g. a failure in a
tritium processing line).

To accurately determine the required TBR, Abdou et al.
[54,55,57] developed a dynamic model to calculate time-
dependent tritium flow rates and inventories and required TBR.
Because tritium decays in a relatively short time (half life is 12.3
years), itis essential to accurately calculate the time-dependent tri-
tium inventories and flow rates throughout the system. Fig. 8 shows
a simplified schematic of the tritium fuel cycle. The main subsys-
tems with significant tritium inventories are plasma exhaust and
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Fig. 8. Simplified schematic of the tritium fuel cycle.

Table 2
Key parameters affecting tritium inventories, and hence, required TBR.

1. Tritium burnup fraction in the plasma (f;)

2. Fueling efficiency (7y) fraction of injected fuel that enters the plasma

3. Time(s) required for tritium processing of various tritium-containing
streams (e.g. plasma exhaust, tritium-extraction fluids from the blanket),
tp

4. “Reserve Time”, i.e. period of tritium supply kept in “reserve” storage to
keep plasma and plant operational in case of any malfunction in a part of
any tritium processing system (q is fraction failed)

5. Parameters and conditions that lead to significant “trapped” inventories in
reactor components (e.g. in divertor, FW, blanket)

6. Inefficiencies (fraction of T not usefully recoverable) in various tritium
processing schemes, &

7. Doubling time for fusion power plants (time to accumulate surplus tritium
inventory sufficient to start another power plant)

vacuum pumping, first wall (FW), blanket, plasma-facing compo-
nents (PFC), fuel clean-up, isotope separation, fueling, and storage.
Prior studies (e.g. [54-57]) have shown that the required TBR
depends on many physics and technology parameters of the fusion
system. Table 2 shows the key parameters affecting tritium inven-
tories, and hence, the required TBR.

Note that large tritium inventories present two problems: an
increase in the required TBR to account for radioactive decay and an
increase in the safety risks associated with mobilization and stor-
age. A special issue is the “startup tritium inventory,” also called
“initial inventory,” which is the inventory that must be supplied to a
fusion plant at the beginning of its operation. The startup inventory
is necessary because there is a time lag between tritium production
and use and because of the initial build-up of tritium inventories
in various components. However, a large “startup inventory” rep-
resents a problem since there is no practical external source of
tritium, and the cost of producing it in fission reactors or acceler-
ators is prohibitive. Fig. 9 shows that the “startup” (initial) tritium
inventory depends strongly on the tritium burnup fraction in the
plasma, tritium fueling efficiency, and tritium processing time, tp,
in the plasma exhaust system (time to go through the vacuum
pumping, impurity separation, Isotope Separation System (ISS), fuel
fabrication and injection). Low burnup fraction, low fueling effi-
ciency, and long t, result in unacceptably large tritium inventory.

Fig. 10 shows the required TBR as a function of the prod-
uct of the burnup fraction and fueling efficiency. The results are
shown for various values of the tritium processing times. For bur-
nup fraction x fueling efficiency of >3% and processing time of 6 h,
the required TBR is ~1.04. But for burnup fraction x fueling effi-
ciency significantly <1%, the required TBR increases rapidly for
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Fig. 9. Variation of startup (initial) tritium inventory with the product of tritium
burnup fraction and fueling efficiency, for various values of the tritium processing
times. Results are shown for doubling time of 5 years and the following reference
values: fusion power=3000 MW, reserve time for outage times the fraction of tri-
tium plant failing = 0.25 day, inefficiency, € = 0.01%, blanket mean residence time =10
days.

lower burnup fraction and depends strongly on the processing time
and increases from 1.05 for burnup fraction x fueling efficiency of
~1% and fast processing time of 1 h to values >1.2 for burnup frac-
tion x fueling efficiency of <0.3% and processing time >6h. Note
that these numbers were derived for continuous operation of the
power plant. If the plant availability factor is low and/or the plasma
is highly pulsed with short pulse length, the required TBR will
increase because of radioactive decay of tritium during the plant
and plasma downtimes.

It is informative to briefly state the current state-of-the-art of
these key parameters. The most difficult and most uncertain param-
eter to assess is the burnup fraction [57,58]. This parameter relates
to the probability that a tritium atom injected into the plasma will
undergo a D-T fusion reaction before it escapes from the plasma.
Reactor studies in the past assumed very extensive recycling from
the plasma edge, which leads to relatively high burnup fraction.
But recent results show the ineffectiveness of gas fueling [59] and
cast doubt on the validity of high edge recycling. In this case, the
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burnup fraction is very low and is predicted for ITER conditions to
be in the range of 0.3-0.5% [58]. Results on fueling studies in cur-
rent plasma experiments show [59,60] that the fueling efficiency is
~5% for gas puffing, 50% for pellet fueling on the low magnetic field
side, and 90% for pellet fueling on the high-magnetic field side. The
tritium processing time, t,, in the plasma exhaust system is a func-
tion of the technology of the tritium processing system. In 1986,
the Tritium Test Assembly (TSTA) [61] demonstrated a processing
time of 24 h. However, ITER is advancing the technology of tritium
processing [62] and is aiming to reduce the processing time to as
short as one hour.

To determine the “window” for achieving tritium self-
sufficiency requires addressing the question of the achievable TBR,
i.e. the actual TBR that can be produced in a practical blanket sys-
tem. The achievable TBR is obviously a function of material and
design choices for the blanket and FW. But the achievable TBR also
depends on other plasma chamber components, e.g. divertor, and
on the physics requirements and operating conditions such as the
presence of stabilizing shells and conducting coils for plasma con-
trol and attaining advanced plasma physics modes and the size and
materials used in plasma fueling, heating, current drive and plasma
exhaust components that share space with the blanket/FW. The
achievable TBR also depends on the confinement scheme, primar-
ily due to the impact on breeding blanket coverage and possible
limitation on blanket thickness. For example, in a small aspect ratio
tokamak such as the Spherical Torus there is practically no or little
space on the inboard region to add a thick blanket for breeding and
the TBR is smaller than that obtainable in tokamaks with standard
aspect ratio of ~3. Calculation of the achievable TBR must be based
on a detailed 3D model that accounts for all materials, configura-
tions, and heterogeneity details in the most complete engineering
description of the blanket.

There are uncertainties in calculating the achievable details.
These uncertainties are due to: (1) uncertainties in system defini-
tion (e.g. precise thickness of first wall to handle all steady state and
transient heat loads from plasma particles and radiation), (2) uncer-
tainties in modeling (e.g. modeling all heterogeneity and geometric
details of the materials and configuration), and (3) uncertainties in
nuclear data and codes.

Abdou et al. [54] investigated the sources of these uncertainties
and methods to quantify them, and also proposed a sophisticated

“statistical” approach to estimate the range of “total uncertainties”
in calculating the achievable TBR when all the effects of different
uncertainties are combined. Reference [56] quantified the different
uncertainties in more recent designs, codes, and data and estimated
the achievable TBR. Based on this prior work, the best estimate of
the achievable TBR for the most detailed blanket system designs
available is 1.15. There is uncertainty of ~10% between integral
experiments and calculations [56,63] that cannot be resolved until
we build and operate a practical blanket system.

In Fig. 10, the achievable TBR line of 1.15 is shown. Also shown
is the line of 1.05 to account for an uncertainty, A, of ~10% as illus-
trated in the figure. The window for tritium self-sufficiency is the
region colored “green” in which the required TBR is less than the
achievable TBR. From a statistical uncertainty analysis viewpoint,
the probability of achieving tritium self-sufficiency is higher for
lower values of required TBR.

The importance of the above analysis is to drive recommenda-
tions for physics and technology R&D. Example of key goals for
R&D should be to achieve: T burnup fraction (f,) x fueling effi-
ciency (7y) 2, 5% (not less than 2%) and T processing time (in plasma
exhaust/fueling cycle) <6 h.

3.2. MHD thermofluid and fluid materials interactions

In spite of their attractiveness, liquid-metal blankets have
several feasibility issues associated with the nature of lithium-
containing liquids. The key issues are related to:

- high chemical reactivity;

- strong interaction of the flowing breeder/coolant with the
plasma-confining magnetic field resulting in magnetohydrody-
namic (MHD) effects;

- tritium transport, including tritium permeation, extraction and
control;

- corrosion, transport of activated corrosion products and their
deposition in the cold section of the liquid breeder loop.

All these processes are in fact interrelated, primarily due to a
strong impact of the magnetic field on the velocity distribution in
the flowing liquid.
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The MHD effects appear when an electrically conducting fluid
moves through the strong magnetic field used to confine the plasma
[64]. Such a flow induces an electromagnetic Lorentz force that
dominates over inertial and viscous forces by 4-5 orders of magni-
tude and creates strong drag resulting in MHD pressure drop in all
blanket flows, including poloidal, radial and toroidal ducts, mani-
folds, turns, expansions, contractions, etc. The MHD effects affecting
flow distribution and stability as well as the coupled heat and mass
transfer have a profound impact on the blanket performance, oper-
ation and safety, which can be either positive or negative depending
on the specific issue. In fact, MHD and heat/mass transfer consid-
erations (hereinafter called “MHD thermofluid and fluid materials
interaction”) are primary drivers of any liquid-metal (LM) blanket
design. A better understanding and prediction of MHD and other
coupled effects during normal blanket operation and off-normal
conditions is necessary to resolve the critical issues and improve
the performance of LM blanket systems.

For last decades, LM blankets were designed using simplified
models based on limited experimental data, starting from a slug-
flow approximation, followed by a more advanced “core flow”
approach [65]. The associated R&D studies were mostly focusing
on prediction of the MHD pressure drop in typical blanket con-
figurations. Among common concerns of LM blankets, reduction
of MHD pressure drop still remains one of the most important
issues, stimulating new ideas and efforts on decoupling the elec-
trically conducting wall from the fluid. However, there are many
important considerations beyond the MHD pressure drop pre-
dictions that have not been uncovered yet. Therefore current
studies [30] are focusing more on the detailed structure of MHD
flows, including various 3D and unsteady effects associated with
buoyancy-driven convection, flow instability, and MHD turbulence
(Fig. 11). These complex MHD processes can affect transport prop-
erties of MHD flows in a drastic way and have a profound impact
on blanket performance. In spite of significant success in advanc-
ing our knowledge of blanket flows over the last two decades, the
MHD thermofluid and fluid materials interaction phenomena in
blanket-relevant conditions are not fully understood yet. For exam-
ple, mass transport in liquid-metal blankets (e.g. in DCLL or HCLL
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Fig. 11. Hartmann-Reynolds number diagram can be used to predict flow regimes
in liquid-breeder blankets. In the lower, middle and upper areas on the diagram,
blanket flows are expected to be laminar, Q2D turbulent and 3D turbulent, corre-
spondingly. Shown in the figure are the values for including HCLL (ITER TBM), DCLL
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blankets), including tritium permeation into helium streams and
corrosion/deposition processes, is closely coupled with MHD flows
and heat transfer, requiring much better knowledge of MHD flows
compared to relatively simple pressure drop predictions.

The MHD flows of conducting fluids under blanket conditions,
particularly the velocity field and the induced electric current dis-
tribution, are rigorously described with the set of Navier-Stokes
and Maxwell equations. However, in order to address transport
processes in the flowing breeder/coolant, such as tritium trans-
port/permeation and corrosion/redeposition, the MHD equations
need to be coupled to the equations for heat and mass transport
that describe temperature and concentration fields. The governing
MHD equations are often written in the inductionless approxima-
tion, i.e. the magnetic field is considered as given, without being
affected by the fluid flow (see, e.g., [64] for details). In particular,
the momentum equation takes the following form

0

g‘tl+(v~V)v} =—Vp+pvV2v+jxB+f. (1)

Here, v, B, j, p, and t are the fluid velocity, applied magnetic field,
electric current density, pressure, and time, whereas p denotes the
density, v the kinematic viscosity, and o the electrical conductivity
of the liquid metal. Frequently, variables in Eq. (1) are expressed in
dimensionless form by using characteristic scales: Uy for velocity,
By for magnetic field, and L as a length scale. In such a formulation,
the balance of momentum is fully characterized by two dimen-
sionless groups. One is the Hartmann number Ha = LBy+/0/vp,
the square of which represents the ratio of electromagnetic to
viscous forces. The other is the hydrodynamic Reynolds number
Re=(UpL)/v, which measures the ratio of inertial to viscous forces.
Their combinations, such as the interaction parameter or Stuart num-
ber N=Ha?/Re and the parameter R=Re/Ha are also used in various
studies to characterize inertial effects, including the onset of MHD
instabilities, turbulence, and the impact of inertia on MHD pressure
drop. The term f on the right-hand side of the momentum equa-
tion denotes a volumetric force different from the electromagnetic
one, which typically represents the gravitational force. For appli-
cations in fusion with variations of the fluid density due to strong
temperature gradients, f stands for the buoyant force. The contri-
bution of buoyancy with respect to viscous forces is described by
the Grashof number Gr=gBATL? |12, where  is the volumetric ther-
mal expansion coefficient, g is acceleration of gravity, and AT is a
characteristic temperature difference in the fluid.

Table 3 summarizes characteristic values of these dimensionless
parameters for the DCLL, HCLL and self-cooled blankets. In the cal-
culations of these parameters, the magnetic field By in the inboard
region is 10 T and that at the outboard is 4 T. The other parameters
are the following. The average neutron wall load (NWL) for DCLL
DEMO is 2.13 MW/m? and 0.78 MW/m? for ITER TBM. Characteris-
tic duct dimensions L, a half of the toroidal duct width, is 0.1 m for
DCLL (ITER TBM, DEMO OB, DEMO IB) and 0.07 m for HCLL (ITER
TBM). Flow velocities in a blanket duct are: 4cm/s for DCLL (ITER
TBM), 7 cm/s for DCLL (DEMO OB), 15 cm/s for DCLL (DEMO IB) and
1 mm/s for HCLL (ITER TBM). For the Li/V self-cooled blanket we use
Bp=10T, Up=0.5m/s and L=0.05m, heat load typical to a generic
DEMO reactor (average neutron wall load 2 MW/m?), and physical
properties of lithium at 450°C.

Usually, the main goal of MHD thermofluid studies is to
reproduce, via modeling or experiments, field characteristics of
the flowing breeder/coolant (velocity, pressure, electric poten-
tial, temperature, tritium concentration and concentration of
corrosion products) and then to use obtained data to construct
dimensionless correlations as suggested by the similarity theory:
P=f(Ha,Re,N,R,Gr,. ..). Here, P is a dimensionless integral charac-
teristics of a specific blanket component, for example, pressure
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Table 3

Characteristic values of the dimensionless MHD flow parameters for LM blanket concepts under different conditions.

DCLL DCLL DCLL HCLL Li/V Self-cooled
Machine ITER TBM DEMO DEMO ITER TBM DEMO
Location Outboard Outboard Inboard Outboard Inboard
Bo, T 4 4 10 4 10
L,m 0.1 0.1 0.1 0.07 0.05
Up, m/s 0.04 0.07 0.15 0.001 0.5
NWL, MW/m? (average) 0.78 2.13 1.33 0.78 2.0
Ha 6.5 x 103 1.2x 104 3.0x10* 1.1x 104 4.5 x 10*
Re 3.0x10* 6.0 x 10* 1.2x10° 670 3.2x10%
N 1.4x10° 24x103 7.5 x10° 1.8 x10° 6.0 x 10*
R 4.6 5.0 4.0 0.06 0.7
Gr 7.0 x 10° 2.0 x 102 1.6 x 102 1.0 x 10° 6.0 x 108
Reference [67] [67] [68] [29] -

drop coefficient A, Nusselt number Nu (dimensionless heat trans-
fer coefficient) or Sherwood number Sh (dimensionless mass
transfer coefficient). In the same way, scaling lows can be con-
structed to predict important transitions in MHD flows, such as
laminar-turbulent transitions [69] or transitions from 3D to quasi-
two-dimensional (Q2D) MHD flows. A review of MHD studies for
liquid-metal blankets performed in the US and worldwide in the
recent past and a complete reference list can be found in [30]. As
examples of more current studies we can refer to experimental
investigations of MHD pressure drop reduction in PbLi flows using
MaPLE facility at University of California, Los Angeles [70] as well
as theoretical studies of MHD instabilities and Q2D turbulence [71],
mixed-convection flows [72], tritium transport 73] and MHD flow
induced corrosion in the RAFM-PbLi system [74]. Fig. 12 illustrates
key physical phenomena in a DCLL blanket [30].

Due to their importance for blanket applications, MHD ther-
mofluid and fluid materials interaction is an active research area
which offers many challenges to researchers. The R&D performed
worldwide includes modeling and experimental studies using new
computational MHD codes, such as HIMAG (US) [75], MTC (China)
[76], or modified commercial and open-source codes such as MHD
Fluent (India) [77], OpenFoam (EU) [78,79], and MHD CFX (Korea)
[80]. Application of these codes to blanket problems is still limited
to relatively low flow parameters or/and single effects. Further
efforts are required to extend computations to multiple effects (e.g.
coupling between MHD and heat & mass transfer) at higher values
of the flow parameters: Ha, Re ~ 104, Gr ~ 102, Experimental stud-
ies are also progressing using either “surrogate” room-temperature
(NakK, InGaSn, Hg) or “real” hot-temperature liquid metals (PbLi).
There are a few MHD facilities in the world that utilize PbLi as
a work fluid: in the US [70], Latvia [81], Japan [82], China [83]
and Korea [84]. Some of them address problems specific to lead-
lithium blankets, including corrosion of RAFM steels in the flowing
PbLi and interfacial phenomena between PbLi and silicon carbide.
Similar to modeling, present experimental capabilities need to be
extended to achieve higher magnetic fields (up to 4-8T) to repro-
duce outboard blanket and approach inboard blanket fields, and a
larger work space, and to simulate somehow volumetric heating.
There is no partially-integrated blanket facility of this type in the
world. Bringing together these conditions especially for DCLL blan-
ket systems is an essential step to understand blanket thermofluid
behavior prior to fully integrated testing.

3.3. Selective issues of ceramic breeder blanket with neutron
multiplier

Solid breeder blankets, using lithium ceramic as a breeder, are
one of the main candidate concepts for fusion reactors, and a con-
siderable part of the worldwide R&D efforts have been dedicated to
this type of blanket. The ceramic breeder material is as important
as the structure material, and directly involves energy and tritium

transport, both of which are critical to the functions of the blanket.
Presently, the lithium ceramics of interest are lithium orthosilicate
Li4SiO4 and lithium metatitanate Li, TiO3. The use of lithium ceram-
ics in the form of pebble beds has been considered in many blanket
designs. The main issues associated with ceramic breeder blankets
discussed here are:

1. Thermal-Physical Properties of Pebble Beds: Effective Thermal
Conductivity and Interface conductance.
. Tritium Release, Inventory, and Control.
. Material Interaction and Thermomechanics.
4. Impact of high fluence irradiation on the behavior of pebble beds
(e.g.irradiation-induced cracking or sintering of ceramic breeder
and beryllium multiplier pebbles).

w N

Note that an extensive overview on ceramic breeder materials
was recently given in [85].

Maintaining the breeder temperature within its design win-
dow is crucial for adequate tritium release. Proper temperature
analysis requires careful characterization of thermal properties
of the pebble beds. In order to study the heat transfer in the
blanket, the effective thermal conductivity and other thermome-
chanical properties of the lithium ceramics pebble beds and the
thermal conductance of its interface with the structure have to be
well characterized. Further, the temperature gradient and radia-
tion effects in the breeder section can cause differential stresses
which may lead to cracking/sintering of breeder pebbles, which
impact thermal and tritium release performances. The tritium
release characteristics also depend on the state of the intercon-
nected pores and the size of the grain of the breeder material.
A database, modeling, and R&D of these affected properties are
required for the blanket design and performance prediction. In
addition, solid breeder fusion blankets generally use beryllium-
helium pebble beds for neutron multiplication to ensure sufficient
tritium breeding. Thus, the prediction of the thermal and tritium
behavior in ceramic breeder blankets also requires understanding
of thermal-physical-mechanical properties, tritium transport, and
retention in the beryllium material within the fusion environment.

3.3.1. Thermal-physical properties: effective thermal conductivity
and interface conductance of pebble beds

The effective thermal conductivity of a pebble bed is mainly
determined by its packing characteristics, packing density and solid
and gas thermal conductivity (as a function of temperature). The
contact pressure between the pebbles and plates also has important
impact. Thermal conductivity of a solid material such as ceramic
depends on its internal porosity. The existence of the containing
wall leads to a lower packing density near the wall region and
thus a reduced heat conduction due to low thermal conductivity
of gas. A general practice in characterizing thermal properties for
a packed pebble bed is to use an effective thermal conductivity for
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Fig. 12. Key physical phenomena in poloidal flows of DCLL blanket based on recent computational studies [30]: (a) FCI electrical conductivity dependence of high-velocity
PbLi jet formation near the FCI and in gap region between the FCI and RAFM wall parallel to the magnetic field (b) vorticity structures of quasi-two-dimensional turbulence
aligned with the toroidal magnetic field in a poloidally flowing DCLL channel, (c) effect of laminar or turbulent flow regime on the temperature distribution in a DCLL front
channel, (d) vorticity resulting from instability and transition to MHD turbulence of an MHD M-shaped velocity profile inside an electrically insulated FCIjwall.

the bulk region and attribute the wall effect on thermal transport
to an interface conductance. The low purge gas velocity and the
wall-channeling effect have not increased both thermal properties
significantly, and most experimental characterizations of these two
properties were performed with stagnant gas.

Packing characteristics, such as pebble/pebble contact area, can
be altered during operations, and thus the volumetric strain of
the pebble bed has been used to account for this effect, assuming
that the packing state is not disturbed too much [86,87]. Com-
pared to uncompressed beryllium pebble beds, the conductivity
increased by a factor of about 5 for bed deformations of about 1%
[86]. For ceramic breeder pebble beds, the conductivity increase
with increasing deformation is expected to be much smaller com-
pared to beryllium pebble beds because of the smaller conductivity
ratio of pebble material to gas atmosphere. For a Li4SiO4-He pebble
bed, the conductivity increased by about 4% for bed deformations

of about 1% [87]. The fact that the effective thermal conductivity
depends on the volumetric compressive strain, predicting ther-
mal behavior of the pebble bed during the operation, requires the
knowledge of the stress-strain state of the pebble bed.

Under a well-defined configuration, modeling of interface con-
ductance is achieved by incorporating the combined effects of
radiation heat transfer, pebble-solid conduction, and solid-gas heat
transfer. However, in the event of a gap formation at the interface
between pebble bed and containing wall due to pebble breakages
or a containing wall deflection, the interface conductance can only
be analyzed by coupling with pebble bed thermomechanics analy-
sis. These multiple effect phenomena require better understanding
of the bed’s thermomechanical interactions and are not yet well
characterized. Considering the uncertainty in the behavior of the
pebble beds under irradiation as well as the differential thermal
expansion between the pebble beds and the blanket box made of
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RAFM steels, it may be necessary to design for a certain elasticity
between the blanket box and cooling plates to ensure a certain con-
tact pressure between the cooling plates and the pebble beds over
the lifetime of the blanket.

The thermal performance of the ceramic breeder blanket is con-
strained by a relatively low thermal conductivity and a narrow
operating temperature window associated with breeders. Within
current knowledge of the allowable breeder temperature design
window, the ceramic breeder blanket can be potentially designed
to a neutron wall load of about 2.5 MW/mZ2. The breeder upper tem-
perature limits depend on many processes such as sintering, creep,
phase change, vapor phase transport, and remain to be defined
as R&D continues. The lower temperature limit is dictated by tri-
tium diffusion. The design margin for a solid breeder blanket can be
enhanced if the effective thermal conductivity can be increased. A
possible method to achieve a higher effective thermal conductivity
is by using a mixed bed of Be,Ti and ceramic breeder pebbles.

3.3.2. Tritium release, inventory, and control (solid breeder)

Tritium recovery and control requires understanding the trans-
port and retention of tritium within the breeder and multiplier.
Tritium generated from neutron capture is first transported to the
grain boundary by diffusion of atomic tritium within the grains.
Tritium then diffuses along the grain boundary paths between adja-
cent grains to the solid/gas interface. At the grain, solid/gas interface
various processes take place, involving dissociative adsorption of
gas species present in the pores unto the surface, adsorption of
atomic tritium from the solid, surface recombination reactions
and associative desorption of tritium-bearing species to the pore.
Further, the tritium-bearing species are transported through the
interconnected pores and enters the flow of the purge gas. Fig. 13
shows a schematic of the involved tritium transport mechanisms
[88]. Knowledge of tritium diffusivity, solubility and adsorption
properties is then essential in order to calculate the tritium inven-
tory, a very important parameter with regard to D-T fusion reactor
safety.

Experimental results indicate that the addition of H, reduces
the tritium inventory and enhances recovery through the com-
bined effects of isotope exchange and oxygen activity reduction.
By hydrogen addition to the purge gas, surface adsorption can
be reduced involving isotope exchange with hydrogen, isotope
exchange with water present at the surface and desorption of tri-
tium predominantly in molecular forms of HTO or HT. The form of
tritium released can significantly impact tritium inventory within
the breeder, permeation across the cladding, and extraction from
the breeder purge gas stream.

Maintaining open porosity in any solid breeder throughout
its irradiation period is important to ensure good tritium release
characteristics. The closed porosity provides another means to
build up inventory in the material. In the latest irradiation exper-
iment from the EXOTIC series, EXOTIC-9/1 [89], tritium release
measurements and the analysis of the tritium residence time
showed that tritium release in the new batch of the high den-
sity Li;TiO3 pebbles (93.0% TD) is rather slow [89] compared
to the ceramics irradiated in the EXOTIC-8 irradiation cam-
paign [90]. The tritium residence time measured at 773K in the
EXOTIC-9/1 experiment was ~30h, while the same character-
istic measured on the Li;TiO3 pebbles obtained from CEA and
ENEA in the EXOTIC-8 campaign was 1.3 and 5.2 h, respectively.
Other uncertainties of how porosity distribution may change with
operation and affect tritium release including radiation or thermal-
induced sintering, grain growth, pore closure, purge channel
redistribution, and breeder cracking are yet to be character-
ized.

Tritium concentration, partial pressure and permeation from
the breeder unit to the helium coolant depend on helium purge

Interconnected
Porosity

Fig. 13. Schematic diagram showing tritium transport mechanisms in single
ceramic breeder pebble: (1) Intragranular diffusion, (2) Grain boundary diffusion,
(3) Surface adsorption/desorption, (4) Pore diffusion, (5) Purge flow convection [88].

gas velocity. However, analysis shows no apparent benefit on
tritium permeation reduction due to the wall jet velocity pro-
file until the average purge gas velocity reaches about 10cm/s
[91]. Tritium permeation at the low purge gas velocity is still a
concern although the isotope swamping effect may help lessen this
problem.

Tritium and helium can be produced in beryllium as a result of
neutron-induced transmutations. The out-of-pile temperature pro-
grammed desorption (TPD) tritium release measurements for the
samples from HIDOBE-1 and HIDOBE-2 [44] have shown that tri-
tiumretention in Be is about 100% at irradiated temperatures below
525°C [41,92,93], while titanium beryllides show only 30-50% of
tritium retention at 425°C and virtually no retention at higher
temperatures [41]. This result of low tritium retention in beryllide
seems very encouraging as the data has shown swelling can be a
concern at high temperatures.

3.3.3. Material interactions and thermomechanics

Packed ceramic pebbles are an attractive solid breeder option
because they undergo reduced cracking compared to sintered
material forms, due to the low thermal stress and small
temperature gradient within individual pebbles. However, stresses
still arise from the differing rates of thermal expansion of the
structure and the pebbles and from irradiation swelling. These
stresses may endanger the safety of blanket operation if breeder
pebbles breakage or sinter deteriorates the mechanical integrity
of the packed bed and jeopardizes heat and tritium removal. The
mechanical integrity of packed ceramic breeder pebbles is a com-
plex function, depending both on operating conditions (irradiation,
temperature magnitude and gradient, evolution of the packing
arrangement, etc.), and the properties of the breeder pebble mate-
rial (open porosity, microstructure, grain size, etc.). Although
considerable progress has been made in characterizing the basic
properties of thermomechanical interactions and responses, and in
developing models for simulating them [94-97], the dimensional
stability of packed ceramic breeder pebbles over the lifetime is still
a concern [94].

This dimensional stability can become even more complex if the
neighboring element of Be (or beryllide) is taken into consideration
due to its swelling under irradiation. The available irradiation data
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damaged on bed temperature distribution [101].

has shown swelling is less a concern for beryllide [41,44], this may
lessen the thermomechanical interaction between ceramic breeder
and beryllide pebble beds by the cooling plate. Nevertheless, as the
operational temperatures for titanium beryllide in DEMO as well
as the blanket designs become more clearly defined, the combined
effects of irradiation-induced volumetric swelling and thermal and
irradiation creep on the thermomechanical interactions with the
ceramic breeder, cooling plate structure, and neutron multiplier
still needs to be studied. Particularly, the consequences of this
interaction on both breeder operating temperatures and tritium
release and retention must not endanger blanket functions.

A mechanically stable pebble bed with a high packing fac-
tor is desired. However, achieving high and homogenous packing
for typical blanket geometry can be challenging [98,99]. This
requires that blanket relevant pebble filling procedures be devel-
oped with attentions given to irregular configurations, and shallow
regions/corners. During the operations, the deformation and
cracking of pebbles due to the breeder/structural mechanical
interactions result in rearrangement of packing structure and peb-
ble/pebble force network. This leads to a temperature distribution
that is hard to model and/or predict based on macroscopic ther-
mal conductivity measurements of typical experiments. The lack of
predictability of the temperature distribution can be a major safety
issue. In an attempt to assess the manner of pebble relocations and
packing rearrangement when pebble cracking failure occurs, a dis-
crete element method (DEM) model is being developed [100]. This
DEM modeling employs a transient algorithm to dynamically cap-
ture ensemble rearrangements due to particle breakage, thermal
expansion, or external loading aiming at determining the subse-
quent effects of pebble failures on thermomechanical properties of
the bed as a whole. The DEM model of the pebbles is coupled to a
volume-averaged model of helium to capture the influence of the
purge gas on heat transport in the entire bed. In Fig. 14, we see
how the temperature across the pebble bed increases in response
to crushing of 10% of the pebbles. The increased temperature cor-
responds to a 22% decrease in effective thermal conductivity. The
maximum temperature in the bed with crushed pebbles increased
by 4.0% as compared to the well-packed bed [101]. Note that in this
investigation, the pessimistic limit of pebble crushing was assumed,
e.g. the crushed pebble is completely removed from the system.
In reality, the broken pebble may only crack into large chunks
that continue to act as pathways for thermal transport. The results
facilitate our further understanding of blanket performance under

reactor conditions and should be used as a guide toward the limits
at which pebble failure becomes unacceptable.

The DEM models consider the microscopic, inter-particle con-
tacts between pebbles and then extrapolate bulk properties of
the whole pebble bed from the analysis of interactions at these
particle interfaces. Other numerical models approach the pebble
bed thermomechanics and material interactions from a continuum
medium perspective utilizing the finite element method (FEM)
to recreate the macroscopic, effective phenomena of pebble bed
thermomechanics by assuming phenomenological relationships on
homogeneous volumes representing the pebble beds. The con-
tinuum modeling approach using FEM and empirically-derived
material constitutive equations is capable of characterizing the
stresses/inelastic deformations and subsequent bed/wall separa-
tion to which a breeder pebble bed unit may be subject while
interacting with other elements in a breeder system as shown in
Fig. 15, in which an analysis was performed for a breeder unit based
on a layer configuration design under ITER pulsed operations [102].
The FEM thermomechanical analysis shows the breeder bed will
undergo time-dependent stress, inelastic deformation and separa-
tion during a cooling down period. In this particular design using
Li4SiO4 pebble bed mechanical properties showed a gap separa-
tion of 19 mm at the end of ITER dwell time during the 1st cycle of
operation.

Benchmarking efforts for FEM models have only recently begun
[94]. Two most developed models, from KIT and ENEA, have had
their results compared to experimental data and have thus far
shown promise. However, benchmarking efforts are incomplete
and inconsistencies between two models must still be explained
(e.g. gap or no gap formation). Under-developments in the DEM
model are the predictive capabilities for pebble failure. Pebble fail-
ure predictive models require much experimental data on the crush
loads of single pebbles under various temperature environments as
well as in fatigue cycles; data which is, at present, missing in the
community.

Since pebble beds differ from continuous media in their packing
state evolutions (and associated evolutions in thermomechani-
cal properties), it is important to learn if the breeder unit will
continue to function in accord with the original design goals under
all complex operating conditions. A continued effort to validate cur-
rent continuum FEM models though both out-of-pile and in-pile
experiments is still necessary. Experiments should also be con-
ducted to assess the manner of pebble relocations and packing
rearrangement when pebble cracking occurs. Furthermore, there
may be merits to perform crush load tests for irradiated pebbles
at operating temperature ranges. Only with a full understanding of
all these aspects can we ensure ceramic breeders will function as
intended in the fusion operational phase spaces.

3.4. Reliability/Availability/Maintainability/Inspectability (RAMI)

Reliability/Availability/Maintainability/Inspectability (RAMI) is
a serious issue for fusion, particularly for fusion nuclear, or “in-
vessel,” components. Device availability is reduced by two types of
outages: scheduled outages and unscheduled outages. Scheduled
outages are planned as part of design, operation, and maintenance;
for example, replacement of the blanket/FW at the end of its pre-
dicted life. Such scheduled outages are manageable because much
of the planned maintenance can be scheduled simultaneously. In
particular, any power plant is normally scheduled for annual rou-
tine shutdown, typically 1-2 months, to perform maintenance
operations on the heat exchangers, turbines, and other balance-of-
plant components. Almost all scheduled outages for replacement
or maintenance of the reactor components such as the blanket can
be planned to be performed during the routine annual shutdown. In
contrast, unscheduled outages are due to random failures that occur
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Fig. 15. Breeder unit FEM thermomechanical analysis for a layer configuration (a) temperature, (b) poloidal stress, (c) poloidal plastic strain, and (d) poloidal creep strain at

the end of burn time, (e) the gap distance at the end of dwell time [102].

Table 4

Results of availability allocation model for DEMO components with an overall DEMO availability goal of ~50%. (Assuming 0.19 as the fraction of a year for regular (scheduled)

maintenance, the overall availability is 0.81 x 0.615~0.5.).

Component Number Failure rate, h~! MTBF, years MTTR for Major MTTR for Fraction of failures Outage risk Component
failure, h Minor failure, h that are major availability
Toroidal coils 16 5x10°6 23 104 240 0.1 0.098 0.91
Poloidal coils 8 5x 106 23 5x 103 240 0.1 0.025 0.97
Magnet supplies 4 1x10* 1.14 72 10 0.1 0.007 0.99
Cryogenics 2 2x104 0.57 300 24 0.1 0.022 0.978
Blanket 100 1x10-° 114 800 100 0.05 0.135 0.881
Divertor 32 2x10°° 5.7 500 200 0.1 0.147 0.871
Htg/CD 4 2x104 0.57 500 20 0.3 0.131 0.884
Fueling 1 3x107° 3.8 72 - 1.0 0.002 0.998
Tritium system 1 1x10~4 1.14 180 24 0.1 0.005 0.995
Vacuum 3 5x107° 2.28 72 6 0.1 0.002 0.998
Conventional equipment-instrumentation, cooling, turbines, electrical plant — 0.05 0.952
Total system 0.624 0.615

at random times, thus requiring unplanned shutdown and reduc-
ing availability. Random failures occur in any engineering system.
Reliability growth R&D programs are essential to reduce random
failures, but they cannot eliminate them in a practical system. Our
analysis here will focus on this serious issue of unscheduled out-
ages.

A fusion device has many major components, and therefore the
availability required for each component is very high. Availability
is defined as:

MTBF

Availability = MTBF + MTTR

(2)

where MTBF is the mean time between failures, and MTTR is the
mean time to repair or replace.

RAMI for the blanket, divertor, and other “in-vessel” compo-
nents is particularly challenging because they are located inside the
vacuum vessel which results in the following consequences:

e Many failures (e.g. coolant leak) require immediate shutdown
(low fault tolerance and no redundancy possible lead to short
MTBF)

e Repair/replacement takes long time (longer MTTR)

e Shorter MTBF and longer MTTR result in lower availability

The RAMI issue has not yet received the high priority it deserves
in the fusion program. But some studies (e.g.[3,11,103-109]) inves-
tigated the issue in sufficient depth to allow quantifying goals and
issues.

Table 4 shows the results of combining the methods and analysis
of references [103,3]. The results show that DEMO availability of
50% requires:

¢ Blanket Availability ~88% (and Divertor Availability of ~87%)
¢ Blanket MTBF >11 years
e MTTR <2 weeks
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As we will show in Section 4.3, these goals required to achieve
high availability are very challenging because they require orders
of magnitude extrapolation from the state-of-the-art in other tech-
nologies as fission reactors.

An overall conclusion from RAMI analysis is that performance,
design margin, and failure modes/rates should now be the focus of
FNST R&D, not a long dpa lifetime. Therefore:

1. Setting goals for MTBF/MTTR is more important now than dpa
goals for lifetime of materials. Maximizing MTBF and minimiz-
ing MTTR is a more important goal for the development of a
fusion power plant than an extension of the allowable dpa for
the structural material.

2. Current R&D should focus on:

a. Scientific understanding of multiple effects, performance, and
failures, so that functions, requirements and safety margins
can be achieved and designs simplified and improved.

b. Subcomponent tests in non-nuclear tests and wherever pos-
sible in fission reactors.

3. Extensive “Reliability Growth” testing is required in FNSF.

4. Reliability of components and systems must be a primary
emphasis in fusion power plant design. Reliability starts with
a suitable design; for example, the number of welds and joints
in the blanket/FW is an indication of reliability since failures tend
to occur more often at welds and joints.

3.5. Other materials interactions and responses

The fusion nuclear environment is an extremely hostile one
for the materials used for blanket/FW components. Continuous
exposure to plasma heat and particle fluxes, chemically aggres-
sive coolants, time-varying thermal and mechanical stresses and
of course intense bombardment by high energy neutron irradia-
tion represents an unprecedented combination of loads that drive
strong changes and interactions in materials. While it is often the
atomic displacement and helium damage in reduced activation
ferritic steels that dominate the discussion of material issues for
fusion, there are many other material requirements and issues
affecting both structural and functional materials that have a more
near term feasibility impact on fusion in-vessel systems. This sec-
tion describes a sample of issues for RAFM structural steels other
than displacement damage, as well as SiC use as flow channel
insert. Ceramic breeder and Be multiplier material issues related
to thermomechanical responses and tritium have been described
previously in this section.

3.5.1. PblLi corrosion

Use of PbLi and RAFM steels, such as F82H, EUROFER or CLAM,
in blanket applications requires a much better understanding of
material compatibility related to physical/chemical interactions
in the 450-550°C temperature range. In steel/PbLi systems, the
associated corrosion phenomenon is known as a “liquid metal
attack”. For almost three decades of experimental and theoretical
studies of corrosion of structural blanket materials (see, e.g.
[110-114]) various deterioration mechanisms related to the liq-
uid metal attack were revealed. These include: dissolution of the
main steel constituents, formation of intermetallic compounds,
penetration of liquid metal along grain boundaries and leaching of
particular steel constituents. In the case of RAFM/PbLi, it is widely
believed that uniform dissolution of iron and chromium in the flow-
ing PbLi is the key corrosion mechanism. This is different from
the nickel-rich austenitic steels where leaching of high-solubility
nickel results in formation of a porous layer at the interface. How-
ever, the current scientific understanding of corrosion of RAFM
steel at high temperatures relevant for fusion is established only
for relatively simple material systems, where impact of several key
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Fig. 16. Available correlations for saturation concentration of iron in PbLi as a func-
tion of temperature demonstrate scattering of several orders of magnitude.

features of RAFM/PbLi corrosion are often missing. There are many
unknowns, such as: effects of the imposed magnetic field, liquid
metal embrittlement and stress corrosion, multi-material corro-
sion and irradiation effects. Even available data and correlations
on the saturation concentration of iron in PbLi exhibit scattering
of several orders of magnitude and require further evaluation (see
Fig. 16).

The impact of corrosion includes deterioration of the mechan-
ical integrity of the blanket structure due to the wall thinning, as
well as serious concerns associated with the transport of corrosion
products throughout the liquid metal loop. When transported by
flowing PbLi, the activated corrosion products can precipitate in
the colder sections of the loop, e.g. in a heat exchanger. This may
lead to considerable safety problems, particularly if deposition of
corrosion products results in localized regions of high concen-
tration of activated materials. Plugging the loop by precipitated
corrosion products in the cold section is another concern. Such an
event has been reported in many experimental studies. At present,
itis generally accepted that deposition processes in the cooler parts
of the loop are more critical to the safe blanket operation than
reduction of strength by the wall thinning in the hotter parts.

Present PbLi blanket designs limit the maximum wall thinning
caused by corrosion to 20 wmy/yr, which corresponds to the max-
imum wall temperature at the interface with the liquid metal in
the hot leg of about 470 °C. However, the experimental data on the
mass loss for ferritic/martensitic steels in the flowing PbLi vary over
a wide range, predicting possible wall thinning at temperatures
higher than 450°C from 5 pm/yr to values up to a few hundred
pm/yr [81].

The observed variations in the experimental data on RAFM/PbLi
corrosion point to a strong influence of the interface temperature
and, what is also important, of the flow itself, including flow devel-
opment effects, and especially turbulence, buoyancy and MHD phe-
nomena. Although the influence of the temperature on corrosion
processes is described well with a kind of exponential Arrhenius
law, the flow effects are poorly understood. The existing experi-
mental data are in fact not sufficient to explain the strong variations
in the corrosion rate, first of all due to uncertainties related to dif-
ferent flow conditions in the experiments. Moreover, these exper-
imental data are mostly limited to purely hydrodynamic flows and
thus cannot be used to predict corrosion processes and transport of
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corrosion products in a real blanket system, where the flowing PbLi
is severely affected by a strong plasma confining magnetic field.

A general discussion of possible effects of a magnetic field on
corrosion and deposition in PbLi is given in [115]. The main effect
of the magnetic field on corrosion processes seems to be due to
changes in the velocity profile, mostly due to steeper velocity
gradients in the near-wall region and associated changes in the
temperature distribution in the flow and at the material inter-
face with the solid metal. Only a few experimental [81,116-118]
and theoretical [74,119,120] studies have been performed in the
presence of a magnetic field, predicting significant, up to several
times, increase in the wall mass loss if a magnetic field is applied.
These results still need to be explained and/or reexamined. Another
important consideration that may further affect present corrosion
notion for PbLi-based blankets is the presence of SiC or other func-
tional materials in the material system, which may further alter
the corrosion chemistry. These all necessitate further experimental
and modeling efforts, including development and testing of phen-
omenological models and boundary conditions followed by new
numerical codes and multi-parameter computations.

Corrosion and corrosion product transport phenomena hence
are very strong limitations on current blanket systems where the
desire to achieve high coolant temperature is in conflict with the
need to operate the system with acceptable corrosion behavior.
It is a fallacy to consider the development of high temperature
structural materials without considering that the main tempera-
ture limitation may in fact be due to corrosion behavior.

3.5.2. SiC flow channel inserts

While SiC/SiC composites are considered as a possible struc-
tural materials for advanced fusion energy blanket concepts such
as the self-cooled lead-lithium (SCLL) system, SiC based materials
also have a nearer term application as a thermal and electrical insu-
lator in the form of flow channel inserts (FCI) in PbLi based blanket
systems such as the DCLL concept (Fig. 3). The FCl is a loose fitting
insert placed into the flow channel whose role is to prevent MHD
electric current from, and nuclear heat deposited in, the main PbLi
flow from reaching the highly conducting structural walls. This has
the dual benefit of controlling MHD pressure drop and allowing the
internal PbLi flow to be hotter than the compatibility limit of the
RAFM steel structure. The SiC material must maintain its thermo-
physical and mechanical properties within design limits over the
lifetime of the blanket. Research and development on SiC/SiC com-
posite materials has made substantial progress over the past 10
years or so and an overview discussion can be found in references
[121-123]. Based on these works, it is apparent that several key
feasibility issues remain to be resolved before extended perfor-
mance in the fusion environment can be predicted with sufficient
confidence.

A primary requirement for the flow channel insert is an
adequately low electrical and thermal conductivity in the through-
thickness orientation of the wall and maintenance of these
properties throughout the operational lifetime exposure to the
fusion neutron environment. Design requirements for electrical
conductivity for flow channel inserts in the DCLL blanket concept
lie in the range of 1-10 S/m whereas typical un-irradiated through-
thickness conduction for several SiC/SiC materials varies from ~2 to
3S/m at ~400°C and converging to values of ~20S/m at ~1000°C.
The contributions from the various microstructural features to the
mechanism of electrical conduction in 2D woven-fabric SiC/SiC
composites with a conductive pyrolytic carbon (PyC) interphase
have been identified. These findings include (a) through-thickness
conduction within the stacked fabric layers by the interphase
bypass network at relatively low temperatures, (b) over-coating
and/or internal layers of semiconducting SiC add serial resistors to
the through-thickness circuit, (c) in-plane conduction is governed

by conduction through axial interphases at relatively low temper-
atures, and (d) conduction through SiC constituents dominates at
high temperatures.

Neutron irradiation influences the composite electrical conduc-
tivity since the semiconducting properties of SiC become governed
by radiation defects induced by neutron irradiation, resulting in
a steeper temperature dependence of electrical conductivity in the
temperature range of interest. The electrical conductivity of the PyC
interphase is relatively insensitive to irradiation and may decrease
or increase, depending on its starting microstructure. Fission neu-
tron data up ~8 dpa indicate that the through-thickness electrical
conductivity of the 2D SiC/SiC with thin PyC interphase material
will likely be of the order of ~10S/m in the typical operating tem-
perature range for FCIs [124]. However, nuclear transmutations in
the fusion neutron environment produce significantly higher con-
centrations of solid elements which have the potential to modify
the electronic properties of SiC since it is an impurity semicon-
ductor. Recent calculations for the production rates of potentially
deleterious elements are Mg (10-45), Be (5-18), Al (3-14), and
P (0.2-1.5)appm/dpa [125]. The impact of the solid transmutant
population on electrical conductivity in a neutron irradiation envi-
ronment is presently unknown and thus constitutes a significant
feasibility issue. In addressing this issue useful information could
be provided initially via ion implantations and atomistic simula-
tions. Strategies for electrical conductivity by tailoring interphase
structure and configuration are feasible and require further study,
and approaches to mitigating the electronic effects of solid trans-
mutants need to be evaluated.

The thermal conductivity of SiC/SiC composite materials is not
strongly temperature dependent although significant differences
in behavior of the various types of composite currently under
development are to be expected depending upon their detailed
microstructure and impurity contents [126]. In general, design
requirements for effective flow channel insert performance are
in the range 1-5W/mK. Fission neutron irradiation induces an
order of magnitude decrease in the room temperature thermal
conductivity of SiC and also a steeper temperature dependency.
Model-based predictions indicate that the thermal conductiv-
ity of neutron irradiated 2D Si/SiC composites should be in the
<5W/mK at 200°C increasing to ~15W/mK at ~800°C [124].
Achieving lower thermal conductivities therefore remains a signif-
icant issue. The current SiC/SiC materials have a 2D fiber weave
that provides hoop strength to the FCI and allows the insert to
be relatively thin while retaining good structural properties. The
fact that fibers are not oriented through the thickness of the FCI
helps reduce the electrical and thermal conductivities in this direc-
tion by elimination of fiber conduction paths. In addition, high
conductivity carbon interphase coatings on the fibers are replaced
with a SiC interphase to help further reduce electrical and thermal
conductivities.

Internal porosity can also be introduced to help lower conduc-
tivity, and a SiC foam-based material [127] is also being considered
for FCI applications. The concept is to utilize a core of low-density
SiC foam to achieve low thermal and electrical conductivity; in
addition, internal void regions allow thin SiC foam ligaments to
move and thus accommodate swelling and control overall thermal
and differential swelling stress. This concept does not require the
use of expensive high quality fibers and is expected to be more cost
effective than composite material. These foam cores are sealed at
all surfaces with a layer of CVD SiC and possibly infiltrated with
an additional closed cell aerogel foam material to help prevent any
PbLi ingress through flaws or cracks. Proving that PbLi ingress can
be avoided over long periods of operation is a difficult challenge
for foam based materials. Several experiments reported in [37]
with a foam-based mockup with additional aerogel filler exposed to
high temperature PbLi and overpressure demonstrated no or small
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Fig. 17. SiC foam FCI with aerogel injected into pores, but no CVD SiC overlayer pictured here after exposure to static bath of PbLi with applied temperature gradient. (A) The
sectioned FCI, (B) close up of one end with no PbLi infiltration, and (C) close up of other end where PbLi infiltration occurred [37].

ingress. However, in one of the experiments shown in Fig. 17 one
end of the mockup demonstrated no PbLi ingress while the other
end experienced significant ingress.

The long-term impact of the generation of large concen-
trations of H and He via nuclear transmutation in the fusion
neutron spectrum presents a challenging feasibility issue; recent
calculations [125] indicate production rates of 50-180 appm/dpa
for He and 20-70appm/dpa for H. Ion irradiation studies have
demonstrated that He generation enhances swelling both at inter-
mediate and high (>1000°C) temperatures [123] suggesting that
there is a potential for He-driven swelling in the FCI oper-
ating regime and raises the possibility that through-thickness
swelling gradients could generate stresses approaching the frac-
ture stress [128]. There is a strong likelihood that irradiation
creep would relieve these stresses to some extent but currently
there is insufficient understanding regarding the interaction of
irradiation creep and swelling in SiC and SiC/SiC composites
to make any credible predictions in this regard. The impact of
very large concentrations of transmutation-generated He on the
microstructure, dimensional stability and mechanical behavior of
SiC/SiC composite materials is unlikely to be adequately under-
stood until the availability of a suitable fusion neutron source
capable of simultaneously generating the displacement damage
and H and He concentrations and thus remains a long-term critical
issue.

Other areas of continuing R&D include joining technology, cor-
rosion in PbLi, neutron irradiation-induced mechanical property
degradation, cyclic fatigue, and hermeticity against permeation
of liquid coolants. The successful development of SiC/SiC com-
posite structural materials for fusion energy systems will require
continuing efforts in these technology areas which need to be
under-pinned by continuing expansion of the understanding of
the physical mechanisms of property degradation and the devel-
opment of constitutive theories for physical, thermal, mechanical
and fracture behavior.

3.5.3. Tritium permeation membranes and tritium barrier
materials for PbLi blankets

Tritium permeation and trapping in the blanket structure and
associated piping constitutes a major feasibility issue that must be
resolved to enable the development of successful fusion blanket
systems for next step machines beyond ITER [129]. The contin-
uous and efficient removal of tritium from He and liquid PbLi
coolant streams to meet allowable tritium inventories and per-
meation safety limits are of overarching concern. The materials
requirements are particularly challenging since high permeabil-
ity materials are required to permit efficient extraction from both
flowing PbLi and He streams whereas in other areas of the plant,
high temperature tritium barriers materials are required to main-
tain allowable safety levels in the plant.

One of the most significant advantages of the DCLL blanket
concept is that the relatively high PbLi circulation rate ensures a
relatively low increase in the tritium concentration during one pass
through the blanket. In combination with a high efficiency tritium
extraction system capable of extracting tritium down to a tritium
partial pressure of ~0.1 ppb, the DCLL concept has the potential to
avoid any problems with tritium permeation into the He coolant
or into the environment. Of the various concepts under consider-
ation for tritium extraction, the vacuum permeator [130,131] in
particular has the potential to achieve very high efficiency extrac-
tion. The device consists of long thin tubes that act as permeation
membranes or “windows” between turbulent PbLi flow on one
side and an actively pumped vacuum environment on the other
side. There are strong material interface issues and requirements
associated with the membrane material for the high temperature
DCLL.

Because of their good corrosion resistance in liquid metals, high
temperature performance capability and high hydrogen perme-
ability, the Group V metals, and Nb in particular as well as Ta,
represent the most promising basis for a membrane structure mate-
rial. However, the database on PbLi corrosion for Nb and Nb alloys
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is very limited and corrosion measurements under the flow con-
ditions anticipated in the permeator tubing have not been made.
However, of far greater concern is the susceptibility of Nb-based
materials to reactions with interstitial impurities and in particular,
the absorption of oxygen from the vacuum side of the permeator
presents a difficult issue. The thermodynamics of the oxidation
reactions ensures that the Nb will continually getter oxygen from
the vacuum unless extremely low oxygen partial pressures of oxy-
gen can be achieved and maintained throughout the lifetime of the
component. For example for an operating temperature of 700°C,
oxygen partial pressures would need to be of the order of the order
10-10 to 10~ torr to prevent oxygen ingress. For a typical vacuum
system level of ~10-6 torr it is estimated that the equilibrium oxy-
gen concentration in Nb at 600°C is ~600 wppm [132], which is
sufficient to significantly affect mechanical behavior. The absorp-
tion of oxygen leads to an increase in yield stress accompanied
by a reduction in ductility and an increase in the ductile-brittle
transition temperature. Based on bend-test transition tempera-
ture measurements, oxygen concentrations of 2000-3000 wppm
are sufficient to induce brittle behavior at room temperature [133].
Calculations based on the kinetics of oxygen pick-up indicate that
for a 3 mm wall-thickness Nb tube operating at 700°C, oxygen
concentrations in this range would be achieved in ~1 year of oper-
ation in a vacuum with an oxygen partial pressure of ~10-8 torr
[134]. These concentrations are well below the terminal solubil-
ity limits for oxygen in Nb in the 650-700°C operating regime
of a vacuum permeator and since protective oxide scale forma-
tion does not occur at the relevant temperature and oxygen partial
pressures, the terminal solubility concentration will inevitably be
reached at some point in the lifetime of the component. This situa-
tion would be reached rapidly in the event of a significant vacuum
leak.

One possible approach to mitigation of this issue is the allo-
ying of Nb with the reactive metals such as Zr, Ti and Hf. These
elements have substantially greater negative free energies of for-
mation of oxides than Nb. Consequently, for alloys of Nb with these
reactive elements, internal oxidation occurs with the formation of
various oxide precipitates resulting in possible increases in the
tolerable absorbed oxygen concentration. Numerous alloys con-
taining various combinations and concentrations of the reactive
elements have been investigated for high temperature structural
applications primarily in aerospace [133]. However further inves-
tigation of alloying possibilities and microstructural control specific
to the needs of fusion technology needs to be pursued with the goal
of significantly increasing toleration to oxygen absorption.

The development of protective multi-layered coatings to
provide an oxygen barrier is likely to be counterproductive because
of the potential reduction in the tritium mass transfer coefficient
through the Nb wall. However in many other areas of the total
system for the DCLL (e.g. the heat exchanger), or in PbLi blanket
concepts like the HCLL with slow flowing PbLi, the development
of effective tritium barriers may be required. System wide per-
meation analysis of the HCLL concept [135] shows the tradeoffs
between various characteristics of PbLi and He cooling circuits, with
dependence on PbLi flowrate and tritium permeation barrier effi-
ciency shown in Fig. 18. Such analyses are used to set requirements
for barrier efficiency.

In Europe, early development work on coatings concentrated
mainly on alumina/FeAl coatings for RAFM steels [136]. The most
successful process was the Hot-Dip Aluminizing Process, where
permeation reduction factors (PRF) of ~100 were achieved. None
of these coating fared well after thermal cycling, or irradiation
exposure on complex shapes. More recent research efforts are
also testing sandwich coatings of Er,03 or Al,03 together with W
as anti-permeation and corrosion barriers. Such coating develop-
ment has met with only mixed success to date in rather idealized
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Fig. 18. Tritium permeation losses from HCLL as a function of number of PbLi volume
recycle rate [135].

conditions. It is far from assured that a permeation barrier
coating will ever be practical given the large complex surfaces,
strong thermal gradients, contact with high temperature PbLi, and
if used in situ the presence of significant neutron and secondary
charged particle irradiation over the required lifetime of the blanket
components.

3.5.4. Fabrication of structural and functional materials

All of the materials that comprise the blanket/FW system, both
structural (e.g. RAFM steels) and functional (SiC/SiC composite or
SiC foam for FCIs, ceramic breeders, liquid PbLi, neutron multipli-
ers, FW armor) will require the establishment of industrial-scale
technologies for production and fabrication which attain the high-
est levels of reproducibility and impurity control. These fabrication
techniques are needed even in the near term to produce a sup-
ply of relevant and characterized material for blanket/FW research
in experimental mockups. It is beyond the scope of this paper to
cover the full diversity of materials issues surrounding all of these
materials and the discussion will focus on the fabrication issues
involved with the RAFM steels which are the basic blanket struc-
tural material under development world-wide. Some discussion of
the fabrication issues for the SiC/SiC flow channel inserts is included
in Section 3.5.2.

3.5.4.1. Impurity control. During the past 10 years or so, full
commercialization of the RAFM steels has been realized via the pro-
duction of 5-10 ton quantities by manufacturers in the EU, Japan,
and China. Smaller commercial heats have also been produced in
Korea, China and Russia. Procedures have been established for reli-
able and consistent production of a full range of product forms, the
development of a range of joining technologies and the compilation
of comprehensive mechanical properties databases. The control of
residual impurities such as S, P, As, Sn, etc. which are known to
give rise to embrittlement problems both during fabrication and
in-service, have been reduced to satisfactory levels via advanced
melting procedures. In the case of the Eurofer RAFM steel, a code-
qualified properties database has been established and entry into
the RCC-MRx code as a new structural material has been partially
approved [137].

The major feasibility issue related to impurity control that
remains to be addressed is the control of those elements which
directly affect the waste disposal classification of the large quan-
tities of material which will be exposed to the highest levels of
neutron dose in the fusion environment. Analysis of some 18 impu-
rity elements characteristic of large heats of various RAFM steels
produced by current commercial technology demonstrated that
the activation requirements for shallow land burial following a
20 MWy/m? lifetime and a 100 years cooling could not be met [138].
However, analysis of small heats of RAFM steels prepared from
carefully selected high purity stock demonstrated that impurity
concentrations can be sufficiently reduced to meet the criteria for
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shallow land burial. The feasibility of attaining such impurity con-
centrations on a commercial production scale via stringent control
of raw materials and further refinements to processing technology
remains to be demonstrated.

3.5.4.2. Blanket fabrication/assembly technologies. Avariety of blan-
ket fabrication and assembly technologies are under development
in the EU, Japan, China, Korea and India with a focus on the
deployment of test blanket modules (TBMs) in ITER [139]. The
basic design of the HCLL, DCLL, and HCCB (see Section 2.2)
employ similar basic structural elements namely, (a) a U-shaped
first wall with cap plates and (b) horizontal and vertical stiff-
ening grids defining an array of internal cells for the breeder
units.

The range of concepts currently being evaluated for the con-
struction of the U-shaped first wall includes, (a) two-step HIPing of
symmetrically grooved plates, (b) insertion of round tubes between
plates with machined square grooves and HIPing to conform the
tubes to the shape of the grooves, (¢) closure of machined grooves
via EB welding thin cover sheets followed by HIPing a thick-walled
cover plate, (d) HIPing rectangular tubes sandwiched between
cover plates, (e) fitting rounded square section tubes into con-
forming grooved cover plates followed by HIPing. Assembly of the
stiffening grid and attachment to the first wall unit also requires
the deployment of a range of joining technologies including nar-
row gap TIG welding, laser welding, EB welding and metal inert
gas/laser hybrid welding [140,141].

In addition to meeting the required specifications on
dimensional tolerances and flaw populations, these fabrica-
tion procedures must meet the microstructural specifications
which have been selected to produce the levels of strength, frac-
ture toughness, creep and fatigue resistance required to ensure
adequate structural integrity throughout the D-T testing phase
of ITER. Although fabrication technologies have been advanced
to the stage of constructing one-third size TBM mock-ups of T91
and Eurofer [140], there are several feasibility issues related to
fabrication that have to be resolved before proceeding to full-scale
TBM manufacture as follows;

(a) Achieving the dimensional accuracy in the cooling channels
necessary to achieve maximum cooling efficiency; control of
residual stresses and distortions during welding and post-weld
heat treatment (PWHT).

(b) Increasing accessibility for welding and inspection via design
modifications.

(c) Development of effective and reliable inspection procedures
for characterization of flaw populations in welded and bonded
joints.

(d) Ensuring that post-weld heat treatments (PWHTSs) produce the
correct start-of-life microstructure for all welded and bonded
joints.

3.5.4.3. Alternative fabrication technologies. To progress beyond the
deployment of TBMs, further advances in fabrication technologies
will be needed for the development and testing of the large-scale
blanket systems required for a next-step machine such as FNSF.
There is risk and uncertainty into how well these technologies
scale up from ITER TBMs having module sizes on the order of
one meter to various reactor blanket designs that may use sec-
tor like modules with larger dimensions. It will be important to
introduce an awareness of fabrication and joining issues into the
blanket design process with a view to minimizing complexity and
easing assembly issues, minimizing the number of weldments,
and positioning welds and bonded joints away from regions of
maximum temperature, temperature gradient and neutron dose.
A major systems reliability issue is that the current fabrication

options being pursued result in blanket structures which con-
tain a high volume fraction of bonded and welded interfaces; this
implies a high probability of leaks and potential failures which in
turn implies a low MTBF (see Section 3.4). In considering these
fabrication-related issues, the 2012 US-FESAC report on materi-
als science and technology research [129] recommended that the
potential application of alternative fabrication technologies to the
construction of breeding blanket modules should be evaluated.
One such technique is near net shaped fully dense casting that
has been explored for austenitic steels for ITER by the US [142],
and has been suggested for ferritic steels as part of the US TBM
effort [143]. Additionally, in many industries over the past 10-15
years there has been an extraordinary growth in the development
of advanced manufacturing techniques to enable near-net shape
fabrication of intricate geometries via techniques such as electron
beam, ion beam and laser-assisted deposition. Application of these
techniques is enabling the production of weld-free components at
significantly lower cost compared to techniques based primarily
on machining and welding. For example in the aerospace industry,
General Electric are planning to produce some 25,000 jet engine
nozzles per year utilizing additive manufacturing technology while
eliminating the need for some 24 welds per unit [144]. It is not
known at this point in time whether or not an additive manufac-
turing technique could be utilized to produce blanket components
based on a RAFM steel composition which could be subsequently
transformed by heat treatment to produce the required mechani-
cal properties and radiation damage tolerance. On the other hand
it is possible that more advanced materials such as the nanostruc-
tured oxygen dispersion strengthened (ODS) ferritic steels could be
more compatible with additive manufacturing and yield materials
with the desired combination of mechanical properties, radiation
damage tolerance and corrosion resistance.

4. Challenges in developing blankets and implications for
the R&D pathway

There are numerous challenges in the development of
Fusion Nuclear Technology/blanket/FW. In particular, there are
principal challenges that have huge impacts on both the complex-
ity of the technical issues and the development pathway, including
the requirements on non-fusion and fusion R&D facilities. These
challenges are:

e The Fusion Nuclear Environment: Multiple field environment
(neutrons, heat/particle fluxes, magnetic field, etc.) with high
magnitude and steep gradients

® Nuclear heating in a large volume with steep gradients

e Complex configuration with FW/blanket/Divertor inside the vac-
uum vessel

4.1. The fusion nuclear environment

The fusion nuclear environment is complex and unique. As
shownin Table 5, it has multiple fields: neutrons, surface- and bulk-
heating, particle fluxes, spatially and temporally varying magnetic
fields with steep gradients, and mechanical and electromagnetic
forces resulting from both normal and off-normal plasma operating
conditions. The neutrons produce tritium and volumetric heat-
ing, cause radiation damage, and produce radioactive products and
decay heat; all with strong spatial dependence.

A very important characteristic of the multi-component fields
of the fusion nuclear environment is the presence of strong “gra-
dients” in these various fields and resultant loads and responses.
Fig. 19 shows representative examples of the steep gradients in the



M. Abdou et al. / Fusion Engineering and Design 100 (2015) 2-43 23

Table 5
Characteristics of the fusion environment and effects on blankets.

Neutrons (flux, spectrum, gradients, pulses)

- Bulk Heating - Tritium Production
- Radiation Effects - Activation and Decay Heat

Heat Sources (thermal gradients, pulses)
- Bulk (neutrons) - Surface (particles, radiation)

Particle / Debris Fluxes (energy, density, gradients)

Magnetic Fields (3-components, gradients)
- Steady and Time-Varying Field

Mechanical Forces
- Normal (steady, cyclic) and Off-Normal (pulsed)

Inertial Forces / Gravity

Blanket: Multiple functions, materials, and many
interfaces in highly constrained space in vacuum

Combined Loads, Multiple Environmental Effects

- Thermal-chemical-mechanical-electrical-magnetic-
nuclear interactions and synergistic effects

- Interactions among physical elements of components
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volumetric nuclear heating, toroidal and poloidal magnetic fields,
tritium production, and radiation damage indicators (He and H pro-
duction and dpa).

The multi-component fields of the fusion nuclear environment
will be experienced by the blanket/FW system which itself has mul-
tiple functions (breeding, heat extraction, etc.), materials (breeding
and structural materials, neutron multiplier, coolants, thermal
and electric insulators, etc.) and many interfaces among materials
and physical elements of the blanket (e.g. liquid metal/structure,
breeder/structure/coolant, insulator/structure/coolant interfaces).

The combined loads and multiple environmental effects expe-
rienced by the complex blanket/FW system will drive yet
undiscovered new phenomena. These phenomena are caused
by synergistic thermal-chemical-mechanical-electrical-magnetic-
nuclear interactions and synergistic effects, as well as interactions
among the physical elements of components. It is well known from
many scientific fields, including plasma physics, that “gradients”
drive new phenomena which are often the most difficult to under-
stand and predict. Therefore, the presence of steep gradients in the
fusion nuclear environment such as those in Fig. 19 are a critically
important feature of the test environment and will be an important
contributor to the emergence of new phenomena that are yet to be
discovered.

In the next subsection we will show an example of combin-
ing the effects of 2 environmental loads, the magnetic field and
gravity, and the gradients in nuclear heating on MHD flows in
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Fig. 19. Representative examples of the strong gradients in the multi-component fields and responses of the fusion nuclear environment. These gradients play a major role

in the behavior of fusion nuclear components.
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PbLi flow is strongly influenced by MHD
interactions with plasma confinement magnetic
field and buoyancy-driven convection driven by

spatially non-uniform volumetric nuclear heating

/

N

Cracking and movement of the FCls will
strongly influence MHD flow behavior
by opening up new conduction paths
that change electric current profiles

Pressure, temperature and thermal
stress of SiC FCI are determined by
these MHD flow and convective heat
transport processes

5

/

Movement, deformation and cracking of the FCI
depend on FCI primary pressure load,
temperature and thermal stress coupled with
early-life radiation damage effects in ceramics

Fig. 20. Example of importance of exploring multiple effects/multiple interactions phenomena in the complex fusion nuclear environment. Interactions between MHD flow
and FCI behavior are highly coupled. Similar coupled phenomena occur in tritium permeation, corrosion, ceramic breeder thermomechanics, and other blanket and material

systems behavior.

the blanket. This combination results in “mixed convection” and
“flow reversal” in a case that was shown to be stable laminar flow
under the effect of only the magnetic field without considering
gravity or the nuclear heating response. Fig. 20 shows another
example of the complex interactions between the MHD flow and
FCI behavior when the combined effects of the fusion environmen-
tal conditions and material-fluid interactions are considered. The
illustration in Fig. 20 shows the importance of exploring multi-
ple effects/multiple-interactions and coupled phenomena in both
modeling and experiments. The fusion nuclear environment with
the many interactive and synergistic effects discussed above can
be completely simulated only in a DT plasma-based device. It can-
not be fully simulated in non-fusion facilities such as laboratory
facilities, fission reactors, and accelerator based neutron sources.
Therefore, a Fusion Nuclear Science Facility (FNSF) is required prior
to DEMO. The FNSF is discussed in more detail in Section 7, but its
principal objective is to enable experiments and obtain fundamen-
tal data on the behavior of fusion nuclear components. However,
prior to FNSF, we must perform an extensive R&D program using
numerical modeling and experiments in non-fusion facilities that
advance the understanding and design maturity of blanket/FW
components to the maximum practical degree. This R&D, discussed
in detail in Section 6, will improve performance, reliability, and
safety of an FNSF, and thus save time and costs associated with
operating this relatively expensive DT fusion facility. The required
laboratory experiments must have substantial capabilities to sim-
ulate multiple effects.

4.2. Volumetric nuclear heating

The inability to adequately simulate volumetric nuclear heating
and its gradients in laboratory experiments represents a serious
challenge in the development of the blanket/FW. There must be
worldwide attention to this challenge and methods and capabilities
must be explored and the consequences must be evaluated and
included as a primary consideration in the R&D pathway to DEMO.

Simulating volumetric nuclear heating in a large volume with
gradients is necessary to reproduce prototypic temperature and
temperature gradients. Most material properties and phenomena
are temperature dependent. In addition, temperature gradients
play a key role in determining material responses in different ele-
ments of the blanket, e.g. thermal stress gradient. The combination

of the gradients of neutron flux and temperature determine the gra-
dient in material “swelling,” i.e. differential swelling. It is important
to remember that gradients, such as stress gradients and differ-
ential swelling, have more impact than uniform responses on the
behavior of components and on failure modes and rates.

Simulating the gradients in the volumetric nuclear heating is
essential to discovering new phenomena. One example is from
reference [37] and mentioned in Section 3. It is found through
modeling and analytical studies for liquid metal blankets that
accounting for the gradients in nuclear heating results in complex
“mixed convection” MHD flows with buoyancy forces playing a key
role in MHD heat, mass, and momentum transfer (Fig. 21). In fact,
the combined effects of the presence of a magnetic field and buoy-
ancy effects caused by the presence of volumetric nuclear heating
with gradients are so large that they can result in flow reversal in
the “downward flow” channel in the DCLL as analyzed in Fig. 22.
These combined effects result in substantial changes in the veloc-
ity field, e.g. in formation of potentially unstable velocity profiles
with inflection points.

Simulating the volumetric nuclear heating magnitude and gra-
dientsinalarge volume requires a strong neutron field which can be
achieved only in a D-T plasma-based device. But we must carefully
investigate and be creative in developing methods to create approx-
imate volumetric heating and approximate gradients in laboratory
facilities such as liquid metal MHD flow and ceramic breeder ther-
momechanics facilities. Resistive heaters have the flaw of being
only in “discrete” spatial locations and of altering the behavior in
regions where they are embedded. Surface heating can give reason-
able values of the magnitude but may result in complete distortion
and reversal of the gradients of the volumetric nuclear heating and
the resultant temperatures. The possibility of using rf waves for
heating ceramic breeder mockups in the laboratory may be feasible
but needs to be carefully evaluated. “Induction heating” is another
method that should be explored for heating in ceramic breeders as
well as liquid metals. The utilization of a gamma-ray source that
emits sufficiently energetic photons, e.g. 2 MeV, to produce volu-
metric heating with gradient is yet another possibility that should
be explored. This will complicate the operation of laboratory facil-
ities but there will be no residual radioactivity after shutdown. If
accurate simulation of the volumetric heating and its gradients in
laboratory facilities proves impossible, a plausible alternative is to
attempt to simulate at least the temperature with approximate
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Fig. 21. Gradients in nuclear heating and temperature cause buoyancy forces playing a key role. Shown is the turbulent vorticity field in the resultant “mixed-convection”
flow at Re=5000 and Gr=108 computed in [72]. Strong turbulence: (a) Ha=50, and (b) Ha=60. Weak turbulence: (c) Ha=100, and (d) Ha=120.
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Fig. 22. The combined effects of magnetic field and buoyancy forces caused by the presence of volumetric nuclear heating with gradients are so large that may cause “flow
reversals” in DCLL ducts: (a) formation of flow reversal zones near the “hot” wall in downward flows, where buoyancy forces oppose the flow; (b) in upward flows, buoyancy

forces are in the main flow direction causing local flow overspeed [67,71].

representation of the temperature gradients in order to capture the
strong dependence of most phenomena on temperature. For exam-
ple, a clever design of a combination of surface heaters and heat
sinks may result in good representation of the temperature pro-
file. There are widely available technologies for producing surface

heating. The heat sink can be affected by surface cooling. Such
approach will result in linear temperature profile rather than the
more complex non-linear actual temperature profile, but if the gra-
dients direction is correct with good approximate representation
of the rate of temperature drop per unit length, one would expect



26 M. Abdou et al. / Fusion Engineering and Design 100 (2015) 2-43

that important information about multiple effect phenomena can
be obtained in laboratory experiments.

Small mockups of the blanket can be tested in fission reactors.
While neutrons in fission reactors can produce reasonably rep-
resentative values of the magnitude of the nuclear heating, they
cannot simulate gradients—actually they result in “reversed gra-
dients.” This is because neutrons in this case represent a “surface
source” which will diffuse from outside the mockup to the inside
rather than being distributed as in fusion. Also the predominantly
low energy neutrons in fission will be quickly absorbed in Li in lay-
ers in the outer layer of the mockup. Another limitation is the small
volume available for testing in a fission reactor, limiting the mockup
size to a cylindrical assembly with ~5-10cm diameter. However,
fission reactors can and must be utilized to investigate issues such
as “in-situ” tritium release in ceramic breeders and neutron effects
on structural and functional materials.

Accelerator-based neutron sources are not suitable for produc-
ing significant volumetric heating in blanket mockups. Note that, a
D-T accelerator-based neutron source that produces 5 x 10'2 neu-
trons per second results only in ~1 wK temperature rise in a blanket
mockup. So the neutron source strength of currently available
accelerator-based neutron sources is too low to produce sufficient
simulation of volumetric nuclear heating to produce temperatures
and gradients suitable for blanket experiments.

Itis clear from the above that non-neutron laboratory test stands
must be the primary vehicle, prior to FNSF, for carrying out tests
that combine the magnetic field and volumetric heating with gra-
dients. The necessity of volumetric heating and gradients is to
reproduce the temperature and temperature gradients. The pos-
sibility of producing the temperature gradients through the use
of surface heating and clever changes in the LM flow path in the
magnetic field region should also be explored although this might
require expensive large-volume magnets.

4.3. Complex configuration with blanket inside the vacuum vessel

The most consequential decision made in the 1970s in fusion
reactor designs was to locate the vacuum vessel outside the blan-
ket. This decision was necessary to enable the vacuum vessel to be
robust and not exposed to the substantial surface and volumetric
heating and radiation damage in the first wall region. But the loca-
tion of the blanket/FW/Divertor inside the vacuum vessel has major
consequences:

(a) many failures (e.g. coolant leak) require immediate shutdown,
this means low fault tolerance, and hence short MTBF
(b) repair/replacement takes a long time, and hence long MTTR.

Short MTBF and long MTTR mean that attaining high device
“availability” is a challenge (see Section 3.4). Characterization of
this challenge can be quantified. In Section 3.4 we indicated that
achieving DEMO availability of ~50% requires blanket availabil-
ity of 87%, MTBF >11 years, and MTTR <2 weeks. The question is
then: what are the likely achievable MTBF and MTTR with cur-
rent tokamak and blanket concepts? This question was addressed
in[3]. Thereis currently no data on failures rates, modes, and effects
for blankets in the fusion nuclear environment. Extrapolation from
operating fission reactor experience using unit failure rates for
pipes, joints, etc. of fission fuel rods to the fusion first wall indi-
cates that the MTBF in the FW is likely to be as short as hours to
days. This estimate assumes that there are no additional failures
due to the harsh fusion nuclear environment. This is compared to
required MTBF of >11 years required in DEMO. There are many rea-
sons why the failure rate in the FW is expected to be higher and the
MTBF is expected to be shorter than in fission reactor core. All the
fusion energy produced in the plasma must pass through the first

wall and divertor, and in order to keep the surface heat and neutron
fluxes manageable, the first wall surface must be large with long
coolant pipes and joints.

The Fusion program has not yet built any fusion facility with
a prototypical fusion nuclear environment, and therefore pre-
cise estimates of MTTR are not possible. However, approximate
estimates are possible based on detailed analysis of remote mainte-
nance operations performed for ITER [ 145]. Such estimates predict
MTTR for replacement of the blanket/FW to be ~3-4 months. This
is compared to required MTTR <2 weeks in DEMO. Primary reasons
for such long predicted MTTR of 3-4 months are the complex con-
figuration and the location of the blanket/FW inside the vacuum
vessel, which necessitate many long maintenance operations - all
with remote maintenance in the radioactive nuclear environment.
Itis worth noting that in current operating fission reactors, an entire
fuel bundle can be replaced in 2 days.

Note that availability is determined by both MTBF and MTTR as
shown in Eq. (2). So, there is a tradeoff between MTBF and MTTR
to achieve the same availability. But the above analysis shows that
there is a huge discrepancy between “required” goals and what is
most likely to be achievable. This is one of the top challenges for
fusion development.

This challenge has amajor impact on planning R&D and on defin-
ing the goals and designs of facilities in any roadmap to DEMO. We
will address this in Section 5 through Section 7.

5. Science-based framework for R&D

In this section we describe a science-based framework for fusion
nuclear science and technology (FNST) R&D, which involves mod-
eling and experiments in non-fusion and fusion facilities. This
framework was initially developed in the FINESSE study [4,5] and
utilized and evolved over many years, and we have found it to be
a very effective basis to plan a credible pathway toward DEMO.
Several planning studies in the US have accepted and utilized this
framework (see for example references [129,131,146]).

We have further evolved and refined this framework and devel-
oped associated quantitative parameters to measure progress. The
framework is illustrated in Fig. 23 and can be briefly summarized
as follows. The ultimate goal of current fusion research and devel-
opment is to produce verified and validated predictive capability
in the form of design codes and databases that can be utilized to
design and predict the performance of DEMO and power plants.
This requires theory and modeling efforts, accompanied by a sub-
stantial program of experiments. These experiments progress from
basic and separate effects to multiple interactions/multiple effects
experiments, and then to the more complex categories of partially
integrated experiments, and integrated experiments and finally
component tests. These categories are defined in some more detail
in Table 6.

Multiple-effect/multiple interaction experiments cover a wide
range of two, three, or more environmental conditions and two or
more physical elements. Facilities become obviously more complex
and more expensive, and accompanying modeling becomes more
advanced as we proceed from separate to multiple effect/multiple
interactions experiments. In partially integrated tests, the full
prototypical subcomponent (e.g. blanket module) is tested with
all environmental conditions except neutrons. Integrated experi-
ments provide for testing a blanket module in the integrated fusion
nuclear environment. Component tests provide for testing the full
blanket with module-to-module interactions.

Note that while the sequence of experiments in Fig. 23 indicates
loose “chronological order,” some overlap and feedback will and
should occur. For example, some separate effects experiments can
continue in parallel with multiple effects experiments, and some of
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For each step, detailed performance parameters can be defined to quantify requirements
of experiments and modeling and measure progress
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Fig. 24. Science-based framework shows that the world blanket programs are now in “separate effects” stage. The world needs to move to “multiple effects/multiple
interactions” to discover new phenomena and enable future integrated tests in ITER TBM and FNSF.

both can continue in parallel to integrated experiments, especially
as new phenomena discoveries may require additional clarifying
or supporting research at the separate or multiple effect level.
Based on analysis presented in Section 4, integrated exper-
iments and component tests can be performed only in DT
plasma-based devices with the full fusion nuclear environment.
Partially integrated tests can be performed in elaborate laboratory

facilities. The initial hydrogen and DD phase of DT fusion facili-
ties, e.g. ITER and FNSF, provide excellent conditions for partially
integrated tests.

The purpose of separate and multiple-effect experiments is
phenomena exploration. These can be performed in laboratory
experiments with some specialized tests in fission reactors and DT
accelerator-based neutron sources. One critical point that must be
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Table 6
Categories for FNST/blanket R&D experiments shown in the science-based R&D
framework in Figs. 23 and 24.

Basic experiments
Basic or intrinsic property data
Single material specimen
Examples: thermal conductivity and neutron absorption cross section
Single-effect experiments
Explore a single effect, a single phenomenon, or the interaction of a limited
number of phenomena to develop understanding and models
Generally a single environmental condition and a clean geometry
Examples: (a) pellet-in-a-can test of the thermal stress/creep interaction
between solid breeder and clad, (b) electromagnetic response of bonded
materials to a transient magnetic field, and (c) Tritium production rate in a
heterogeneous assembly of materials exposed to a point neutron source
Multiple-effect/multiple-interaction experiments
Explores multiple environmental conditions and multiple interactions
among physical elements to develop understanding and prediction
capabilities
Includes identifying unknown interactions and directly measuring specific
global parameters that cannot be calculated
Two or more environmental conditions and more realistic geometry
Example: testing of an internally cooled first-wall section under a steady
surface heat load and a time-dependent magnetic field
Partially integrated experiments
Partial integration test information but without some important
environmental conditions to permit large cost savings
All key physical elements of the component and not necessarily full scale
Example: liquid-metal blanket test facility without neutrons if insulators
are not required. (For concepts requiring insulators, tests without neutrons
are limited to multiple effect.)
Integrated experiments
Concept verification and identification of unknowns
All key environmental conditions and physical elements, although often not
full scale
Example: blanket module test in a fusion test device
Component test
Design verification and reliability data
Full-size component under prototypical operating conditions
Examples: (a) an isolated blanket module with its own cooling system in a
fusion test reactor and (b) a complete integrated blanket in an experimental
power reactor

stressed is that some single and multiple effects, such as volumet-
ric heating, temperature and their gradients, cannot be adequately
simulated in non-fusion facilities (see discussion in Section 4).
Therefore, some important phenomena will not be observed prior
to testing in the DT fusion facilities. This implies that the first stage
of testing in the fusion nuclear environment, e.g. in FNSF, must be
planned for scientific exploration and discovery (not validation) as
we will discuss in Section 7.

For each step in Fig. 23 (e.g. multiple interaction experiment
for any given technical area), detailed performance parameters
can be defined to measure progress. For example, for MHD
fluid flow dynamics, we can utilize parameters such as Ha, Gr,
and Re numbers, length scales and aspect ratios, etc., to define
goals and measure progress. It is important that such set of
parameters are supplemented by measures such as the abil-
ity to simulate volumetric heating and temperatures and their
gradients.

We can use this science-based R&D framework of Fig. 23 to indi-
cate where we are today in blanket research and where we need to
go next as we illustrate in Fig. 24. Blanket R&D worldwide for many
technical areas (e.g. MHD fluid flow dynamics, MHD mass transport,
tritium permeation, ceramic breeder thermomechanics, structural
material response) are now mostly in the “separate effects” exper-
iments stage. To make substantial progress on blanket R&D, the
world programs need to move rapidly to multiple effect/multiple
interactions facilities and experiments.

An example is MHD experiments. Currently, PbLi is used in the
presence of a magnetic field to investigate the single effect of a
magnetic field on MHD fluid flow. The world programs need to

move quickly to the next step of adding surface and volumetric
heating with multiple-channel test articles to better understand for
example the impact of MHD mixed convection discussed in Section
4.2 and other effects.

This science-based framework will serve as a basis for the anal-
ysis in the following two sections: Section 6 on R&D in non-fusion
facilities and Section 7 on R&D in plasma-based fusion facilities.

6. R&D in non-fusion facilities

Blanket design concepts and their scientific and engineering
issues have already been described in some detail in Sections 2
and 3. R&D in non-fusion facilities is necessary to advance from
the present state of knowledge to the degree needed to initiate,
execute and understand effective testing in the fusion nuclear
environment. The science-based framework presented in Section
5 classifies required near and medium term R&D into Basic and
Separate Effects, and then Multiple-Effect/Multiple-Interaction to Par-
tially Integrated R&D in dedicated test facilities. This blanket/FW
R&D in non-fusion facilities includes a coordinated program of
experiments, phenomenological and computational modeling, and
simulation and analysis for design and concept improvement.

Laboratory experiments are expensive and time consuming to
build and operate, but essential to develop and verify models and
as a tool to uncover new synergistic phenomena resulting from the
complex loads and conditions in the fusion environment. A number
of laboratory scale research facilities and capabilities are required
that can partially simulate the heating, magnetic field, temperature
and temperature gradients and other conditions relevant to blanket
operation, including:

e Liquid metal flow loops: Several PbLi flow facilities will be needed
for MHD, heat transfer, chemistry control, and corrosion/mass
transport studies. Test facilities specifically focused on blanket
MHD and heat transfer will need magnetic field and heating sys-
tems

Tritium extraction and permeation test facilities: Several facili-
ties will be needed for testing tritium behavior in PbLi and
ceramic breeder mockups and unit cells under in-vessel blanket
conditions, as well as tritium permeation and extraction in ancil-
lary components of the blanket system

Heat flux/thermomechanical loading test facilities: Ceramic breeder
materials, packed beds and multi-layer unit cells as well as
blanket/FW structure will require thermomechanical testing in
simulated fusion conditions. Heating, mechanical loading, and
helium coolant loops will be required as part of these facilities
to provide prototypic cooling to ceramic breeder unit cells and
blanket/FW structure mockups

Ultimately, a number of significant multiple effect facilities will
be needed that bring together magnetic field, heating, gravity, and
high temperature PbLi flow or CB unit cells for testing mockups
approaching full scale in size and geometric complexity

Worldwide and especially in the US, few of these facilities cur-
rently exist and will need to be constructed. In addition to the
test facilities themselves, a significant expansion of instrumen-
tation options is necessary to acquire quantitative in situ data
(e.g. in contact with PbLi) from complex test articles at high tem-
perature without disturbing the phenomena under investigation.
Laboratory test environments present the opportunity for more
complete instrumentation that will likely be feasible in later exper-
iments in the fusion environment. Measurements of flow velocity,
strain, pressure, voltage, temperature, tritium/impurity concentra-
tion, etc. are all required for validating models and understanding
phenomena. These measurement capabilities need to be vigorously
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developed in the near term, with an eye toward possible deploy-
ment in the fusion environment as well.

Phenomenological and computational modeling are also essen-
tial, as models and simulation codes are needed to explain and
interpret experiments and then to extrapolate experimental results
beyond the limited conditions of a small number of experiments to
the conditions of fusion environment tests and ultimately to DEMO.
A key focus of the modeling effort should be to develop time vary-
ing predictive capabilities for blanket temperature, mass transport
and mechanical response of the blankets components and sys-
tems. But modeling of the blanket/FW is very challenging because
of unknown synergistic phenomena stemming from the multiple
loads and multiple fields experienced by the complex, multi-scale,
multiple material blanket/FW component and its ancillary systems.
The experiments described above are a tool discovering these syn-
ergistic phenomena that can’t simply be predicted by synthesizing
separate effects so that they can be included and validated in mod-
els and design codes going forward.

R&D activities should be kept generic and scientifically based in
order to be relevant to broadest number of blanket concepts and
design variations, and to encourage understanding, innovation and
improvement of designs. In this way, simulation and analysis using
the models and experimental database described above can be used
to incorporate what is learned from separate and multiple effects
R&D efforts into practical blanket system designs. Blanket designs
will be improved from the perspective of performance, safety mar-
gin, and accident consequences.

In Table 7 and in the following subsections, examples of impor-
tant R&D areas are discussed in more detail. They are based upon
lead lithium based breeder blankets, specifically the Dual Coolant
Lead Lithium (DCLL) blanket system, and Helium Cooled Ceramic
Breeder (HCCB) based blanket systems. Both blanket families use
RAFM steels as the structural material which is cooled by helium,
and so have issues and R&D tasks in common related to the
structural thermomechanics, fabrication, cooling and some tri-
tium transport and permeation issues. But the DCLL an HCCB have
markedly different feasibility issues and R&D when it comes to the
material interactions of the breeder, multiplier, and other func-
tional materials; and the use of flowing PbLi as a coolant in the
DCLL.

6.1. Basic and separate effects R&D

As described in Section 5, Basic Experiments includes R&D such
as the measurement of thermophysical properties of material sam-
ples; and Separate Effects R&D explores a single effect, a single
phenomenon, or the interaction of a limited number of phenomena
with a single environmental condition to develop better under-
standing, models and predictive capability. While blanket R&D has
been advancing and progress has been made in many areas, because
of new designs, new understanding, new blanket concepts and new
materials and fabrication methods, there remain Basic and Separate
Effects research and theory and modeling development required in
anumber of key areas. For the DCLL these include PbLi eutectic sta-
bility, physical chemistry and tritium behavior; SiC FCI fabrication,
thermomechanical and cracking characteristics and compatibility
with PbLi; and solubility of RAFM steel constituents and impuri-
ties in PbLi. For the HCCB new fabrication techniques for ceramic
breeder pebble or porous block, and the introduction of new mul-
tiplier materials such as Be,Ti, require continued characterization
of thermomechanical properties and strength of materials feed-
ing into constitutive model development. Both DCLL and HCCB use
RAFM steels as the structural material and Helium as the first wall
and structure coolant. R&D to further develop fabrication tech-
nologies for current generation RAFM steels is essential to enable
construction of representative RAFM steel test articles for Separate

Table 7
Near term R&D areas for dual coolant lead lithium (DCLL) and He cooled ceramic
breeder (HCCB) blanket systems (e.g. [37,94,129-131,143]).

Main thrust areas R&D tasks

PbLi-based blanket o Long term behavior of prototype FCls including
flow, heat transfer, movement, cracking, wetting and LM infiltration at
and transport prototypic temperatures, pressures and magnetic
processes fields
o Impact of 3D flow elements on pressure drop, e.g.
gaps and overlap regions between adjacent FCIs
o Flow distribution between parallel channels
with/without FCIs for pressure drop control
e Onset and stability of buoyancy driven secondary
flows driven by internal heating with strong spatial
gradients
o Stability of shear flows inside FCIs with low
electrical conductivity
o Impact of these unsteady flows on heat and mass
transport in large poloidal flow channels and thin
gap regions
o PbLi corrosion/redeposition under prototypic
multi-material and MHD conditions
e PbLi impurity, corrosion and transmutation
product control methodologies

PbLi blanket tritium
extraction, control
and processing

o Consistent blanket tritium control strategy for
PbLi/He systems

e Tritium extraction from PbLi with high efficiency at
low tritium partial pressure and high PbLi
temperature

« High temperature He coolant tritium cleanup
methodology

o Tritium accountancy and permeation control
methodologies

o Tritium and He bubble formation and dynamics in
PbLi under neutron irradiation

Thermomechanical
response of helium
cooled blanket/FW
structures

o Heat transfer phenomena and thermomechanical
response of large area structures cooled by helium
(typical FW heat loads)

o Heat transfer phenomena and thermomechanical
response of internal cooling plates and internal
blanket ribs

o Testing of blanket/FW integral mockups with heat
loads

o Characterization of ceramic breeder and Be
multiplier material stress, strain, creep and
deformation behavior under thermo-mechanical
conditions

o Filling and packing of CB and Be pebble beds in
blanket components

e Mechanisms and impact of pebble cracking on
packing rearrangement and heat transfer

o Stability of ceramic breeder and Be multiplier
thermomechanical and tritium release properties
under neutron irradiation to high burnup

Ceramic breeder and
beryllium pebble
thermomechanics
and tritium release

Structural and
functional material
fabrication and
property
characterization

o Fabrication of RAFM steels for blanket mockups

 Fabrication of CB, Be, Beryllide pebble or porous
block materials

e Manufacturing processes for PbLi breeder

o High temperature SiC for flow channel
inserts compatible with pressurized PbLi

« High temperature heat exchanger tubes,
and tritium extraction membranes compatible with
PbLi

o High temperature permeation barriers compatible
with PbLi

o Degradation of RAFM steel and SiC properties with
irradiation

Effect and later Multiple-Effect experiments for blanket/FW devel-
opment. Several specific examples of the associated R&D needs are
highlighted below.

6.1.1. Tritium extraction R&D in PbLi blankets
For the DCLL concept in particular there is a significant ben-
efit gained from developing a high efficiency tritium extraction
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tion and flux model [147].

technology [130]. This benefit stems from (a) the relatively high
flow velocity that limits the tritium increase per PbLi pass through
the blanket to be quite low and (b) the presence of a SiC FCI that
may serve as a tritium permeation barrier due to very low diffusion
of tritium in silicon carbide [73]. If the tritium concentration at the
blanket inlet can also be kept low, by means of a high efficiency
tritium extraction system, then the tritium concentration and thus
partial pressure and resultant tritium permeation in the entire PbLi
circulating loop can be kept very low, reducing tritium permeation
into undesirable areas such as the reactor building or secondary
coolants to the required limit of 1g/yr cited in safety studies. The
vacuum permeator as shown in Fig. 25 is one tritium extraction
method that might meet this need [130,131,147]. In this device,
the liquid metal flows through thin walled tube bundles housed
in a vacuum chamber and the tritium diffuses through the LM
boundary layer and the tube wall, and is then extracted by vacuum
pumping. While conceptually promising, this concept has not been
tested for PbLi even at the lab scale. The key R&D activities include
development of compatible tube materials, possibly Ta, Nb, V, or
Zr alloys, understanding the tritium diffusion rates through turbu-
lent PbLi boundary layers, and the impact and control of impurities
on both the PbLi and vacuum sides that might degrade the perme-
ation behavior or the tube mechanical integrity. All of these tasks
are challenging in themselves, suggesting a need for a single tube
proof of principle testing of this concept to assess its feasibility and
validate process models.

For the HCLL blanket, the tritium extraction method can be dif-
ferent from that for DCLL because of the low PbLi circulation rate
and thus correspondingly high increase of tritium concentration
at the blanket exit. These HCLL conditions will likely require per-
meation barriers, as described in Section 3.5, to control otherwise
intolerably high tritium permeation losses. The main candidates for
such coatings are:

e Alumina or aluminides applied either by hot dipping of the steel
into an aluminum pool, by powder pack cementation, or by
plasma spraying

e Erbium oxide layers possibly with over-layers of tungsten as pro-
tective anti-permeation and corrosion barriers

Continued R&D is required to establish effective permeation bar-
riers that control permeation losses over the long term and under
non-steady and non-isothermal PbLi conditions. These are essential
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Fig. 26. Coupled discrete element with CFD simulation of a ceramic breeder bed
showing resultant temperature profiles after 3% of pebbles crushed and simulated
uniform nuclear heating (temperature in °C) [148].

separate effects tests needed prior to testing barrier coating effec-
tiveness in a flowing system or their longevity under neutron
irradiation.

6.1.2. Solid breeder thermomechanics R&D

As described in Section 3.3, solid breeder blanket concepts are
typically based on the use of granular pebble beds of lithium ceram-
ics and beryllium packed between structural plates with embedded
internal helium cooling channels. Initial packing of these pebble
beds into blanket modules can be a challenge given many fab-
rication constraints and module size and weight. During reactor
operation, the bed will undergo thermal expansion relative to
cooled structure due to higher expansion coefficient, temperature,
and irradiation swelling of the beds-causing significant stresses,
deformation and breakage. Particle breakage and deformation can
endanger safe blanket operation, particularly if heat transfer and
tritium removal significantly deteriorate due to loss of good con-
tact with heat sinks (helium cooled blanket structures) or sealing
off of porosity needed for tritium release. Consequently, the deter-
mination of these stresses and their resultant impact on breeder
blanket performance and material specifications is an important
focus of the ceramic breeder R&D.

Separate Effects research on non-linear elastic and partially
irreversible deformation due to compaction and creep are key
phenomena in need of specific R&D [94|. The application of
classical continuum model to simulate a prototypical blanket peb-
ble bed operation is difficult, requiring constitutive equations
obtained from experimental data as well as extensions to the
model to account for granular bed rearrangement. Complemen-
tary approaches using discrete elements (see Fig. 26) can be used
to model the particle bed as a collection of rigid particles interac-
ting via Mindlin-Hertz-type contact interactions, i.e. a non-linear
spring-dashpot response for normal contact between particles a
Coulomb friction coefficient for shear interactions.
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Improving the material database that feeds these models
requires better detailed measurements of candidate material prop-
erties, microstructures and surface morphology as well as better
knowledge of the sizes of particles, non-uniformities and asym-
metries in conditions, and loading histories as experienced by
particles, etc. Packed bed thermomechanics experiments with bet-
ter simulated heating and mechanical loading and geometric effects
must continue to provide better understanding and quantification
of phenomena for modeling improvements, building toward full
small scale unit cell tests including prototypic structure, He coolant,
ceramic breeder and neutron multiplier materials.

6.1.3. Fabrication R&D for RAFM steels

Current knowledge of irradiation damage in ferritic/martensitic
structural steels such as F82H and EUROFER is deemed sufficient
to make these materials candidates for fusion environment testing.
Thus test sections and mockups for blanket system experiments
like those described in Table 7 need to be fabricated from these
candidate structural materials in the near term, and require the
development of RAFM steel fabrication technologies and material
interactions database. Given that the short MTBF/long MTTR issue
will be the most serious challenge in fusion development from
beginning to end (see Section 3.4), R&D testing of mockups and
prototypes in simulated fusion environment that can help uncover
performance issues and failure modes and effects should be the
main focus on blanket R&D and not long dpa lifetime. The results
of blanket/FW R&D in non-fusion facilities (and later in integrated
fusion environment testing) will likely lead to significant changes
in blanket and first wall design concepts and in structural and func-
tional material requirements going forward.

In parallel with fabrication and materials interactions R&D, irra-
diation damage and helium production effects can continue to
be studied by making maximum use of existing fission reactor
capabilities. For example, methods to amplify He production via
isotopically tailored iron [149] appear to be a promising option for
fundamental studies on the mechanisms of helium-induced prop-
erty degradation and the development of microstructural strategies
to control the nano-scale distribution of transmuted helium.

6.2. Multiple-Effects/Multiple Interactions R&D

Multiple-Effect/Multiple Interaction to Partially Integrated R&D
are intended to uncover a range of unknown synergetic effects that
come from bringing together the elements of the unique fusion
environment (volumetric heating, surface heating, surface particle
loading, magnetic field, gravity, neutron irradiation, etc.) with the
operation of high temperature, complex configuration, prototypic
material blanket/FW component mockups and modules. This stage
of R&D is designed to:

- discover new phenomena that will arise due to multiple
fields/multiple interactions

- attempt to understand the likely true behavior (currently
unknown) of materials, fluids, and subcomponents of the blan-
ket/FW in the fusion nuclear environment

- calibrate results of experimentally observed “synergistic” effects
against a “synthesis” of separate effect experiments and model-
ing

- provide a failure modes, effects and rates database for blan-
ket/FW designs for fusion environment testing and DEMO

The knowledge and data is vital for validating modeling devel-
oped in the separate effects stage and to begin to establish the
database for blanket safety and reliability, including failure modes,
effects, and rates. Performing partially integrated testing is an
essential link between laboratory scale experiments and full fusion

environment testing, where failures must be avoided and limited
access and complex conditions can make interpreting experimental
results difficult.

To address this research need, a number of significant testing
facilities are required where combinations of fusion conditions
are simulated to the greatest practical degree, and where com-
plex components can be accommodated and fully instrumented
to best understand their performance and failures during short
to long operation cycles. These are rather expensive facilities
with significant capabilities that do not often appear in fusion
development roadmaps. Two main areas and associated experi-
ments are described here with particular focus on the blanket/FW
performance. Other facilities at this stage may still be needed
in other areas, for instance for the development of reactor scale
remote handling and high speed, high availability plasma exhaust
processing.

6.2.1. Blanket mockup thermomechanical/thermofluid/MHD
testing and laboratory facilities

Blanket/FW components and their associated heat transport
and tritium processing loops are complex, multifunction systems
that have many materials, joints, and interfaces and must function
reliably under difficult environmental conditions. For liquid metal
blankets, the flow of liquid metal breeder/coolant has a strong influ-
ence on (a) the ultimate operating temperature and pressure, and
thus thermal-mechanical stresses; and (b) the mass transport in
particular on tritium transport and corrosion processes. As stressed
in Section 3.2, high MHD pressure drop is just the first of several
serious MHD issues that must be addressed by R&D in the develop-
ment of liquid breeder blankets:

¢ J x Bforces in bulk flow that typically oppose the motion, leading
to high MHD-induced drag and pressure losses, possibly requiring
driving pressures that exceed the stress limits of the materials

¢ | x B forces in boundary layers or near insulation imperfections
that can drive high velocity jets several times faster or even
reversed in direction when compared to the mean flow

e Strong energy dissipation via Joule heating competing with tur-
bulence production ininternal shear layers leading to transitional
and new turbulence phenomena like quasi-two-dimensional tur-
bulence

¢ Global flow reorganization controlling flow distribution between
parallel channels fed from a common manifold

e MHD drag and instabilities near regions of strong magnetic field
gradients and geometrical or electrical conductivity variations

¢ Interactions of MHD effects with buoyancy effects resulting from
gradients in fusion nuclear heating and temperature gradients
that drive convection cells and modify thermal transport in ways
similar to turbulence

These phenomena are driven by magnetic and thermal inter-
actions that can exceed typical hydrodynamic viscous and inertial
forces by many orders of magnitude (see Table 3), differ greatly
from the intuitive behavior of ordinary hydrodynamic flows, and
thus require specialized test facilities. MHD behavior will also
involve interactions of the flow and electric currents with solid
material components such as flow channel inserts and structural
walls, requiring test facilities that can accommodate complex con-
figuration mockups that reproduce these current paths.

Experiments will be required at sufficient magnetic field,
flowrate, and channel size to reach typical Hartmann and Reynolds
numbers of prototypic fusion blankets shown in Fig. 11. But sim-
ply increasing magnetic field alone without considering the effects
of heating leading to buoyancy forces (Grashof number) will result
in mistaken conclusions as to the flow stability and heat and mass
transport of the system. Fig. 27 gives an indication of the operating
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Fig. 27. Grashof/Hartmann space for needed near term experimental facilities com-
pared to that required for various LM blanket designs in ITER TBM and DEMO.

point of typical blanket systems from the perspective of Ha and
Gr, and shows the challenge to build facilities that can reach this
parameter space.

We envision the need for a series of test facilities where blan-
ket/FW components and supporting coolant systems can be tested
under combined thermomechanical/electromagnetic loading con-
ditions, moving toward more prototypical parameters, larger and
more complex test articles, and building toward longer periods of
operation and PbLi exposure. (Note: while focus here is on liquid
metal blankets these facilities and their heating sources and helium
coolant loops could be used for testing ceramic breeder blanket
systems unit cells and modules as well.)

6.2.1.1. Limited multiple-effect LM MHD mixed convection experi-
ments. Limited multiple-effect experiments on the interaction of
pressure driven flow with magnetic and buoyancy forces should
be a near-term goal and will require a facility that includes heat
sources and sinks that can reproduce blanket temperature gradi-
ents and Grashof number, as noted in Fig. 27. One possibility is to
upgrade the aforementioned MaPLE facility [70] by the addition of
flexible heat sources and a system to modify magnet gap orienta-
tion in order to simulate buoyancy effects at different inclinations
of the flow channels to the field and to gravity. Experiments should
focus on understanding the combination of parameters that define
the stability regime as a function of magnetic field and tempera-
ture gradient conditions, and to quantify the impact of the stability
regime on the transport and pressure drop behavior.

6.2.1.2. Multiple effects/multiple interactions blanket facility. This
intermediate facility will explore more reactor relevant conditions
such as stronger magnetic field beyond 2T, larger magnetic vol-
ume and more prototypical field gradients, simulated surface and
volumetric heating and gradients, all with flexible orientation with
respect to gravity. The key goal of experiments will be to simulate
thermomechanical and thermofluid-MHD behavior of smaller scale
unit cells and later nearer-to-full-scale blanket module mockups in
a test environment that includes:

e Reactor relevant FW heat flux and transients and simulated vol-
umetric heating
e Reactor relevant magnetic field strength and gradients

Table 8
Example parameters of a multiple-effect/multiple-interactions blanket/FW test
facility for thermomechanical/thermofluid experiments.

Parameter Max/typical value  Note
Module Size 1-2m Accommodate any size test articles
up to near ITER-TBM and full size
modules
PbLi Flow Loop 500kg/s Typical
2MPa, 500°C coolant/flowrates/pressures
He Flow Loop 5kg/s Typical
8 MPa, 500°C coolant/flowrates/pressures

FW Heat Flux 1MW/m? (4MW)  lon/neutral beam or radiant (not
affected by field)
Volumetric Heating 3MW/m? (12MW) Equivalent NWL, Simulated in

some way (heaters)

Gravity Variable Flexible orientation w.r.t. gravity

Magnetic Field 5T Poloidal/Toroidal, 1/R, temporal
variations

Mechanical Forces 10 MPa Pressure; also vibration, impulse
loads

Hydrogen load H/D, 1000 Pa To simulate tritium transport and

hydrogen chemistry
Cover short, prompt responses up
to long term exposures

Exposure time Short to 5000 h

Magnet System
3
&
=]
=
=
c
3
:
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Fig. 28. Simple pictorial diagram of blanket mockup thermomechani-
cal/thermofluid test facility.

e Prototypic operating temperatures and temperature gradients

e Prototypic mechanical loads: weight, pressure, vibration,
impulses

¢ Prototypic coolant flow, pressure and temperature

e Hydrogen/deuterium loading

e Complex configurations and prototypic materials

Table 8 and Fig. 28 show possible parameters and sim-
plified graphical representation for this intermediate Multiple
Effects/Multiple Interactions Blanket Facility. The facility should be
designed to accommodate aggressive testing and “testing to failure”
experiments so that first contributions to the mockup and compo-
nent reliability growth and failure modes and effects database can
be made in a significant way. This facility should additionally be
thought of as a systems test facility, including not only the test arti-
cles and test environment, but also the ancillary heat and hydrogen
transport and control systems that will likely be considered safety
grade components in later fusion environment testing.
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6.2.1.3. Partially integrated blanket facility. The role of this signifi-
cant facility is to bring together all simulated conditions affecting
thermofluid/thermomechanical blanket/FW performance to the
maximal practical degree prior to FNSF. For example, a full toroidal
and poloidal magnetic field simulation that can accommodate
near full size test articles mounted in multiple poloidal orienta-
tions with respect to the field and to gravity. The experimental
mission is to perform full beginning of life testing of complete
blanket designs and ancillary systems so that any “infant mor-
tality” effects can be discovered and eliminated prior to fusion
environment testing. Both the test articles and ancillary sys-
tems can be considered prototypes of those to be deployed in
FNSF.

Each of these multiple-effect to partially integrated thermome-
chanical/thermofluid test facilities will be a significant, expensive
and challenging facility to design, construct and operate. The load-
ing conditions should be available in steady state for long term
experiment operations, which means the power consumption can
be significant, especially depending on the type of magnetic field
system and heating systems employed. Significant instrumentation
is required for operational control and for quantitative data collec-
tion for comparison against simulations. In addition, longer term
processes such as corrosion, transport and deposition would also
be quantifiably measured with concentration measurements and
witness plate samples.

The introduction of volumetric heat in a prototypic way is a diffi-
cult challenge for a test facility (see discussion in Section 4.2) given
that heaters embedded in the LM flow, in the FCI, or on the walls or
flow channel inserts are likely to change the flow or material inter-
action behavior. Using RF induction heating on highly conducting
liquid metals will have a limited skin depth and can also disturb
the flow (such devices are used to actually stir liquid metals in the
metal processing industries). Using gamma-ray sources as a way to
introduce true volumetric heating may not be able to provide the
large amount of power needed. Careful study is needed to deter-
mine the best way to simulate volumetric heating for each particular
experimental mockup and goal. Similarly, reactor like magnetic fields
approaching the field strengths of a reactor inboard and with tem-
poral and spatial variations will be expensive to recreate. Finally,
hydrogen transport and permeation can also be investigated in
these facilities in an integrated fashion, requiring careful consid-
eration of hydrogen control and measurement. It is conceivable
that at a later stage of operation, that trace tritium could also be
introduced into the system for studying more integrated effects of
tritium transport and inventory behavior. In this case, the facilities
would have to be designed with this in mind from the beginning,
which would add to the complexity and cost. Given these questions,
aserious study of the capabilities and trade-offs by facility and mag-
net designers and costing professionals, together with blanket R&D
subject matter experts, is a necessary first step to any conceptual
design.

6.2.2. In-pile blanket unit cell experiments

It is well known that neutron irradiation will impact the prop-
erties and behavior of materials used in blanket components. The
often described evolution and degradation of structural materials
is just one aspect, but the behavior of functional materials and
the influence of irradiation on blanket processes are also impor-
tant from the perspective of breeding blanket design, operation,
performance, and material requirements. In particular, unit cell
experiments where a breeding cell is mocked-up in a fission reac-
tor or other neutron source will be an important tool to uncover
synergistic effects resulting from functional materials property
evolution and degradation, production of transmutation products,
and changes in transport processes, coolant chemistry and tritium
extraction.

| I T Extraction station]_

{ Chemistry station

Ex-Situ PbLi and He
Processing Stations

Reactor Vessel, Core
and Test Unit Cell

Fig. 29. Simple layout of in-reactor experimental unit cell coupled to ex situ
processing and tritium extraction and chemistry control experimental stations.

6.2.2.1. PbLi breeder in-pile unit cell experiments. Important dif-
ferences can exist between tritium transport and extraction
experiments where tritium is loaded into the PbLi stream by diffu-
sion as opposed to being produced there via an energetic reaction
with a neutron. Bred tritium is produced simultaneously with insol-
uble helium that can potentially form micro-bubbles that may in
turn act as trap sites for tritium near bubble surfaces. In such a
case there may be an enhanced solubility for tritium that leads
to different permeation and tritium extraction behavior. Similarly,
permeation of tritium in general may be altered due to secondary
gamma rays and charged particles altering surface dissociation and
recombination processes, possibly leading to an enhanced perme-
ation when compared to rates measured without irradiation. Bred
tritium is also quite energetic (Q value is 4.78 MeV for Li6(n,a)t
reaction) and tritium and helium bred near surfaces of SiC flow
channel inserts or structural walls (possibly with a permeation
or corrosion coating) will implant and damage those surfaces.
The combination of these and other yet unanticipated synergis-
tic effects need to be investigated through experiments in neutron
irradiation facilities prior to integrated fusion environment testing.

Such experiments would have to be carefully planned and eval-
uated for the appropriate scope and required neutron source. What
is currently envisioned at this conceptual stage (pictured in Fig. 29),
is a unit breeder cell in a large 12.5 cm diameter flux trap typical
of the Advanced Test Reactor at the Idaho National Lab. The unit
cell experiment would consist of concentric tubes of steel and SiC
filled with PbLi coupled to a flowing PbLi loop and helium loops
carrying coolant and breeder out of the reactor. The external loops
would have stations for PbLi chemistry control and monitoring, and
prototypic tritium extraction testing. Measurements of tritium pro-
duction, permeation, helium bubbles formation and their impact on
tritium transport and extraction over long operation times will be
a key feature of this work. Thermomechanical and neutronics sim-
ulations could also be partially validated against in-pile PbLi unit
cell experiments.

Such external loops using sodium, gas, or high temperature
pressurized water have been considered in the past at ATR and
other irradiation facilities. The utilization of small gas loops for
thermal barrier control and sample transport are routine on exist-
ing experiments (see Fig. 30). Techniques to vary the spectrum
with neutron absorbers and control temperature with gas buffers
are routinely employed. The integration of PbLi and He loops that
supply coolant for and extract tritium from the in-pile unit cell
that connect to the ex situ chemistry control and tritium extrac-
tion experimental stations will require significant design and safety
efforts and resources. The entire experiment must meet stringent
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Fig. 30. Tube for ATR hydraulic sample shuttle entering reactor core.

nuclear safety criteria, but can serve as a way to further train fusion
scientists for nuclear environment testing and provide invaluable
safety experience for subsequent fusion environment testing.

6.2.2.2. Ceramic breeder pebble bed in-pile unit
cell  experiments. In-pile  ceramic  breeder unit cell
experiments designed to study the effect of neutron irradia-
tion on the thermo-mechanical behavior and tritium release of a
ceramic breeder/multiplier pebble beds are an important multiple
effects tool to assess the response of new blanket materials,
designs, and fabrication and assembly routes. Such experiments
have been performed in the past for ceramic breeder blankets,
especially in the EU, where for example a small-scale mock-up
of a HCPB TBM was tested with a ceramic breeder pebble bed
sandwiched between two beryllium pebble beds. In addition to
thermomechanical behavior, tritium generated inside the ceramic
breeder pebble is released to the purge gas through multiple trans-
port mechanisms, including bulk diffusion, dissolution, desorption
and adsorption at the surfaces, chemical or irradiation induced
trapping, and pore diffusion, that need study in the more integrated
irradiation environment. These in-pile ceramic breeder/multiplier
unit cell experiments need to continue to quantify ceramic breeder
material thermomechanics and tritium release and inventory
characteristics as a function of different materials and different
operating conditions. Especially in regards to tritium, out of-pile
laboratory experiments in which a breeder sample is loaded
with tritium through exposure to neutron irradiation followed by
out-of-pile tritium desorption through stepwise iso-thermal or
ramp annealing tests in laboratory set-ups can be used to study
beginning of life conditions. But full in-pile unit cell experiments
with tritium purge gas flow and on-line monitoring of transient
tritium release during temperature, purge gas composition, purge
flow rate and tritium generation rate transients are essential to
qualify ceramic breeder materials and models closer to breeding
blanket conditions, including long time operation, irradiation
damage, effect on transport, and lithium burn-up. The same
facility/capabilities described for PbLi unit cell experiments can
be utilized for these partially integrated ceramic breeder tests as
well, where interactions in the unit cell pebble bed assembly can
be studied together with coupled He coolant flow and purge flow
processing ex situ for effective tritium recovery development.

6.3. Partially integrated experiments in H/D phase FNSF and ITER

Partially integrated experiments by definition include all fusion
environmental conditions except neutrons together with proto-
typical blanket/FW components and ancillary transport systems.
Prior to D/T operations, both ITER and FNSF will have significant
and lengthy plasma performance and systems integration testing

using H/D fuel to slowly bring the machine up to its full operating
conditions in terms of plasma current, temperature, density and
duration. During this phase of operations, the blanket/FW should
also be fully installed and functional for several reasons. Firstly,
physics operations need to be developed and optimized with the
presence of the blanket/FW that can interact with plasma via elec-
tromagnetic coupling of the ferritic steel and highly conducting
PbLi, and via plasma wall interactions with the high temperature
FW. Secondly, this time serves also as a unique opportunity to test
aspects of the in-vessel components (blanket/FW, divertor, plasma
fueling and heating systems, etc.) in a partially integrated envi-
ronment that includes all loads except neutron irradiation and
volumetric nuclear heating. The operation, control and reliabil-
ity of in-vessel components and their heat and tritium transport
systems given these normal and transient plasma conditions will
themselves have to be developed, improved and decisively demon-
strated during the pre-nuclear phase. For blanket/FW systems, this
is especially important from the perspective of operations with the
following prototypic reactor conditions:

* Magnetic fields, gradients and transients (especially from plasma
current fluctuations and disruptions)

¢ Plasma heating, particle loading and transients at the FW

e Integration and support of multiple modules within the vacuum
vessel

e Integration of ancillary coolant and tritium systems with the
tokamak systems

e Trace tritium production and transport

Finally, during this phase of testing both the steady and tran-
sient surface heat loads on blanket/FW components can be better
quantified. For example, there still appears to be significant uncer-
tainty on the radiation and particle loads expected at the first wall.
Design studies to date (e.g. [150]) assume a uniform distribution
of heat and particles at the FW (uniform ~0.5 MW/m?). However,
extensive analysis of many complex considerations such as ELMs,
module size, and accuracy of fabrication for the design of the ITER
FW resulted in a prediction of increased peak heat flux by a factor
of 2-3 in some areas. The ITER FW has since been shaped in a way
to concentrate larger heat fluxes (localized ~4.7 MW/m?) on spe-
cially designed limiter-like surfaces primarily due to the presence
of plasma flowing along field lines [151,152]. Understanding the
normal and transient heating and electromagnetic conditions and
blanket/FW response in ITER and FNSF prior to nuclear operations
are important partially integrated physics/technology R&D that will
strongly impact the decision to proceed to nuclear operations, and
impact the designs, requirements and expected reliability of the
blanket/FW for DEMO.

7. R&D in fusion facilities

R&D consisting of modeling and experiments in non-
fusion facilities (laboratory experiments, fission reactors and DT
accelerator-based neutron sources) as discussed in Section 6 plays a
crucialrole and is an essential step forward. However, as shown ear-
lier in this paper, none of the FNST/blanket/FW top technical issues
can be resolved prior to testing in the fusion nuclear environment.
This section summarizes the stages of the fusion environment test-
ing and the requirements on the fusion facilities to perform such a
mission, the objectives and major features of FNSF, and the Material
and Blanket strategy for construction of and development in FNSF.
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Table 9
Stages of fusion nuclear science and technology/blanket/FW testing in fusion
facilities.

Stage 0: Exploratory R&D - Understand issues through

basic modeling and experiments

- Discover and Understand new
phenomena

- Establish scientific feasibility of basic
functions (e.g. tritium breeding/
extraction/control) under prompt
responses (e.g. temperature, stress,
flow distribution) and under the
impact of rapid property changes in
early life

Stage [: Scientific Feasibility
and Discovery

Stage II: Engineering Feasibility
and Performance Verification
& Validation

- Establish engineering feasibility:
satisfy basic functions & performance,
up to 10 to 20% of MTBF and 10 to 20%
of lifetime

- Show Maintainability with
MTBF > MTTR

- Validate models, codes, and data

Stage III: Engineering
Development and Reliability
Growth

- Investigate RAMI: Failure modes,
effects, and rates and mean time to
replace/fix components and reliability
growth.

- Show MTBF:»> MTTR

- Verify design and predict availability
of components in DEMO

7.1. Stages of R&D in fusion facilities

The stages of FNST R&D, which are dominated by blanket/FW
considerations, can be classified into the stages summarized in
Table 9. The classification is in analogy with other technologies
and was used extensively in technically-based planning studies, e.g.
FINESSE [4-6]. Such classification is almost always used in external
high-level review panels of new technology development. Stage O is
Exploratory or Preparatory R&D, which is performed in non-fusion
facilities such as those described in Section 6. The objectives of this
stage are to understand issues through basic modeling and exper-
iments. The other three stages in the fusion nuclear environment
are:

¢ Stage I: Scientific Feasibility and Discovery

e Stage II: Engineering Feasibility and Performance Verification and
Validation

e Stage III: Engineering Development and Reliability Growth

As discussed earlier in Section 4, non-fusion facilities cannot
adequately simulate the integrated fusion nuclear environment
(see Table 5) and cannot adequately simulate fundamental effects
such as volumetric nuclear heating and resulting temperature, tri-
tium production, etc., and their gradients. Therefore, there will be
many new phenomena yet to be discovered from experiments in
the fusion nuclear environment. Therefore, Stage I for establishing
Scientific Feasibility and Discovery requires testing in plasma-
based DT fusion facility capable of simulating the fusion nuclear
environment and accommodating meaningfully sized mockups
and test modules. The objectives of Stage I are: (1) Discover and
Understand new phenomena and (2) Establish scientific feasibility
of basic functions (e.g. tritium breeding/extraction/control) under
prompt responses (e.g. temperature, stress, flow distribution) and
under the impact of rapid property changes in early life.

The goal of Stage Il is to establish Engineering Feasibility and
Performance Verification and Validation. The objectives of Stage Il
are: (a) establish engineering feasibility, which is defined as: satisfy
basic functions and performance, up to 10-20% of MTBF and 10-20%
of lifetime, (b) demonstrate Maintainability with MTBF > MTTR,
and (c) validate models, codes, and data. The goal of Stage III is

Engineering Development and Reliability Growth with the specific
objectives: (1) to investigate RAMI: failure modes, effects, and rates
and mean time to replace/fix components and reliability growth,
(2) show MTBF:»> MTTR (the ultimate goal for power reactor is
MTBF >43 MTTR), and (3) verify design and predict availability of
components in DEMO.

A more detailed description of these three stages of testing in
fusion facilities are given in Table 10 where a summary is shown
for each stage of the key objectives of the experiments. The Table
also quantifies for each stage the requirements on the parameters
of the fusion facility in which these experiments are performed
such as the neutron wall load, the integrated wall load (also called
energy fluence), plasma mode of operation and continuous oper-
ating time (COT), which is periods of continuous operation of the
device necessary to complete certain experimental campaigns for
particular technical issues. Also shown for each stage, is the size
for test articles and the total testing area at the first wall to per-
form the required experiments. All these requirements in Table 10
were derived from detailed studies [5,6,10,11] that investigated
the issues, the required experiments and developed and applied
engineering scaling laws to enable extrapolation of the results from
experiments to future DEMO and power reactors.

7.2. FNSF mission and major design features and parameters

The next DT fusion facility that provides the real fusion nuclear
environment in which the stages of fusion nuclear testing described
above can be performed in order to test and qualify the blan-
ket/FW and other fusion nuclear components prior to construction
of DEMO is called Fusion Nuclear Science Facility (FNSF) [3]. The
idea of FNSF was first proposed in the US in the 1980s [4,11] and was
further studied and evolved in an I[EA international study [3]. More
detailed considerations of the design of FNSF were evaluated in
[153-156]. All these studies developed and evolved a specific vision
for FNSF which we will discuss first followed by brief description of
a modified vision of FNSF recently advocated by some researchers.
In the original vision of FNSF, which the authors still fully support,
FNSF is a small size, low fusion power DT plasma-based device in
which Fusion Nuclear Science and Technology (FNST) experiments
can be performed and tritium self-sufficiency can be demonstrated
in the relevant fusion environment:

1. at the smallest possible scale, cost, and risk, and
2. with practical strategy for solving the tritium consumption and
supply issues for FNST development.

In magnetic fusion configuration, small-size, low fusion power
can be obtained in a low-Q (driven) plasma device, with normal
conducting copper magnets.

Note that since FNSF will be the first facility in which
FNST/blanket/FW is tested in the fusion environment, FNSF first
phase will focus on Stage I, i.e. on “Scientific Feasibility and
Discovery” - it cannot be for “validation”. Note also that RAMI con-
siderations predict that in the first stages of the first FNSF, failure
rates are expected to be high and availability low even given the
entire preparatory R&D performed in Stage 0. Analysis shows that
FNSF should be low fusion power, small size device [3-6,10,11] for
the following reasons:

e To reduce risks associated with external T supply and internal
breeding shortfall

e To reduce initial capital and operating costs (note blan-
ket/FW/Divertor will fail and get replaced many times)

Given the FNST key requirement of 1-2 MW/m? neutron wall
load on 10-30 m? test area a cost/risk/benefit analysis for tokamaks
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Fig. 31. Summary illustration of the science-based pathway to DEMO. Roadmapping must account for unexpected FNST challenges in current FNST and plasma confinement

concepts.

leads to the conclusion that FNSF fusion power should be <150 MW
[3]. The two options considered for tokamak are the standard aspect
ratio (A typically about 3) tokamak [153-155] and the very small
aspect ratio (A ~ 1.3) tokamak normally called Spherical Torus (ST)
[156]. For a tokamak (standard A & ST) this leads to recommenda-
tion of:

e Low Q plasma (2-3) - and encourage minimum extrapolation in
physics from current physics experiments such as JET

e Normal conducting TF coil (to reduce inboard B/S thickness,
also configuration flexibility to enhance maintainability e.g.
demountable coils)

¢ The use of the H/D Phase of FNSF for extensive partially integrated
testing without neutrons prior to the DT Phase

Table 10

FNSF should be built as soon as possible because testing and
development of the blanket and other FNST components will take
very long time, at least 20 years, in order to fulfill the stages
shown in Table 10 with the required fluences. FNSF should be
operational in parallel to ITER to enhance the probability that
DEMO construction can begin not long after completion of ITER.
A detailed cost estimate of FNSF has not yet been made. How-
ever, very rough estimate of the cost based on the studies in
[153,154,155] is in the range of 3-4 billion dollars for standard
aspect ratio tokamak. This is plausible since the size of FNSF con-
sidered in these studies is less than 20% of ITER and expensive
superconducting magnets are not used. The cost of FNSF based
on ST is likely smaller because of the much smaller size. How-
ever, the ST concept has some technological challenges, such as the
large heat and radiation loads on the central solenoid, that must be
resolved [156].

Stages in fusion nuclear science technology/blanket/FW testing in fusion facilities.

’E
Engineering
Engineering Feasibility & Ve Development & M
Scientific Feasibility and Performance ¥ | Reliability Growth
Discovery Verification and Validation O
Stage | Stage 11 Stage 111
0.1-0.3 MW-y/m’ 1-3MW-y/m* >4 -6 MW-y/m’
12 MW/ 12 MW/m

> 0.5 MW/m?, burn > 200 s

steady state or long burn
COT ~ 1-2 weeks

steady state or long burn
CO T ~ 1-2 weeks

Sub-Modules/Modules

Modules (10-20 m?)

Modules/Sectors (20-30 m?)

Initial exploration of coupled
phenomena in a fusion environment
Uncover unexpected synergistic effects,
Calibrate non-fusion tests

Impact of rapid property changes and
materials interactions in early life
Integrated environmental data for model
improvement and simulation
benchmarking

Develop experimental techniques and
test instrumentation

Screen and narrow the many material
combinations, design choices, and
blanket design concepts

Uncover unexpected synergistic effects
coupled to radiation interactions in
materials, interfaces, and configurations
Verify performance beyond beginning
of life and until changes in properties
become small (changes are substantial
up to ~ 1-2 MW-y/m?)

Initial data on failure modes & effects
Establish engineering feasibility of
blankets (satisfy basic functions &
performance, up to 10 to 20 % of
lifetime)

Select 2 or 3 concepts for further
development

Identify limiting failure modes and
effects based on full environment
coupled interactions

Failure rate data: Develop a data base
sufficient to predict mean-time-between-
failure with confidence

Iterative design / test / fail / analyze /
improve programs aimed at reliability
growth and safety

Obtain data to predict mean-time-to-
replace (MTTR) for both planned outage
and random failure

Develop a database to predict overall
availability of FNT components in
DEMO (10-20 m?)
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The ITER Parties plan to test 6 blanket modules representing 6
blanket concepts in ITER. The key limitation of blanket testing in
ITER is that the fluence is limited to ~0.1-0.3 MW-y/m?. Therefore,
ITER is suitable to do a part of Stage I of FNST development (see
Table 10) in DT fusion facilities, but FNSF is still required to perform
Stages II and III in addition to all parts of Stage I. Another seri-
ous shortcoming of blanket module tests in ITER is the limitations
on replacing failed TBMs. As discussed earlier frequent failures are
expected when TBM is exposed to the fusion nuclear environment,
particularly in Stage I. These failures should be utilized to learn
failure modes, change the design, and test an improved test mod-
ule. Unfortunately, ITER design and operation plans do not permit
replacement of test blanket modules more than 2-3 times during
the entire DT operation phase. Therefore, it is not clear how much
of Stage I testing objectives can be achieved in ITER.

Even with FNSF parallel to ITER, it is still prudent to utilize ITER
for testing full blanket modules as planned in the ITER TBM program
in addition to testing in FNSF because:

a. No extra cost for facility

— ITER has substantial “capital investments” in infrastructure for
TBM testing that are already paid for by all parties
- Facility “operating cost” is free for TBM

b. Big saving on R&D costs because of international collaboration

- All the R&D for each ITER TBM concept will be needed for FNSF
or any other DT facility

- ITER will test 6 blanket concepts; each is led by one Party which
performs the R&D for one concept. By sharing the test results
among the ITER Parties, the costs and benefits of developing
and testing 6 blanket concepts, the world will save consider-
able money and efforts in exploring a large number of blanket
concepts. This is critical since no one knows which blanket will
prove feasible and attractive.

c. TBM testing in ITER complements FNSF. Since FNSF has to be
small size with highly driven plasma the magnetic field configu-
ration (magnitude and gradient) will not be exactly prototypical
of DEMO. ITER TBM tests can serve a useful function of bench-
marking the FNSF results in the more prototypical magnetic
environment of ITER.

Another key question is whether one FNSF can do all the 3
stages of FNST development. Fig. 31 illustrates in summary form
the key elements of the science-based pathway for FNST/blanket
development. A Science-Based pathway planning must account for
unexpected challenges in current FNST and plasma confinement
concepts. A key question for such pathway planning is whether one
FNSF will be sufficient. The current state of the scientific knowledge
compels us to admit that today we do not know whether one facility
will be sufficient to show scientific feasibility, engineering feasibil-
ity, and carry out engineering development sufficient to proceed to
DEMO, OR if we will need two or more consecutive facilities. We will
not know until we build one!! Only the laws of nature will tell us
regardless of how creative or diligent we are. We may even find that
we must change “direction” (e.g. need to invent new confinement
scheme in which the challenge in RAMI issues present in current
plasma configurations are ameliorated). The idea of multiple FNSFs
in parallel in several countries should be encouraged to increase
probability of timely progress. It should also be noted that each
country will need a relatively large tritium inventory to provide
the initial “startup” inventory for its own DEMO. Since such large
amounts of tritium are extremely difficult and expensive to obtain
from fission reactors, FNSF in each country can be designed in its
later stages of development to accumulate enough extra tritium to
supply the initial startup inventory for its DEMO.

Recently, China launched a major study to explore options
for the design of FNSF-type facility, called CFETR (China Fusion

Engineering Test Reactor) [157-161]. CFETR is a tokamak with
standard aspect ratio. One option considered for CFETR is super-
conducting magnets (the other is water-cooled copper magnet).
With the Superconducting magnet option, the device is designed
with major radius ~5.7 m, and minor radius ~1.6 m, elongation
~1.8, with toroidal magnetic field at the plasma center of 5T.
The advocates of the superconducting magnet option worry about
the large resistive power in the normal conducting magnets. The
issue with superconducting magnets is the need for larger blan-
ket/shield thickness on the inboard, which leads to a large size
device which has the problems we indicated earlier in this sec-
tion. There are other problems with large-size FNSF. For example
with the expected low MTBF, frequent replacement of blanket/FW
on large first wall area (~600 m?2) is very expensive and will lead
to accumulation of large inventory of radioactive waste. In addi-
tion, there is a problem in selecting the fusion power. Such a large
size device, of the approximate size of ITER, can produce relatively
large power, up to 1000 MW. This provides a neutron wall load of
~1-1.5 MW/m?, which is consistent with the FNST testing require-
ments we defined earlier. But with such a large size, large power
device the capital and operating costs of this type of facility will be
large. Also with such large fusion power, the tritium consumption
will be large and there isrisk in finding an external supply to provide
the initial tritium inventory and any short fall from internal breed-
ing. On the other hand, if the fusion power is kept relatively small
(50-200 MW as stated in [157,159]) in this large device, the neutron
wall load will be substantially lower than what is needed for FNST
testing.

Some questions have been raised recently [162,163] on the
required degree of similarity between FNSF design/configuration
and DEMO. Some researchers advocate that FNSF should be as close
as possible to DEMO in order to minimize the gap between FNSF
and DEMO. Based on the analysis provided in this paper, we can
provide some insights into answering this question. The majorissue
in fusion development now is that we do not know how the fusion
nuclear components will behave in the fusion nuclear environment
and that testing and qualifying these components is likely to require
long time. As mentioned earlier, we do not even know if one FNSF
will be sufficient. Therefore, our concern should be how to build a
practical FNSF with minimum extrapolation of the current state-
of-the art of physics and technology. The focus in FNSF should be
on the “in-vessel components” because the nuclear components
inside the vacuum vessel represent the major part missing from
ITER and current plasma devices. Components outside the vacuum
vessel, e.g. superconducting magnets are already tested in ITER at
an almost the same DEMO scale. An approach that attempts to make
the FNSF close to a DEMO will have much larger size than needed
for the FNST testing mission and will have much larger capital
and operating costs. It will very likely be extremely risky because
it ignores the fact that we do not know how the fusion nuclear
components will behave and the prediction of high failure rates,
and hence no credible prediction of the device availability can be
made.

Another approach is to skip FNSF and proceed to DEMO after
ITER as in the EU Roadmap [24]. The motivation for this approach
is to shorten the time for development and commercialization of
fusion power. This paper has provided much analysis for why FNSF
is needed prior to DEMO. Any major DT device which will be built
going forward in which the fusion nuclear components are exposed
to the fusion nuclear environment for the first time will serve
the function of FNSF regardless of name DEMO or FNSF. There-
fore, in approaches like EU that skip FNSF, the first stage of the
DEMO will serve as FNSF. The EU DEMO is envisioned to be large
size (R=6-9m) and large fusion power (1000-2000 MW) [24]. This
means that fusion nuclear components will be tested for the first
time in the fusion nuclear environment in large size; large fusion
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power device for which we discussed earlier involves high costs
and large risks.

7.3. ENSF strategy for design and testing of materials and blankets

The primary mission of FNSF as defined earlier in this paper and
in the earlier comprehensive studies since the 1980s is to provide
the prototypical fusion nuclear environment in which the fusion
nuclear components and materials (blanket/FW and PFC) can be
tested and developed. But since FNSF is itself a fusion nuclear device
that must have blanket and PFC components, key questions arise as
to what materials and blankets can be used for the “base” in-vessel
components of FNSF and what type of qualification is required
prior to their construction in FNSF. These questions have been stud-
ied recently (see [164]) and important conclusions were reached.
Here, we briefly highlight the key points necessary to illuminate
the technical answers to such questions.

7.3.1. Base breeding blanket

Regarding the “base” blanket in FNSF, the key conclusion is that
abreeding blanket should be installed as the “base” blanket on FNSF
from the beginning. The main reasons for this conclusion are:

1. Need to breed tritium

A successful ITER will exhaust most of the world supply of tri-
tium. One FNSF with a fusion power of 100 MW will consume
5.56 kg per full power year. This is about five to ten times more
than the tritium production rate from a specifically designed fis-
sion reactor. Therefore, FNSF must breed its own tritium from the
beginning. Note that the lack of sufficient external tritium sup-
ply is a major issue for the start-up of the DEMO. A typical DEMO
with 2000 MW fusion power, modest tritium burn fraction in the
plasma, and moderate tritium recycling time (see Section 3.1)
will require a start-up inventory of ~10kg. Considering the cur-
rent situation where each of several countries plans to build its
own DEMO, a compelling question is: Where will the start-up tri-
tium inventories for all these DEMOs come from? Therefore, we
recommend that FNSF base breeding blanket be designed with
an adequate tritium breeding capability to: (a) supply most or
all of its consumption, and if possible; (b) accumulate excess (at
least in its later stages of operation) tritium sufficient to provide
the tritium inventory required for startup of DEMO.

2. Switching from non-breeding to breeding blanket involves com-
plexity and long downtime, especially if coolant changes from
water to Helium, and will involve recalibrating plasma con-
trol scenarios if conductivity, permeability and inductances
change significantly (e.g. change to liquid metal blankets and/or
austenitic to martensitic steels).

3. There is no non-breeding blanket for which there is more confi-
dence than a breeding blanket-all involve risks, all will require
development. Materials and technologies that are developed
for other applications will have different behavior in the fusion
environment and will require R&D prior to utilization in FNSF.
Stainless steel is not suitable for blanket/FW because of limi-
tations on wall loading capability, temperature, and radiation
damage. Ferritic steel system even without breeding will have
risks when utilized in the fusion environment for the first time
[109]. At least for a breeding blanket that employs fusion proto-
typic materials this R&D will not be wasted.

4. Using base breeding blanket will provide very important
information essential to “reliability growth”. This makes full uti-
lization of the “expensive” neutrons.

5. A significant amount of surface area will be required for test-
ing anyway. Note that ~10-20 m? of testing area is required per

concept. Two concepts need 20-40 m? which is almost most of
the net surface area available on the outboard of FNSF [3].

7.3.2. Base blanket and testing ports

From the above discussion, we conclude that FNSF should be
designed with a base breeding blanket selected from among the
most promising candidates for DEMO. FNSF should also be designed
with separate test ports for testing blanket modules and submod-
ules and materials. The primary concepts for DEMO should be used
for both “testing ports” and “base” breeding blanket in FNSF but
operate under different parameters as discussed below. Budget
limitations will preclude almost any country, e.g. US, from testing
many concepts because the cost of R&D, design and analysis, and
mockup testing for any given concept to qualify a test module for
testing in FNSF is large (>$80 million). Screening of many concepts
is better done by international collaboration by the 7 international
partners of ITER.

Both “port-based” and “base” blankets will have “testing mis-
sions” in FNSF:

a. Base blankets will operate longer in a more conservative mode
(run initially at reduced parameters/performance) and will
provide information on longer term effects. They may not be
highly instrumented but will have operating flow, temperature,
pressure conditions monitored and can be examined post-
exposure in hot cells.

b. Port-based blankets are more highly instrumented, specialized
for experimental missions, and are operated near their high per-
formance levels in the highest neutron wall load zones; the
purpose of making them port based is so they are more readily
replaceable in case of failure or to accommodate a new experi-
mental test.

Now let us focus on the question of the “structural material”
for the base and test blankets in FNSF and propose a technically-
based practical strategy. It should be noted that RAFM steels are the
reference structural material selected for DEMO in all world fusion
programs. RAFM steels are used for all TBMs in ITER. Therefore,
RAFM steel should be the structural material for both the “base”
and “testing” breeding blankets on FNSF. RAFM steels irradiation
database from fission reactors extend to ~80 dpa, but it generally
lacks helium except for some limited simulation of helium in some
experiments. Material experts agree that there is confidence in He
data in fusion typical neutron spectrum up to at least 100 appm He
(~10dpa). But many material experts state confidence that RAFM
(e.g. EUROFER) will work well up to at least 300 appm He (~30dpa)
at irradiation temperature >350 °C.

Recall here from Section 3.4 that the major challenge in devel-
oping fusion nuclear components is the low MTBF and long MTTR.
With MTBF predicted to be hours to days and MTTR of 3-4 months,
the early phases of the next DT fusion device such as FNSF will have
low device availability and accumulation of dpa will be very slow.
Therefore, the central question is not what the dpa life for RAFM
steel in the FNSF fusion nuclear environment will be. The much
more fundamental and central questions are: (1) how to design
blanket/FW so that failure rates are reduced and recovery time from
failure is not too long; and (2) how to increase MTBF and shorten
MTTR over time through careful engineering-science-based testing
strategy on FNSF that includes making use of “reliability growth”
principles well developed in other technologies (e.g. aerospace
industry).
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7.4. ENSF operating phases (stages) strategy

Based on many considerations some of which are discussed
above, we propose the following strategy for FNSF for testing and
development of breeding blankets, materials, PFC, and vacuum ves-
sel. FNSF must be planned for “phases” or “stages” of operation.
Also, FNSF must be run initially in a HH/DD phase prior to operation
with DT plasmas. The role of the HH/DD phase is to verify per-
formance of all in-vessel components (divertor/PFC, blanket/FW)
without significant neutrons. The “Day 1” design for FNSF Phase 1
should be based on the following approach:

1. The vacuum vessel (VV) will be constructed from proven mate-
rials and technology and will operate in low radiation dose
environment. Similar to ITER, it should be part of the primary
safety boundary.

2. All components inside the VV are considered “experimental”.
Given that FNSF will be the first DT device in which the blan-
ket/FW experience the full fusion nuclear environment, there
is no credible approach to provide “fully qualified” blanket for
construction in the first phase of FNSF. All in-vessel components
should be expected to experience high failure rates and require
frequent replacement of failed modules. Understanding failure
modes, rates, effects, and component maintainability is a crucial
FNSF mission.

3. The structural material will be RAFM steel operating >350 °C. The
design of in-vessel components for the Day 1 design should be
for 10 dpa, which is an acceptable projection.

4. The “base” breeding blanket will operate at conservative param-
eters. For example, the minimum and maximum operating
temperatures in a ceramic breeder should be significantly higher
than the diffusion limits for large tritium inventory and substan-
tially below temperatures where sintering and other undesirable
phenomena occur. As mentioned earlier the “Day 1" Design
should be based on only 10dpa, which is an acceptable projec-
tion.

5. Blanket test modules in testing “ports” should be more highly
instrumented, specialized for experimental missions, operated
near their high performance levels, and be more readily replace-
able than the base blanket components. A special test module
should be included to test thousands of materials specimens at
different conditions.

For FNSF Phase 2 operation and subsequent operational phases,
upgraded blanket and PFC design should be planned and a “boot-
strap approach” should be utilized. The fundamental approach is to
“extrapolate by a factor of 2” which is standard in fission and other
technology/science development. Therefore, the results of Phase 1,
which is for 10dpa, should be extrapolated to 20 dpa in Phase 2,
and 40 dpa in Phase 3, etc.

It must be clearly recognized that the results from testing
and operation of blankets and other material systems in FNSF
will be conclusive. These will be the results of operation of
actual components in the real, full fusion nuclear environment.
There will be no uncertainty in spectrum, or other environmental
effects. The response of materials and components will be proto-
typical response that includes all elements of the fusion nuclear
environment and materials interactions including gradients, joints,
temperature, and stress.

The strategy outlined above addresses well the challenges of
developing fusion nuclear components and deals effectively with
the very complex issue of the lack of adequate integrated test facili-
ties for developing FNST except in a DT plasma-based facility, which
must itself be made of the same materials and components to be
tested.

8. Concluding remarks

The fusion nuclear environment is complex and unique with
multiple fields and strong gradients. The nuclear components
exposed to this environment have multiple functions, materials,
and interfaces. The combined loads and multiple environmental
effects experienced by the complex blanket/FW system will result
in yet undiscovered new phenomena. We have shown in this paper
that the blanket behavior in the fusion nuclear environment cannot
be predicted by synthesizing results from modeling and experi-
ments on separate effects. Designs and predictions of performance
based on “separate effect” models and experiments will often not
work and can lead to erroneous conclusions. Therefore, models and
experiments must simulate the simultaneous presence of multiple
environmental conditions and multiple material interactions in the
blanket. The primary challenges in simulating the blanket are listed
below.

1. It is impossible to simulate the full fusion nuclear environment
(multiple field environment with neutrons, heat/particle fluxes,
magnetic field, etc., all with high magnitudes and steep gra-
dients) in non-fusion facilities (laboratory experiments, fission
reactors, accelerator-based neutron sources).

2. There are currently no good methods to simulate the bulk
nuclear heating in large volume with steep gradients in labo-
ratory facilities. Without simulating the volumetric heating, it
is not possible to adequately simulate the temperature profile
— a very serious limitation since most blanket phenomena are
temperature dependent and many are driven by temperature
gradients. Therefore, there needs to be extensive research to
develop such methods.

3. The complex mock up configuration of the blanket with pro-
totypic size and scale is not possible in fission reactors or
accelerator-based neutron sources. This indicates the necessity
of large blanket laboratory facilities in which volumetric nuclear
heating and magnetic field and their gradients are adequately
simulated.

Therefore, new blanket laboratory facilities should be planned
to have such significant capabilities. We presented examples
of multiple effect/multiple interaction facilities for liquid metal
MHD thermofluid and material interaction experiments and for
ceramic breeder thermomechanics. There is a range of multiple
effect/multiple interaction facilities starting with simulations of
groups of environmental conditions with limited-size test articles
and extending to a partially integrated facility in which all envi-
ronmental conditions except neutrons are simulated with full size
blanket mock ups. The cost for such facilities will be relatively
substantial — about 20-50 million dollars for the examples we pre-
sented and much higher for partially integrated facilities. These
facilities and research programs will still be much less expensive
than the many big and expensive plasma devices constructed over
the past 30 years and are necessary prior to the much more expen-
sive testing in the full fusion nuclear environment.

Some key issues will still not be fully resolved prior to perform-
ing blanket experiments in the full fusion nuclear environment,
which can be realized only in a DT plasma-based facility. There-
fore, a Fusion Nuclear Science Facility (FNSF) in which the blanket
and other nuclear components are tested and qualified is needed
prior to construction of DEMO. The ITER TBM program is important
because of the capabilities provided in ITER and the savings on R&D
realized through international collaboration. However, the useful-
ness of the TBM results will be limited to providing results on only
the prompt response to the fusion nuclear environment due to the
short irradiation time.
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Additionally, developing practical fusion energy presents
unique Reliability/Availability/Maintainability/Inspectability
(RAMI) challenges. For fusion nuclear components, the difference
between “expected” and “required” is huge for both MTBF and
MTTR - leading us to speculate that RAMI may be the decid-
ing factor in choosing a plasma confinement configuration (e.g.
tokamak vs. open systems) and in selecting specific technologies.
RAMI could ultimately be the “Achilles Heel” for fusion. Therefore,
understanding performance, extending design margin and deter-
mining failure modes and rates should now be a key focus of FNST
R&D and must be an explicit part of a blanket/FW R&D program in
general, and the FNSF mission, design and operation in particular.

FNSF should be constructed and operated parallel to ITER.
FNSF should ideally be a small size, low power DT, driven plasma
device in which the in-vessel components (blanket/FW, PFC) and
their materials experience prototypical fusion nuclear environ-
ment. A small size, low fusion power FNSF is recommended to
(1) reduce risks associated with external tritium supply and inter-
nal breeding shortfall and (2) reduce initial capital and operating
costs (note blanket/FW/divertor will fail and get replaced many
times). A blanket and material development strategy in FNSF is
proposed that includes: (1) a “base” breeding blanket from the
beginning initially operated at reduced parameters and perfor-
mance and (2) “port-based” blankets in which test blanket modules
are highly instrumented, operated near their high performance
levels, and are more readily replaceable. Both the “base” blanket
and “port-based” modules have testing missions and are based
on leading DEMO blanket candidate designs and are fabricated
from prototypical materials. The question of “structural mate-
rial” development is important and must be approached from a
“component-based”, not an “abstract stand-alone” approach. Many
performance parameters of blanket/FW/divertor determine the
objectives and strategy of material development. Reliable knowl-
edge of the behavior of materials must be derived from tests of
actual submodules/modules/components operating in the fusion
nuclear environment. We propose a material development strategy
where in an FNSF first phase, the “Day 1” blanket is fabricated from
the best candidate RAFM and operated to 100 appm He (10dpa),
which is an acceptable projection. Using “bootstrap approach”, the
results from Phase 1 are extrapolated by a factor of 2, which cor-
responds to 200 appm He (20 dpa). The results of tests in FNSF will
be conclusive with “real environment” and “real” components.

While over the past three decades there has been substantial
progress on understanding and resolving many of the FNST tech-
nical issues discussed in this paper, there are critical issues for
which there has been little or no progress because of the signifi-
cance of the scientific and engineering challenges, the difficulties
in simulating the complex blankets in the multi-field fusion nuclear
environment in non-fusion facilities, and the limited resources allo-
cated for FNST R&D. The many challenges illuminated in this paper
clearly suggest that the most demanding phase of fusion devel-
opment still lies ahead. It is the development of Fusion Nuclear
Science and Technology that will be the “time-controlling” step
for demonstrating the practicality of fusion and its entry into the
energy market. Therefore, we suggest that the world fusion pro-
gram must immediately launch an aggressive FNST R&D program
if fusion energy is to be realized in the 21st century. Such a program
must include: (1) extensive modeling of important phenomena and
multiple synergistic effects utilizing advances in high performance
computing, (2) the construction and utilization of new major lab-
oratory facilities with extensive capabilities to simulate multiple
effects/multiple interactions, (3) enhancing the TBM Program in
ITER to include a strong R&D program to enable successful con-
struction and operation of TBMs that can effectively measure key
prompt responses, and (4) the construction and operation of a
Fusion Nuclear Science Facility (FNSF) dedicated to FNST at the

module and component level beyond infant mortality in the fusion
environment.
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