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ARTICLE INFO ABSTRACT
Keywords: The maintenance of the DEMO Breeding Blanket (BB) remotely is a crucial aspect in development
DEMO of the DEMO power plant. It is a challenge due to the huge mass of the BB segment of about 180

Remote maintenance
Breeding blanket transporter
Gripper interlock

tons. A new concept for the BB transporter has recently been developed. To properly grip and
manipulate each BB segment, the BB transporter has been equipped with a gripper interlock. Due
to the geometry of the BB and the vacuum vessel, the attachment point on the BB segment is not
aligned with its center of gravity. Hence in addition to the vertical lifting load, large moments
about the horizontal axes need to be reacted.

The work discussed here concerns the structural analysis conducted on the gripper interlock; its
structural integrity has been checked against the most severe load conditions that include also
seismic loads according to the EN13001. Elastic analyses were performed using a finite element
model in accordance with EN 13001-3-1:2012 + A2:2018, Cranes - General Design - Part 3-1:
Limit States and proof competence of steel structure. The effect of the gap sizes at the contact
surfaces between gripper interlock and BB after engagement as well as the effect of different
friction coefficients on the sliding areas were assessed. The improvements of the design based on
the structural analysis are presented, too.

1. Introduction

DEMO could be one of the next step towards the design and development of commercial fusion power plants. Its main aims consist
of demonstrating the production of few hundred MW of net electricity, the feasibility of operation with a closed-tritium fuel cycle, and
a maintenance system capable of achieving adequate plant availability [1]. Tritium is assumed as produced inside a breeding blanket
(BB) covering the internal wall of the vacuum vessel (VV). The degradation of the materials of these critical components requires
regular replacement [2] and the remote maintenance processes must be tested to be consequently adopted in a fusion power. Due to
this the BB maintenance strategy consists in increasing as much as possible the power plant availability, on one hand, and on the other
in reducing the maintenance costs. The remote replacement of the BB was identified one of the crucial aspects of the EU DEMO [3]
development. Recently a new approach of BB maintenance strategy has been proposed [4]. As in ITER, a sealed environment is adopted
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to carry out remote replacement of the In- Vessel Components (IVCs) [5,6]. A proper cask, sealed to the VV is designed to assure a
double containment during the remote handling operations.

Accordingly, an innovative design for the BB transporter has been proposed too [4]. The BB is removed and re-installed from within
a containment box on top of the bioshield roof through the upper ports of the VV. Separate containment boxes placed on top of each
upper port guarantee that in-vessel operations can be potentially carried out in all upper ports independently. Due to the presence of
the magnetic coils the VV access ports are limited in space and they do not allow for direct lifting of the BB segments [7]. In addition,
tilting movements of the BB segments are also needed to disengage the BB segments from their supports and to move them through the
upper port clear of the in-situ BB segments partially obstruct the upper port [8]. The BB transporter is equipped with a trunk that can
rotate about the vertical axis; at its end the gripper interlock (GI) is mounted. The main function of this component is the engagement
with the BB segments. Due to constrained accessibility of the backside of some of the BB segments, the GI is the highest loaded part of
the entire transporter. It is subjected to high moments about the toroidal and radial axes of the machine. The most critical condition
occurs during the initial lifting of the inboard segments. The design of the GI itself is described in Ref. [9]. This article addresses (i) the
verification of its structural integrity against the most severe load condition, (ii) an assessment of the gap size on the contact surfaces
with BB segment, and (iii) an evaluation of the impact different friction coefficients on the stress distribution on the GI structure.

2. Current design

The Gripper Interlock (GI) has been designed to transfer loads (mainly bending moments) across the small accessible surface placed
on the backside of the BB segments. The lifting surfaces of lateral outboard segments are particularly narrow. The cross-section of the
gripper interlock was chosen rectangular with a shorter toroidal and a longer radial edge reflecting the accessible surface on the BB
segments.

The GI is mounted on the extremity of the trunk (Fig. 1) of BB transporter [10]. The lower part of the gripper, the G, is attached to
the gripper mounting shaft by large pivot pins on both sides, which define the center of the tilting motion. These pins transfer the
vertical and horizontal forces as well as the bending moment about the second horizontal axis. The bending moment about the tilting
axis is borne by the actuators (Fig. 1).

The GI shall guarantee the lifting of each BB segment and withstand the safety removal of the BB segment. The GI has been designed
also for an SL-1 Seismic event [11,12] since the remote handling operations can have relevant duration. The GI is entered into a recess
in the backside of the BB segment chimney and mechanically locks itself with the BB segment (Fig. 2).

To enable guided engagement, it has a somewhat conical shape (Fig. 3).

The GI is composed of a housing structure joined to the gripper by a bolted flange [9], The vertical loads are supposed to be reacted
by the levers inclined by an angle of 65° with respect to the vertical axis in the engaged configuration (Fig. 4). During the insertion of
the GI into the BB recess, the levers are folded. The levers are then unfolded and engage with the contact areas on the BB upon lifting
(Fig. 5). The locking levers are equipped with lever caps with cylindrical joints.

The pressure pad, placed on the bottom area of the GI, transfers the vertical loads from the two levers to the housing and the rest of
BB transporter structure. It can slide on the horizontal plane (toroidal-radial plane) by means of a planar join. The pressure pad is
composed by an upper disk interfacing on top to the cylindrical surfaces of the levers, and on the bottom to the spherical surface of

Gripper
Interlock

Fig. 1. Overview of current design of trunk, gripper, and gripper interlock.
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Recess in BB segment

Fig. 2. Recess in BB segment.

Fig. 3. Conical surfaces on the housing to transfer horizontal forces reacting bending moments.

Cylindrical joint

Spherical joint 1

Planar joint

Lubricant
Fig. 4. Functional scheme (section on midplane of the GI).

lower disk. The lower disk interacts with the housing through a planar surface on the bottom (Fig. 4). The main function of the pressure

pad consists in transferring only the vertical loads from the levers to the housing and reducing as much as possible the stress flowing
into the levers due to the moments. This area has been assumed as lubricated and a seal has been implemented to avoid lubricant
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Fig. 5. GI insertion and engagement (Section on mid-plane of GI).

leakage. Thus, a friction coefficient of 4% has been assumed on the spherical and the planar joints (Fig. 4).
3. Structural analyses

The design loads considered in the structural integrity verification are shown in Ref. [10]. Dead weight (DW) and seismic accel-
eration due to an SL-1 event are considered. The assumed lifted masses according to Ref. [4] are 125 tons for the inboard segments and
180 tons for outboard segments. An SL-1 seismic event has been considered with maximum equivalent accelerations of the BB seg-
ments of ~0.8 m/s? and ~2.7 m/s? in horizontal and vertical directions, respectively. The design loads were defined considering to the
partial safety factors defined in EN 13001 [13] i.e., 1.41 DW + 1.1 SL-1.

Our study concerned not only the structural verification of the GI itself but also the effect of the friction coefficients between GI
components and the assembly gaps after GI engagement.

Provisionally ultra-high-strength S960 steel (EN 10025-6) [14,15] was chosen as material for the GI components with a minimum
yield stress of f, = 960 MPa. EUROFER has been considered as material for the BB segment [16].

The loads were applied in two subsequent load steps: 1) vertical load, 2) vertical load + bending moments. The rules for elastic
analysis defined in EN13001 were considered, which defines the allowable stress as 752 MPa for rolled steel (fy/(1.1 x 1.16) - for
material in quality class Z15 in accordance with EN 10164:2004 and as 1040 MPa (fy/(1.1 x 0.95)) for non-rolled material. The
housing is assumed to be manufactured as cast steel and machined while the others components are made from rolled material.

3.1. Structural integrity verification

A linear elastic analysis was carried out considering the worst case loading condition (see Table 2): lifting of the inboard segment,
see Table 1. The nominal size of the engagement gap on the conical contact surfaces of 0.5 mm was assumed [9]. The stress level in the
fillet of the upper flange, on the edge of the lower conical contact surface and in the corner of the cut-out in the housing is near the
allowable stress and it suggests small improvement in design of these areas, an option to reduce the level of the stress could be to
increase the fillet radii (Fig. 6). Since these are local regions of the structure, we expected these were not membrane but rather bending
and peak stresses. To verify this assumption a subsequent limit analysis was carried out.

A limit analysis was carried out to distinguish membrane from bending and peak stresses in the three-dimensional structure of the
GL. In absence of a reference limit for the collapse load factor in EN13001 [13] RCC-MRx [18] rules were adopted. A linear elastic
perfectly plastic material behavior was defined, and the load was increased progressively up to the collapse of the structure, applying it
to the undeformed geometry [19]. The collapse of the structure was found to occur at a load factor of 3.2, well above the required load
factor of 1.5, as requested by RB 3251.112 [18]. This verifies that the surrounding structure has sufficient reserve to prevent excessive
deformation failure. At a load factor of 1.5 the plastic strain is limited to no more than 1% (Fig. 7).

Table 1

Interface design loads transferred from the BB segments to the GI due to dead weight and seismic event i.e., 1.41 DW + 1.1

SL-1 [17].
BB segment Fyert Meor Mrad
Inboard 2.2 MN 4.4 MNm 0.6 MNm
Lateral outboard 3.1 MN 0.8 MNm 1.4 MNm
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Table 2

Contact characteristics of the GI joints.
Interfaces Contact Friction coefficient
Levers caps vs. BB Dry 30%
Lever cap vs. lever Dry 4,15, 30%

Right lever vs. left lever

Levers vs. pressure pad

Pressure pad upper disk vs. lower disk Lubricated 4%
Pressure pad lower disk vs. housing

C: GI_2022_ DW _SL1_LC3

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 2
1308
1040
750
687.5
625
562.5
500
4375
375
3125
250
187.5
125
62.501

0.00 350.00 700.00 (mm)
—

0.0015 —
175.00 525.00

Fig. 6. Equivalent von Mises stress distribution in the GI - lifting of the BB inboard segments, red areas indicate stress levels above the allowable.

A: GI_2022_DW _SL1_IN
Equivalent Plastic Strain
Type: Equivalent Plastic Strain
Unit: mm/mm
0.027843 Max
0.024749
0.021656
— 0.018562
0.015468
0.012375
0.009281
0.0061874
0.0030937
0 Min

000 35000 70000 (mm)

175.00 525.00

Fig. 7. Equivalent plastic strain at load factor 1.5.

3.2. Engagement gap size assessment

The assessment of the gap size between the GI working surfaces and the corresponding on the BB recess has been conducted in two
different steps: in the first the gaps between the working surfaces of the vertical supports (i.e. lever cap top surfaces on the corre-
sponding on the BB recess), the second concerned the gaps between the conical surfaces of the housing and the corresponding on the BB
recess.

The analyses included an assessment on the gaps allowed on the working surfaces (Fig. 8). The outcomes of the analyses give
information about the allowable assembly tolerances of the GI and surface finishing of the surfaces of the BB recess. The assessment has
been conducted assuming gaps sizes varying in the range 0-3 mm with steps of 0.5 mm both on the toroido-radial supports (conical
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Fig. 8. Gap configurations - red contour Gripper Interlock during lifting, gaps on the horizontal support surfaces closed - blue contour Vertical
support engaged - gaps between the lever caps surfaces closed.

surfaces of the GI housing and the corresponding on the BB recess) and on the vertical supports (top surfaces of the lever cap and the
corresponding on the BB recess).

Results of the analyses showed for gap sizes lower than 1 mm between the lever arm caps and the BB and gap sizes lower than 0.5
mm between the conical surfaces of the GI housing and the corresponding on the BB recess the GI engages well with the BB (Fig. 9) and
the stress level is similar to the configuration with 0 mm of gap.

The scope of the work consisted in definition of these limits and checking the level of the stress mainly on the weak component of
the GI (i.e. lever and lever cap) due to un-symmetrical load conditions caused by geometrical tolerances. The stress level in each
configuration has been also addressed, some of the results are shown in Fig. 11. In all configuration the areas subjected to high level of
Von Mises Stress are the once highlighted in chapter 3.1 and in Fig. 6. Fig. 10 shows the GI can tolerate gap of 0.5 mm on the conical
surfaces, in the image on the left the stress level is similar to the case with 0 mm of gap on the conical surfaces of the GI.

3.3. Impact of different friction coefficients on the sliding areas between GI and BB segment

To assess the effect of the friction coefficient on the dry contact surfaces a set of FEM analyses was run with different postulated
friction coefficients, see Table 1. In all cases the following was defined.

e 4% friction coefficient on all lubricated contact surfaces
e Initial contact between lever caps and BB i.e., 0 mm gap
e 0.5 mm gap on the conical contact surfaces between housing and BB

An increase of the friction coefficient between lever cap and lever increases the moment that can be transferred from the lever cap
to the lever and hence the bending stresses in the level, see Fig. 11.

Fig. 9. Gap ranges layout — gap sizes in mm.
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C: GI 2022 DW_SL1.1.C3 H: GI_2022 DW SL1_LC8
Equivalent Stress lanb St
Type: Equivalent (von-Mises) Stress

Equivalent Stress
Type: Equivalent (von-Mises) Stres:

Unit: MPa Unit: MPa
1308 Time: 2
1040 15135
750 I 1040
687.5 750

! 625 687.54

L 5605 - 62508
500 = 562.63
4375 igg';:
™ 72

; 31279
250 25034
1875 187.88
125 12542
62.501 62.961
0.0015 0.50266

Fig. 10. Equivalent Von Mises Stress - Left image 0.5 mm of gap on the conical surfaces; right image 0 mm of gap on the conical surfaces - Other
parameters (gaps, friction, coefficients on the other surfaces) are the same in both configuration.

F: 612022 DW_SL1.LC6 G: GI_2022_ DW_SL1_LC7 € G1L2022_DW 511 LC3
Equivalent Stress Equivalent Stress Equivalent Stress
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: MPa Unit: MPa

1308 1308 1308

1040 l 1040 I 1040

750 750 750
~ 500 500 500

454,55 454.55 454.55
= 409.09 = 409.09 409.09
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136.36 136.36 9091
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Fig. 11. Equivalent von Mises stress in GI due to worst case loading condition for different values of the postulated friction coefficient on the dry
contact surfaces — 4% left, 15% central, 30% right.

4. Conclusion

The GI is the component of the BB transporter with the highest force density. The structural integrity assessment showed it feasible
to transfer the huge moments due to the off-centered position of the BB segment during the lifting as well as the high payload. Given the
absence in EN13001 of rules for a limit analysis, we adopted the corresponding rules defined in RCC-MRx [18] to verify that the high
stresses in local regions of the GI were not membrane stresses and will not cause excessive deformation. The collapse load factor was
found to be 3.2, well above the required 1.5 according to the rules RCC MRx [18].

The GI is also capable to tolerate engagement gaps between the GI and the corresponding contact surfaces on the BB recess. The
currently considered values of the engagement gap size is in line with standard manufacturing processes. Should the engagement
procedure require larger gap sizes, these need to be verified in future structural assessments since the concept relies on the GI to tightly
fit into the recess of the BB. The GI prevents in this way excessive deformation of the BB.

The friction coefficient on the dry contact surfaces was found to affect the bending stresses that occur in the levers. However, these
remain within the stress limits even for a relatively high friction coefficient of 0.3, a typical value for steel-steel contact. Hence low
friction surface coatings are not strictly required.

Our study neglected potential issues related to the reliability of the main components of the gripper since it is a pre-conceptual
design. In this phase the authors paid attention in checking the structural integrity, the assembly tolerances and the potential fric-
tion coefficients defining also the areas that need to be lubricated. It is clear due to working environment the reliability of the main
components of the GI is a critical aspects that needs to be addressed by future studies.

Further activities should be dedicated to the estimation of the sticking force between the cap lever surfaces and the corresponding
on the BB segments, the reliability of the main components and actuation systems and about the alignment features (GI versus BB
recess). A dedicated test campaign will be needed, also on scaled version of the gripper interlock, to address: the functionality of the
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gripper interlock, the sticking phenomenon and the reliability of the critical components (levers, cap levers, spherical pressure pads);
the possibility of the system to tolerate small deformations on the working surfaces due to a repeated lifting operations of the BB
segments.
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