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1. Introduction
1.1. Overview

A tokamak architecture based on large vertical blanket segments was
— to the authors’ best knowledge - first proposed in the early 80s for
INTOR [2], adopted in NET [3], in the first concept of ITER [4], and in
the European power plant conceptual studies [5]. This architecture aims
at reducing the number of in-vessel components (IVCs) and hence their
replacement duration and allows using a crane-like device to lift the
heavy breeding blanket (BB) segments. Difficulties had been encoun-
tered Fig. 5 in the 1980s in the search for an attachment concept for the
blanket segments made of austenitic steel of NET and ITER [4].

The basic principle of the BB attachment concept that is presented
here was first introduced in [6] and has been partially verified previ-
ously based on a number of assumptions in [7].

1. BB-VV attachment system conceptual study
1.2. Requirements

Loads: See chapter 3

First wall (FW) alignment: During operation and plasma ramp-up/
ramp-down the BB FW must be accurately aligned in toroidal and
poloidal direction to avoid heat load concentrations due to charged
particles, e.g. on leading edges, see also [8]. Since protection limiters are
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foreseen in DEMO that protrude the BB FW and therefore collect most
charged particles we expect the FW alignment requirement to be
reduced as compared to ITER, which has prescribed an alignment
tolerance of +5-10mm [9]. We assume that an alignment of the DEMO
BB FW with a tolerance of +5-10mm will be sufficient [10, 11].

Electrical connections: The requirements concerning the electrical
integration of BB segments are provided in [6]:

a) All IVCs must be electrically grounded to the VV

b) Electrical connections between BB and VV are required in vicinity of
all BB feeding pipes to avoid currents to flow through the pipes
generating intolerable EM loads.

c) Locations where electrical contact cannot be guaranteed shall be
electrically insulated to ensure the predictability of the paths of
occurring currents.

d) (Electrical) contact between adjacent IVCs must be prevented if it
would restrain their thermal deformation either by defining an
appropriate gap size or by electrically insulating potential contact
areas.

Electrical insulation at physical contact interfaces can be ensured by
a surface coating. For the insulated supports of the ITER shield block Al-
bronze pads with a 250um thick plasma-sprayed alumina coating on all
sides were qualified [12].

BB positioning: The support structures presented in this article
require from the BB transporter a BB positioning precision of ~+40mm

Received 16 June 2021; Received in revised form 3 August 2021; Accepted 10 August 2021

Available online 8 September 2021

0920-3796/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:christian.bachmann@euro-fusion.org
www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2021.112840
https://doi.org/10.1016/j.fusengdes.2021.112840
https://doi.org/10.1016/j.fusengdes.2021.112840
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2021.112840&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Bachmann et al.

prior to the final engagement. The final engagement movements of the
BB segments are guided by the BB support structures into their installed
position achieving a much smaller installation tolerance, paragraph 1.5.

1.3. Mechanical support principles

Each blanket segment is individually supported by the VV without
any physical contact to the other blankets or in-vessel components. All
BB support structures are shear keys or contact pads relying on simple
compressive contact for load transfer; bolts or other types of attaching
locks as considered in the shield blankets of NET [13] are not used to
simplify the remote maintenance operations required for the BB
replacement and to avoid the integration of moveable elements in the
blanket. To support the inboard segments against the very large radial
loads radial supports are incorporated at three poloidal locations. The
outboard segments are radially supported only at the top and at the
bottom. During tokamak operation the BB segments are radially
pre-compressed by the ferromagnetic force acting on the BB steel and
vertically pre-compressed by obstructed thermal expansion.

a) Radial pre-compression by the ferromagnetic force

The radial gradient of the toroidal field (TF) generates a large radial
force on the ferromagnetic blanket material EUROFER. Since the TF is
constant during and in-between plasma pulses the BB support concept
can rely on this force to guarantee physical contact at the radial supports
with significant pre-compression. As a consequence bolts providing pre-
compression as e.g. in the supports of the ITER blanket [12] are not
required.

The support concept of the BB segments is that of an arch bridge
where both end points of the arch are constrained. In case of a tem-
perature increase the bow of the arch is sufficiently flexible to rise and
reaction forces on the supports remain tolerable. The radial ferromag-
netic force acting on the blankets corresponds to the vertical gravity
force acting on the bridge, see Fig. 1, and also defines their radial po-
sition. The curved part of the otherwise straight inboard segment pro-
vides sufficient bending flexibility if the upper vertical support is located
at the end point of the segment. Otherwise it would be too stiff if con-
structed as a single box structure with a poloidally continuous FW plate
and its thermal expansion causes a steep rise of the vertical reaction

Fig. 1.. Top: attachment concept of the vertical BB segments relying on the
presence of radial ferromagnetic forces (red arrows). Bottom: New Jersey
Bayonne bay arch bridge relying on Gravity.
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forces [7]. Horizontal slits incorporated in the BB FW and breeder zone
as in the previously envisaged multi-module segment design concept
[14, 15] are not required.

It had initially been assumed that during operation the ferromagnetic
force would ensure physical contact on the radial supports of the blanket
segments in all load cases. Instead it was found that EM forces due to a
plasma thermal quench, a fast plasma current quench and due to a fast
discharge of the TF coils may exceed the ferromagnetic force on some BB
segments, see Table 3. Consequently, the BB segments must be sup-
ported at the top and at the bottom in both radial directions. This fact
also disqualifies the radial supports from being used as electrical
connection to the VV since the electrical configuration would become
unreliable. Instead we rely on the vertical supports as electrical
connection. The radial supports will be electrically insulated, see para-
graph 1.2.

b) Vertical pre-compression by obstructed thermal expansion

After installation of the BB segments a small gap of ~20mm remains
at their upper vertical supports that is insufficient to allow free thermal
expansion of the segments when heated up in standby state to ~300°C.
Hence prior to plasma ramp-up the BB segments are vertically clamped
in-between their upper and lower vertical supports. During plasma
operation the clamping force will further increase as the plasma-facing
areas of the BB heat up more than the backside. Thus, physical contact
between VV and BB is guaranteed and the vertical supports can be relied
upon for electrical connection.

¢) Supports in shutdown state

At machine shutdown the TF coils are discharged and the ferro-
magnetic force does no longer act. The BB cooling systems are either idle
or operate at low flow and at much reduced temperature. The BB seg-
ments have thermally contracted and lost contact at their upper vertical
supports. Consequently, the support constraints are different: the BB
segments are vertically supported at the bottom and toroidally con-
strained by shear keys. Radial stops at the upper vertical supports pre-
vent the BB segments to fall off the VV wall due to the location of their
centers of gravity or during a seismic event.

1.4. Electrical connections

Each BB segment is electrically grounded to the VV at the vertical
supports. Electrical connections between BB and VV being both at the
top and at the bottom ensures the path of halo currents inside the BB
segments to be relatively short. The gap between the BB segments is
sufficiently large to prevent contact also considering mechanical or
thermal deformations. The electrical configuration is therefore defined
and electrical currents can flow from one BB segment to another only
through the VV or the plasma.

The electrical connections between VV and BB rely on physical
contact of the corresponding metallic surfaces that is provided by the
vertical pre-compression due to the BB thermal expansion. The electrical
contact resistance will need to be assessed by a specific R&D program.
Where vertical supports exist on both lateral sides of a BB segment one of
the two is electrically insulated to avoid net toroidal currents entering
into the BB segment on one side and exiting on the other.

1.5. Machine states and fabrication tolerances

The gaps around the BB segments are rather small (~20mm). Also
the clearances at the supports must be small during operation to avoid
dynamic amplification of the large electromagnetic (EM) loads acting on
the BB, typically not larger than ~0.5-3mm depending on the relevant
BB natural frequency [17, 18]. Given the BB’s considerable dimensions
and temperature variations, see Table 1, the scale of its relative thermal
expansion to the VV is similar and - in some cases — exceeds the di-
mensions of these clearances. A number of machine states must
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Table 1.
Toroidal field, VV and BB temperatures in different machine states.
State TF Tyv Tgp
IVC installation OFF 20°C 20°C
Baking OFF 180°C 240°C
Standby ON 50°C ~300°C
Flat top ON 50°C ~[300-500°C], [19]
Ex-vessel LOCA ON 50°C ~[300-585°C] (initially), [20]
~550°C (after ~1h), [21]
BB maintenance OFF 20°C ~[50-80°C], [22]

therefore be considered in the definition of the BB support concept to
control the clearances and also to avoid excessive reaction forces due to
obstructed thermal expansion.

The reasonably achievable shape tolerances of the BB and the VV are
expected in the range +5-20mm based on fabrication experience of the
ITER VV [23]. These are larger than the required precision of the
clearances at the BB supports. It is therefore foreseen to custom-machine
the BB supports contact surfaces after fabrication and survey as applied
on the contact pads of the outer intercoil structure of the JT60SA
magnets [24]. A final precision in the mm and sub-mm range is ex-
pected, see chapter 2.1.

1.6. Vertical segment removal kinematics

a) Vacuum vessel architecture

The VV is a double-shell structure made of austenitic steel 316L(N)-
IG and described in [6]. Each of its 16 sectors integrate one lower hor-
izontal port, one upper vertical port for BB replacement, and one
equatorial port hosting plasma heating and/or diagnostic systems or a
ramp-up limiter.

The VV is a toroidally continuous conductive structure in proximity
of the plasma. Plasma vertical excitations induce toroidal currents in the
VV providing passive stability to the plasma. Since the toroidal conti-
nuity is interrupted by the VV ports the inner shell above and below the
equatorial ports is particular important in this respect.

Each VV upper port provides direct access to the back-side of five BB
segments and allows servicing the BB pipes and connecting the BB
transporter to the BB. The size of the upper port is limited by the magnet
coils [25]. As a result parts of the BB segments are outside the port
contour, see Fig. 2. Hence, before vertical extraction through the upper

/ f Blanket "‘-\ \
/ segment |
contours |

VV with
upper port

Fig. 2.. Horizontal cut through one DEMO upper port with adjacent TF coils
limiting the port size and contours of the 3 outboard and 2 inboard blan-
ket segments.
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port lateral outboard segments must be translated toroidally, inboard
segments must be translated both toroidally and radially. The presence
of the VV inner shell above the equatorial port (as required for passive
plasma stability) requires the outboard segments to be swung about the
toroidal axis to fit through the upper port, see Fig. 3.

b) Removal sequence

Prior to the removal of any BB segment the divertor cassettes located
beneath need to be removed through the lower port to free the space
needed for the aforementioned translations. In addition limiters and
possibly in-vessel diagnostics may obstruct the BB kinematics and hence
require removal. The preparations in the upper port for the removal of
the BB segments include: (i) Opening of the bioshield top lid and (ii)
docking of different casks to the VV upper port for the removal of
components inside the upper port (vacuum closure plate, pipe work,
upper port plugs [26]).

The first segment to be removed must be the central outboard
segment. Subsequently, either of the two lateral outboard segments can
be removed. The removal of one of the inboard segments requires prior
removal of the central and one lateral outboard segment.

¢) Removal kinematics

Outboard segments: To disengage an outboard segment from its
lower support it needs to be lifted by ~120mm and tilted about the
toroidal axis by few degree. The inboard segments are still in-situ while
the outboard segments are being removed. To prevent collision with the
inboard segments during the vertical lift into the cask the outboard
segments must be tilted back at mid-height (step 3 in Fig. 3). Since the
inboard side of the upper port is narrow its toroidal width is increased
above the level of poloidal field coil 1 (PF1) to provide the space
required for this tilt.

Inboard segments: To disengage an outboard segment from its lower
support it needs to be lifted by ~20mm and tilted about the toroidal axis
by few degree. The following translations of the inboard segment must
comply with the VV contour that encloses the segment on the top.
Inboard segments must therefore be lowered with an angle of about 45°
into the divertor region (step 2 in Fig. 3). This translation must be far
enough to clear the poloidal contour of the residual inboard segments to
allow for a toroidal translation to the center of the VV sector. A 2™
vertically inclined translation (step 4) then moves the inboard segment
further towards the outboard and below the upper port allowing for the
vertical lift into the cask.

2. Design description
2.1. Custom-machining of BB supports structures

Custom machining of all VV support structures after VV assembly in
the tokamak pit is foreseen. Up to ~40mm of material can be removed
from the contact surfaces of the VV supports allowing the correction of
the VV shape deviations by +20mm, see Fig. 4. First, the as-built VV
inner shell is surveyed and the VV support structures are adjusted to the
global machine coordinate system. The expected precision after this first
step is +1.5mm, mainly caused by the imprecision within the surveying
process. In a second step the VV radial supports of each inboard segment
are custom-machined with respect to each other. The expected relative
precision amongst the radial supports of a single inboard segment is
+0.2-0.4mm.

Custom machining of all BB supports is foreseen after the fabrication
of each segment to radially adjust the BB support interfaces and correct
shape deviations of the BB segment. The relative precision is expected to
be as low as on the VV: £0.2-0.4mm. Consequently, during operation
the inboard segments are moderately bent by the ferromagnetic force
closing any remaining gaps (<0.4-0.8mm) and ensuring physical contact
on all radial supports.

Shape deviations of the BB segment, which are expected in the range
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Fig. 3.. Removal kinematics of the DEMO BB vertical segments. Top: outboard segments, bottom: inboard segments.

of +£5-10mm, are not corrected, see Fig. 4. Hence the radial position of
FW may deviate from the nominal and must be taken into consideration
in the prediction of impact areas of charged particles on the FW.

The heat generated in the steel of the support structures by the
neutron radiation will cause an elevated temperature level depending on
the thickness of the steel, i.e. the distance of the surface from the
coolant. The neutron flux at the location of a support structure depends
on the neutron shielding provided by the IVCs. The consequent neutron
heating varies approximately in the range of 0.1-0.5 W/cm?® [27]. The
consequent thermal stresses limit the steel thickness in the BB supports.

2.2. Design of the radial supports

Radial supports are implemented in all cases on both lateral sides of
the BB segments, see Fig. 5 and Fig. 10. During operation the ferro-
magnetic force provides a pre-compression on two lateral radial sup-
ports at three and two poloidal locations on the inboard and the
outboard segments, respectively. Due to the pre-compression provided
by the ferromagnetic force they can support the BB segments also
against vertical moments that may occur in plasma disruptions.

2.3. Design of the toroidal supports

In addition to radial/vertical supports each blanket segment has
toroidal shear keys that engage into corresponding slots in the VV. These
shear keys react the large radial moments acting on the blanket during a
fast plasma current quench that occurs during a disruption. The inboard
segments have two shear keys, one at the bottom and one at the top,
providing a statically determined support condition.

2.4. Design of the vertical supports

a) Main vertical supports

During installation and in-vessel maintenance the BB segments are at
20°C and ~50-80°C, respectively, see Table 1. In these states the BB
segments are vertically supported on the bottom only; at the upper
supports there are gaps of ~20mm. During plasma operation these gaps
are closed and the BB segments are vertically supported also on the top.

To engage the inboard segments into their lower VV supports the
final installation movement is a vertical drop of ~20mm, see Fig. 9. The
final installation movement of the outboard segments is a vertical drop
of ~120mm, see Fig. 3 and Fig. 6. Consequently, after installation a
vertical gap is unavoidable above the lateral outboard segments and
above the inboard segments of at least 120mm and 20mm, respectively.
To avoid impact loads on the upper vertical support and high dynamic
amplification of upward loads that can occur due to halo currents in
upward vertical displacement events (VDEs), see Table 3, these gaps
need to be closed during plasma operation. Indeed, these gaps must be
closed prior to plasma operation in standby since VDEs may occur also
during plasma ramp-up. The BB thermal expansion within the VV in
standby will reduce the vertical gap by ~31mm and we rely on this to
sufficiently close the ~20mm installation gap at the inboard segments.
To close the ~120mm installation gap above the lateral outboard seg-
ments removable stops will be inserted after BB installation, see Fig. 7.
These will be adjusted to retain a similar-size gap prior to BB heat-up as
above the inboard segments (~20mm).

The gap above the central outboard segments can be closed adjusting
the upper port plugs that are installed after the BB.

As introduced in paragraph 1.3 during operation the BB segments are
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Custom-
machined
pads

Shape deviation
due to manufacturing

Fig. 4.. Principle sketch illustrating the foreseen custom-machining on the VV
side and on the BB side to compensate manufacturing tolerances.

Radial Toroidal shear
supports key pockets |

Fig. 5.. Supports of the inboard BB segments.
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Fig. 6.. Lower supports of the outboard segments providing support in both
radial directions.

Fig. 7.. View inside the upper port with removed upper protection limiter
showing the removable stop element (brown) at the upper supports of the
outboard segments providing support in both radial directions, bolt for forced
extraction in case of bonded contact surfaces not shown.

not free to thermally expand and their temperature state causes (sec-
ondary) stresses within the BB and reaction forces on the BB vertical
supports. The potential for these reaction forces to overload the BB
supports requires controlling the BB’s stiffness and temperature levels in
normal and upset conditions, see paragraph 3.5.

Initially it had been attempted to implement a single vertical support
at the bottom of the BB reacting both upwards and downwards loads. (In
radial direction the BB would have retained its supports on both, the top
and the bottom.) Such a supporting concept with a constraint in a single
location is conventionally chosen for components undergoing significant
thermal expansion. However, since the unconstrained vertical expan-
sion of the BB segments during normal operation is expected to be sig-
nificant (~70-160mm, [28]) meeting the requirements of the BB FW
alignment (paragraph 1.2) is considered impossible at the top without
guaranteed contact to the VV.
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b) Radial stops - inboard segments

To support the inboard segments against forces pulling them off the
VV wall radial stops are integrated at the top and at the bottom supports.
The radial stop at the top is provided by a surface of 30mm height on the
upper support rail, see Fig. 8. In the bottom supports a vertical step of
15mm height is implemented, see Fig. 9.

2.5. Engagement and release

a) Installation

The BB transporter will position the BB segment with a tolerance of
~+40mm. During the last installation movements the BB segments are
guided by the BB support structures into their installed position
achieving a much smaller installation tolerance of ~+2mm. This is
caused by the surveying precision of the BB supports (+1.5mm) and
their custom-machining tolerances, see paragraph 2.1. The BB supports
therefore have a wedged shape ensuring that during engagement into
the VV pockets the gaps reduce progressively, see Fig. 10. The BB
segment being installed may be attracted to a residual BB segment due to
their ferromagnetism and slide across pre-defined contact areas during
installation. During the engagement the BB toroidal supports enforce the
separation of adjacent BB segments.

b) Release

Metal-to-metal surface bonding, called in literature also sticking,
stiction or adhesion, sometimes occurs in vacuum where the reformation
of destroyed oxide layers is prevented. This has often been observed in
fusion machines [29] and space applications [30]. A careful choice of
the type of metals at the interface and the use of dissimilar materials can
reduce significantly these issues. Existing fusion machines use e.g.
Al-bronze that is also foreseen in ITER [12].

To further mitigate the risk of surface bonding at the BB supports
Table 2 identifies methods to break open bonded contacts at surfaces
that are under constant and high compression during operation. The
following procedure was identified to potentially release bonded sur-
faces on most BB support interfaces prior to BB removal. This procedure
has not yet been validated by a suitable test program.

Fig. 8.. Horizontal cross-section through of the upper support rail including the
radial stop of the inboard segments.
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Inboard BB}
segment

Fig. 9.. Horizontal cross-section in the toroidal mid-plane of the inboard
segment showing the lower support.

Fig. 10.. Horizontal cross-section through the VV and the bottom support of
two inboard BB segments, right: in installed position, left: prior to engagement
into the shear key pocket with indication of required positioning precision,
here 37mm.

Table 2.
Methods foreseen to release metal-to-metal surface bonding prior to BB removal.

Method for release of
surface bonding

Location Ref.

Bottom vertical supports — outboard BB Fig. 11 Toroidal BB thermal
contraction

Bottom vertical supports — inboard BB Fig. 10 none (to be defined)

Top BB vertical supports Fig. 7 Vertical BB thermal
contraction

Top BB radial supports Fig. 11~ Toroidal BB thermal
contraction

Removable stop at upper supports of Fig. 7 Release screw

outboard segments
BB radial supports Fig. 11 ~ Toroidal BB thermal

contraction

i The magnets are discharged to terminate the ferromagnetic force
acting on the BB segments.

ii The plasma chamber is vented with dry air to prevent surface
bonding to take place from this point on.

iii The BB segments are cooled-down to ~20-100°C using their active
cooling system. In this phase the toroidal shear keys ensure the
toroidal position of the BB with a precision of +0.5mm. The BB
supports on the lateral sides contract toroidally by ~1.5mm releasing
bonded surfaces, see Fig. 11.

iv The VV is opened and the BB removal sequence initiated.
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~500mm

Fig. 11.. Horizontal cross-section (not to scale) through BB segment during the
release procedure in case of bonded contact surfaces by on cooling down the BB
from its high operational temperature (here to 20°C).

3. BB segment loads
3.1. Accelerations

In the current reference configuration the volume of individual
inboard and outboard BB segments is approximately 15m> and 21m?,
respectively. The corresponding mass — assuming the heavier water-
cooled lead-lithium (WCLL) concept - is approximately 125 and 180
tons, respectively. Gravity therefore generates per BB segment vertical
reaction support forces of 1.25 and 1.8 MN, respectively.

During seismic events the BB segments, as they are attached to the
VV, are accelerated horizontally and vertically in addition to gravity.
The worst case seismic load occurs in the category IV event SL-2. It is
expected to accelerate the VV in horizontal and vertical direction up to
about 0.3g and 0.8g, respectively. Since plasma disruptions can accel-
erate the BB even more severely seismic loads are mainly relevant during
machine shutdown when the toroidal field is off and the blanket support
concept cannot rely on the ferromagnetic force, see paragraph 1.3.

3.2. Currents induced during TF coil fast discharge

To prevent damage to the TF superconductor in case of a quench the
coil current is rapidly discharged into a dump resistor. As a consequence
poloidal currents are induced in the VV and the IVCs, whose electrical
connections to the VV allow for net poloidal currents to flow, see Fig. 12.

Fig. 12.. Path of induced net poloidal currents in the IVCs (red) that occur
during a thermal quench and TF coil fast discharge.
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Crossing the toroidal field these currents cause a pressure load directed
away from the plasma that is strongest on the inboard [25].

3.3. Currents induced during disruptions

a) Thermal quench

The thermal quench is triggered by a plasma instability causing the
sudden loss of confinement. Within a very short time (in the order of ms)
the toroidal flux increases and the plasma current profile flattens. Within
the same time the plasma center is moved towards the inboard wall. To
preserve the toroidal flux poloidal currents are induced in the compo-
nents in proximity of the plasma, i.e. the FW and the divertor but also the
VV.

The principle current pattern is independent from the BB support
concept since the BB segments are electrically connected at the top and
the bottom allowing a poloidal net current to flow through each BB
segment, see Fig. 12. As in the TFCFD forces are generated on the IVCs
directed away from the plasma.

b) Current quench

A fast plasma current quench generates a variation of the poloidal
magnetic flux that induces a toroidal current in the toroidal conductive
structures. These occur in primarily in the VV while they are prevented
in the BB by one of the two supports on the BB lateral sides being
insulated. Instead a current loop is induced causing equal-opposite
poloidal forces in the sidewalls generating a very significant radial
moment on each segment. This effect is well-known and has been an
important design driver for the ITER IVCs [31, 32].

A previously unrecognized effect (and still under study), which can
lead to large EM loads on the BB segments, is related to the toroidal
asymmetry in the electrical conductivity of the VV due to the port
penetrations. This was first reported in [33], which is focused on the
opening in the VV due to the large upper port. Indeed, due to the
consequent change in the flow pattern of the toroidal currents induced
in the VV, the poloidal magnetic flux is altered in that region. Since the
individual BB segments are electrically connected to the VV on the top
and on the bottom, a current loop is generated in the segments of one VV

Fig. 13.. Current loops induced during the plasma current quench in the
inboard and outboard BB segments of one VV sector, respectively, caused by the
VV asymmetry represented by the upper port.
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sector where the current flows downward in one BB segment and up-
wards in the other, see Fig. 13. Consequence are opposite radial forces in
adjacent inboard BB segments that are large due to the length of the
current path, i.e. in the range +6-10MN. Such forces may overcome the
ferromagnetic force and push single inboard segments away from the VV
wall.

An EM analysis had been performed on a previously considered
DEMO configuration with minor differences to the current configuration
regarding EM loads [34, 35]. This assessment found that the current
loop shown in Fig. 13 could be significantly suppressed if the toroidal
continuity of the VV shells was constituted restoring the cylindrical
symmetry of the poloidal flux. Toroidal electrical connectors incorpo-
rated in the upper port plug at the level of the VV inner shell to reduce
the asymmetry caused by the upper port did however not significantly
reduce the observed phenomenon, which will therefore remain a subject
of future studies.

3.4. Summary of EM loads

An overview of the main EM loads acting on the BB structure is re-
ported in [36]. They may occur due to the following phenomena: (i)
interaction of the magnetic field with the BB ferromagnetic steel mainly
causing forces in radial direction due to the toroidal field gradient, (ii)
currents induced in the BB segments as a consequence of magnetic field
variations, mainly due to a TFCFD, a plasma thermal quench or a plasma
current quench (CQ), and (iii) currents from the plasma halo region
running in the BB during VDEs.

Argentinian results of material irradiation indicate a decrease of the
saturation of the magnetization of up to 30% due to neutron irradiation
with fluences several orders of magnitude lower than what is expected in
DEMO [37]. The BB support concept presented here is relatively robust
against a reduction of the ferromagnetic forces since the BB is supported
in both radial directions. Nonetheless, a quantification of the effect is
needed to allow a complete verification of the BB support concept.

Table 3 provides an overview of the loads that drive the design of the
blanket supports and is based on results from [36]. The loads along the
omitted degrees of freedom occur mainly during the current quench and
are of lower significance: Fi,;<0.3MN and Mye<5.0MNm. The EM
loads are calculated based on the following assumptions:

Each BB segment to contain about ~3.5m> of Eurofer.

TFCFD discharge time constant: 20s.

Thermal quench time: 4 ms

Current quench time: 74 ms, based on [38]

Halo current: The largest halo currents in the BB are expected during
a slow upward VDE. Their magnitude could in principle be extrap-
olated from the ITER specification, see [38]. However, the presence
of protruding limiters may significantly reduce the halo currents in
the BB segments. We assume here that the loads due to a TFCFD are
significantly more severe hence halo current loads are not addressed
specifically.

The design of the BB is assumed as a box whose walls have equivalent
electrical conductivity properties according to Fig. 14:

Table 3.
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tBSS = 60 mm

Back-supporting structure

tinterm.Plate = 40

Breeding zone //

| ‘ tEw = 20mm Eurofer + 0.5mm tungsten f H’

7 |

First wall

Fig. 14.. Simplified cross-section of BB segment with wall thicknesses as
considered in the EM analysis.

3.5. Thermal conditions

Flat top plasma operation: During plasma ramp-up the neutron flux
progressively increases and volumetrically heats the BB. In addition the
heat radiated from the plasma heats the FW surface. The BB thermal
capacity delays the establishment of the steady-state temperature con-
dition in the BB. This transient phase has not been considered in this
work. The steady-state BB thermal condition also depends on the outlet
temperature of the BB coolant: ~328°C in case of water and ~500°C in
case of helium. In the verification of the BB supports we considered the
more extreme temperature state in the range ~[300-500], [19], estab-
lished in the case of helium, see Fig. 15. This was found to correspond to
an average temperature of the FW plate of approximately 345°C. The BB
back-supporting structure remains close to the inlet temperature
~300°C.

In-vessel maintenance: During in-vessel maintenance the plasma
chamber is filled with dry air at 1 bar and the BB segments to be removed
are disconnected from their cooling system. The decay of radioactive
isotopes generates heat in the BB that is transferred to the dry air, which
naturally circulates transferring it to the cold walls of the actively-cooled
VV [22]. The temperature state established in the BB is rather uniform at
a moderately elevated level, see Table 1.

Ex-vessel LOCA: In case of an ex-vessel loss of coolant accident
(LOCA) a number of BB segments lose their active cooling. A soft plasma
shutdown is triggered within 3s, causing the plasma fusion power to
reduce to zero within 120s. During this time the BB continues to be
heated by the plasma and a maximum temperature (in the FW) of 585°C
is predicted in [20]. After plasma shutdown the VV is filled with dry air
to enable convective heat transfer between the un-cooled BB and the VV
as in the case of in-vessel maintenance. After about 1h the — more or less

Summary of most relevant peak net EM loads [MN, MNm] acting on the BB segments (positive radial forces act away from the machine center, positive vertical forces
act upwards). Negligible loads are omitted from the table, loads that do not drive the design are grayed out. Note: Each load may occur at a different instant during the
transient event. Also: The distribution of these loads across the BB segments is to some degree non-uniform.

Inboard BB

Fraa Fyert Maa
Ferromagnetic [-7; -6]
TFCFD -12.4
Halo current - fast VDE up -0.9 -9.0
Thermal quench [6.5; 8.5] [-1.9; -1.4] 8.5
Current quench - fast disr./VDE +6 [-1.4; 1.9] -13

Outboard BB
Mior Fraa Fyert M;aa Mior

-2.0

3.2

-0.6 2.3
[7.1; 9.0] [-3.5; -1.8] [0.4; 0.6] [4.5; 5.5] [-2.8; 0.2]
[-11; 5] +2.5 [-0.35; 0.2] [8.0; 10.0] [0.9; 2.8]
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49078

46656
aan
41811
392,89
36967

ectional Deformation(Z Aiis)

0050861 Max

Fig. 15.. Temperature distribution during flat top and free thermal expansion
of inboard BB segments. The front segment has the real 3D thermal gradient of
the BB FW applied, the segment in the back the equivalent averaged FW tem-
perature of 345°C.

uniform - temperature of the BB reaches its peak of ~500°C and ~600°C
depending on the BB concept being WCLL or HCPB respectively [21].

4. Verification
4.1. Reaction forces

In a finite element model of a single VV sector and the corresponding
two inboard and three outboard BB segments the reaction forces on the
BB supports were determined for different load cases and in different
machine states [7]. The reaction forces for one inboard and one lateral
outboard segment are reported here and are assumed to be representa-
tive for the other segments. This holds true also for the central outboard
segment in case it is not shortened to integrate and upper limiter [26].
The case of a shortened central outboard segment, which is currently
thought to be supported by the upper limiter, is not covered in this
article and should be subject of future design studies. Table 4 and
Table 5 report the reaction forces for the machine states stand-by (with

Table 4.
Reaction forces [MN] on the VV supports of an inboard segment.
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charged TF coils), flat top, and ex-VV LOCA. The reaction forces due to

the occurrence of a TFCFD or a fast upward VDE during flat top are also

reported. In these tables the negative direction of the radial reaction

forces acting on the VV supports is defined towards the center of the

machine, positive vertical forces act downwards on the VV supports.
From the analysis results the following has been concluded:

i Loads during flat top and ex-VV LOCA: The vertical loads on the top
and bottom supports remain well within the design limits of the
support structures. This shows that both the inboard and outboard
segments are sufficiently flexible.

i Loads due to TFCFD: The TFCFD generates a high compression of the

blanket segments towards the VV. On the inboard segments high

support reaction forces of up to ~4 MN occur and also high stresses
in the BB structure. On the outboard segments the EM load due to the

TFCFD may slightly exceed the ferromagnetic force. The loads on the

radial stops are however well within the design limits.

Loads during fast disruption: Both, during thermal and fast current

quench radial loads occur on some inboard and some outboard

segments that exceed the ferromagnetic loads. The support condition
of the inboard BB changes in this case. The inboard segment is then
radially supported only on the top and on the bottom.

=

ii

The determined reaction forces do not exceed the design loads of the
support structures, which are as follows:

e Radial supports: ~4 MN
e Vertical supports: ~4 MN
e Toroidal supports: ~2 MN

4.2. Stresses in BB segments

The stresses in the BB segments have been calculated using a finite
element model. The model includes one VV sector and the correspond-
ing 5 BB segments. These were modelled simplified using shell elements
and not including internal stiffening ribs and cooling pipes. The mem-
brane stress limit of EUROFER Sy, is temperature-dependent and ~160
MPa. The stress limit for primary membrane + bending stresses is ~240
MPa, that for primary and thermal stresses ~480 MPa. The stresses in
the BB segments were assessed here with the aim to identify potential
major issues rather than to verify the BB structural integrity. Further
verifications will be required considering in greater detail the BB design
incl. the detailed definition of initial gaps at supports incl. uncertainties
and based on fully consistent EM analyses.

Reaction force direction Loads Stand- Flat
by top
Tor. field on on
BB temp. 300°C 300-345°C
other n/a n/a
Radial Top - L 0 0
Top-R 0 0
High - L 1.5 1.6
High - R 1.0 1.0
Equa. - L 1.3 1.1
Equa. - R 1.0 0.9
Bot-L 0.8 0.9
Bot - R 0.8 0.9
Total 6.5 6.5
Vertical Top - L -0.3 -0.4
Top -R -0.4 -0.6
Bot-L 1.0 1.2
Bot -R 1.0 1.1
Total 1.3 1.3
Toroidal High 0.2 0.2
Bot -0.3 -0.3

Ex-VV TFCFD Fast VDE up
LOCA Thermal quench Current quench
Left BB Right BB Left BB Right BB
off on on on on on
500°C flat top flat top flat top flat top flat top
n/a TFCFD VDE VDE VDE VDE
-0.3 0 0 0 0 -1.5
-0.2 0 -1.5 0 0 0
0 3.6 0 0 0.5 0
0 3.1 0 3.6 0 3.9
0 4.2 0 0 0 0
0 3.4 0 3.4 0 1.0
0.3 1.8 -0.3 1.5 0.2 0
0.2 2.8 -1.0 1.2 0.2 1.4
0 18.9 -2.8 9.6 0.8 4.8
-0.7 0.8 0 -1.0 0 -1.3
-0.8 -0.9 -1.5 0 -0.9 0
1.3 0.6 1.2 1.8 0.8 3.2
1.4 0.9 2.8 0 2.2 0
1.2 -0.2 2.5 0.9 2.0 1.9
0 0.1 1.1 -1.4 -0.5 1.9
-0.1 0.3 -1.0 2.0 0.7 -2.5
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Table 5.
Reaction forces [MN] on the VV supports of a lateral outboard segment.
Reaction force direction Loads Stand- Flat
by top
Tor. field on on
BB temp. 300°C 300-345°C
other n/a n/a
Radial Top - L 0.4 0.4
Top - R 0.6 0.6
Bot-L 0.6 0.5
Bot - R 0.5 0.5
Total 2.1 2.1
Vertical Top - L -0.2 -0.4
Top - R 0.5 0.7
Bot-L 1.3 1.5
Bot-R 1.4 1.6
Total 2.0 2.0
Toroidal Top -0.1 -0.1
Bot 0 0

Ex-VV TFCFD Fast VDE up
LOCA Thermal quench Current quench
Left BB Right BB Left BB Right BB
off on on on on on
500°C flat top flat top flat top flat top flat top
n/a TFCFD VDE VDE VDE VDE
0 -0.3 0.9 -0.6 1.5 0
-0.1 -0.7 2.1 2.5 1.4 0
0 -0.1 1.3 -0.1 1.7 0
0.1 -0.6 1.4 1.9 0.9 0
0 -1.7 5.7 3.8 5.5 0.1
-0.4 -0.1 -1.2 -2.0 -2.1 -1.3
-0.8 0 -1.2 -0.1 -0.4 0
1.3 1.2 2.0 0 2.3 0.2
1.6 0.6 2.7 4.2 2.2 2.5
1.7 1.6 2.3 2.0 2.1 1.4
0 0 -0.6 -2.1 -0.5 -2.2
0 -0.2 -0.5 -1.5 -0.5 -1

The calculated stress level in the BB segments is shown during
normal operation (flat top) in Fig. 16, during an ex-vessel LOCA in
Fig. 17, during a TF coil fast discharge in Fig. 18, and during a plasma
disruption with fast current quench in Fig. 19.

In an ex-vessel LOCA the yield stress of ~320 MPa @ 550°C [39] is
exceeded in some regions of the BB. The extend of any permanent plastic
deformation needs to be well controlled as it could negatively affect the
support condition and the FW alignment. During a fast current quench
and during a TFCFD large stresses are generated in the inboard BB FW of
up to ~300-350 MPa. Additional radial supports on the inboard wall
and/or modifications of the BB design might be suitable mitigation
strategies.

4.3. BB deformation/FW alignment

The positioning tolerance of the BB FW is expected to be within +5-
10mm, see chapter 2.2. The consequent increase of FW heat loads due to
charged particles was found to be not higher than ~25% and hence
tolerable [16]. The thermal deformation of the BB segments during
operation, see Fig. 20, is mostly uniform in toroidal direction.
Non-uniformities of this deformation will increase the misalignment of
the FW. On the inboard side, due the higher number of supports, the FW
deforms by few mm only, which is considered non-critical. On the
outboard side up to 16mm are predicted at the equatorial plane. How-
ever, the presence of plasma limiters on the outboard side that protrude
the BB FW [40] and its relatively large distance to the last closed flux
surface of 225mm on the midplane is expected to prevent excessive heat

Type: Equivalent {von-Mises) Stress - Top/Bottom
Unit: Pa
6.1775e8 Max
2.5e8
2.1875e8
1.875¢8
1.5626e8
1.2501e8
9.376e7
6.2512e7
312647
15942 Min

Fig. 16.. Primary + secondary membrane plus bending stress distribution in
the BB segments during flat top, orange contour manually defined as 250 MPa.
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Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: Pa
9.2601e8 Max
2e8
1.75¢8
1.5¢8
1.25¢8
1e8
7.5003e7
5.0004e7
2.5004e7
4928.1 Min

Fig. 17.. Primary + secondary membrane plus bending stress distribution in
the BB segments during ex-vessel LOCA (BB temperature 500°C), orange con-
tour manually defined as 200 MPa.

Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: Pa
2.3395e9 Max
3e8
2.6429¢8
2,2857¢8
1.9286e8
157148
121438
8.5714e7
Se?
12667 Min

Fig. 18.. Primary + secondary membrane plus bending stress distribution in
the BB segments during a TFCFD that occurs during flat top, orange contour
manually defined as 300 MPa.

loads on any leading edges of the BB FW.
5. Summary
A concept of the mechanical supports for the large vertical segments

of the DEMO BB has been described including the relevant machine
states, loads and boundary conditions. The concept does not require
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Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: Pa
1.867e9 Max
4e8
3.5e8
3.0001e8
2.5001e8
2,0001e8
1.5001e8
1.0002e8
5.0018e7
20644 Min

Fig. 19.. Primary + secondary membrane plus bending stress distribution in
the BB segments during the fast current quench of a plasma disruption, orange
contour manually defined as 400 MPa.

D: Static Structural - Operation
3 Axis - Directional Deformation - End Time
Type: Directional Deformation({ &xis)
Unit: m

Global Coordinate System

Time: 1

12/08/2020 23:07

0.016536 Max
0.012865

0.009148

0.0055243 vert
0.0018539

-0.0018166

-0.005487 rad
-0.0091575

-0.012828

-0.016498 Min

Fig. 20.. Radial displacement of the BB due to thermal deformation during flat
top operation.

bolts for electrical straps of mechanical attachments requiring access
and release. This greatly simplifies the remote replacement of the BB
segments.

Mechanical assessment: The support structures on the VV and the BB
segments have been assessed regarding support reaction forces, thermal
and mechanical stresses in the BB and VV for the most relevant machine
states and load conditions. The assessment has been carried out using
models that include a number of simplifications in particular regarding
the design of the BB. The verifications are therefore preliminary. The
reaction forces on the support structures are within the design limita-
tions also in case of extreme thermal expansion of the BB during an ex-
vessel loss of coolant accident. Stresses in the inboard segments seem to
be beyond the stress limits due to eddy current loads during a TF coil fast
discharge or a fast plasma disruption. Additional radial supports on the
inboard wall and/or modifications of the BB design are promising design
adaptations to reduce these stresses.

FW deformation: The deformation of the FW during operation has
been quantified and is considered sufficiently low to prevent excessive
heat loads due to charged particles.

Although no show-stopper was found at this point both design and
verification are not in a state that would allow concluding on the
feasibility of the BB support concept presented here. Given the
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attractiveness of this attachment concept in particular regarding the
remote replacement complexity the following future steps are recom-
mended for a reliable substantiation:

Completion of the CAD design of the BB supports, in particular of
those integrated in the upper port plug.

Investigate in greater detail the required vertical gap above the
inboard segment during installation considering tolerances and BB
deformations. The requirement to introduce a vertical stop element
as on the outboard segment can at this point not be excluded.

o Assess in greater detail the EM loads acting on the BB segments both
due to its ferromagnetic material and due to induced currents. The
impact of neutron irradiation on EUROFER’s ferromagnetic proper-
ties needs to be quantified, too. Future EM analysis need to follow-up
the design development of the BB.

Thermal expansion of the blanket segments has not yet been
comprehensively considered. Various additional thermal states of
the segments need to be assessed in the future regarding asymmetric
deformation and reaction forces on the supports.

Construction of a test stand to validate the support concept on in-
dividual BB segments.
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