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Objectives

Update of the divertor CAD model for EM analyses and divertor optimization
for structural and thermo-hydraulic performances. Development of divertor
fixation to VV: compatibility with RH operations and with VV interfaces.




Engineering design of Divertor fixation system

Requirements:

Allows for toroidal transport

* Provide sufficient clearance during divertor transport

* Lock the divertor cassette body to the vacuum vessel

* Ensure electrical contact in any load condition during plasma operation
e Transfer load to VV under any load condition

* Carry the maximum halo and eddy currents in the VDEs

* Compatibility with remote handling.

* The fixing system shall avoid any vibrations



Engineering design of Divertor fixation system

Divertor is fixed in position as pre-compressed structure between inboard-outboard.

* |nboard: «Nose»
* Qutboard: «Wishbone/Knuckle»

IlWishbone has been re-evaluated at the end
of 2022 due to cassette flexibility and RH
operations!!




Fixation System Alternatives

Several alternatives considered from 2022: DIV-IDTT.S.01b-T002-D001 Engineering design of Divertor fixation
systems ENEA (2QADH?2)

Options selected for further development

. Axial Screw Locker

Wedges Fixation System: Through a
wedges mechanism the Divertor Cassette
Body is preloaded and locked in position.

ITER-like Knuckle Locking System

Baseline solution



https://idm.euro-fusion.org/?uid=2QADH2

Knuckle Locking System

The proposed Outboard Locking System is an ITER-
like design solution (Knuckle). It is designed to ensure
large radial gaps during toroidal handling, preload the
Divertor Cassette Body, engage the Divertor in
position.



Device Components Overview

Component Description and

Main Body NiAIBr Alloy It’s the main part of the Knuckle
System (146 mm of toroidal
width)

Upper Shafts Inconel 718 They are hollow in order to be

screwed on the inner threaded
rods. The rear ones fully engage
Knuckle on the Divertor, while
the front ones engage Knuckle
on the Outboard Rail (30 mm
external diameter, 14 mm
internal diameter)

. Lower Shaft Inconel 718 It’s rigidly connected to
Driving Gears Knuckle. Through its rotation
Knuckle is first partially
engaged on the Outboard Rail.

Threaded Rod (Not shown in the model) - Both rear and front shafts are
screwed on them. Through
their rotation, the shafts
unscrew and engage the
respective mounting holes

DrivingGears e They connect the motion of the
rear threaded rod and the front
one. During the engagement of
the system, only the rear rod is
actuated while the front one is
driven by it.

Lower Shaft



Mounting Operations

During the cassette toroidal handling, Knuckle is “rotated on the cassette”, to avoid any clashes whit other in vessel
components.




Mounting Operations

1) When the proper toroidal position is reached, the Lower Shaft is rotated and Knuckle with it.
2) The front part of Knuckle is made match with the suited Outboard Rail Vertical Interface. In this configuration the
rear and front pin axes are not aligned with the respective hole's axis

1)
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Mounting Operations

3) An hydraulic or electric jack is placed between Knuckle and the Divertor Cassette Body. The jack pushes until Knuckle
matches the suited slot on the Outboard Rail.

4) During the whole operation the vertical interface countered the preload action. In a first phase the Divertor Cassette
Body rigidly translates, and the Nose is engaged on the Inboard Rail. After it, the “real” preloading phase starts and it last

until Knuckle matches the suited complementary interface on the Outboard Rail while the shafts align with their mounting
holes.

3)

4)




Mounting Operations

5) The rotation of the rear Threaded Rod, drives the rotation of the Driving Gears which move the front Threaded rod. 6)
Therefore, just actuating the front Threaded Rod, both front shafts and rear shafts are engaged in their mounting holes

5) 5)
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Global FE Model: Geometry

Cassette Body OVT Mass (A) IVT Mass (B) DOME Mass (C) Mg,
WV ERER GUT{E

143 kg 75 kg 40 kg 48 kg 306 kg

B T Mass
[BJ DOME_MasS
[ ovT_Mass

Note: The masses of the PFC are simulated using
concentrated masses referred to the respective
supporting structure.

0.00 250.00 500.00 (rarn)

125.00 375.00
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Global FE Model: Materials

Upper Shafts

Young's Modulus [GPa]

T Knuckle Main Body NiAlIBr Alloy
Upper Shafts Inconel 718 1049 425
Nose o |
. Lower Shaft Inconel 718 1049 425
Outboard Rail

Cassette Body AISI316 LIG 200 147

(dummy)
Lower Shaft Nose NiAIBr Alloy 286 195

" — A (ref. Appendix_A,_Materials_Design_Limit_Data_222RLN_v3_3)
*  Young Modulus (T) (Set up in Workbench Engineering Data )
AISI 316 L IG Inconel 718 NiAlBr Alloy
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Global FE Model: Mesh

To catch the stiffness of the Cassette Body and the displacements which it undergoes due to the imposed load configuration, a

coarse mesh has been generated. The mesh include 278533 nodes and 106028 elements (quadratic elements type).
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Knuckle, Shafts and Outboard
Rail have been meshed using
Hex. Elements, to minimize
contact issues.
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Global FE Model: Connections

Non-linear frictional contacts are set between sliding surfaces — friction coefficient:

0.2

1 Frctions
B Frcion

SYSNSYSKNUCKLE_MAIN 80DY\PartBody/P3dA To SY5-NSYS-\DN_INT\ON_INT/Add.1 (Contact Bodies)
SYS-NSYSKNUCKLE MAIN_BODYAPartBody/PacA To SYS-A\SYS-ADN_INT\DN_INT/AAA1 (Target Bodies)

A%,
o -
= “ Torget Body View
B / S P
» & 1
3
Y A
< -
N z
w P
O
o 250.00 500,00 (mm)
[ B .
125.00 375.00

Frictomal - SYS-A\SYS-A\Knuckle_Upper_PinPartBody/Chamfer3To SYS-A\SYS-AKNUCKLE_MAIN BODV\PaBody/Padd (Cantact Bodies)
I Frcvons - ¥ Kle_Upper yiChamfer3To SYS-AYS W Bodies

Target Body View

[ Frictional - SYS-SYS-AKNUCKLE_MAIN_BODT\PartBady/Pad.4 Ta SYS-M\SYS-MDIV_INTDIV_INT/AdA.T (Contact Bodies)
ictional - SYS-MSYS-NKNUCKLE_MAIN_BODY\PartBody/Pad 4 T SYS-MSYS-MDM INTDIVINT/Add.1 (Target Bodies)
B Frictional - SVS-ASYS-A\KNUCKLE_MAIN_BODY\PartBody/Pad.4 To SYS-M\SYS-MDIM_INTDIV_INT/AdA.T (Contact Bodies)
[ Frictional - SYS-ASYS-KNUCKLE_MAIN_BODTPartBody/Pad-4 Ta SYS-M\SYS-ADN_INT\DN_INT/Add.1 (Target Bodies)
[E Frictional - SYS-\SYS-\KNUCKLE_MAIN_BODY\PartBady/Pad 4 Ta SYS-M\SYS-MDIV_INTDIV_INT/AdA.T (Contact Bodies)
[l Frictional - SYS-A\SYS-A\KNUCKLE_MAIN_BODY\PartBody,/Pad.A Ta SYS-MSYS-MDN_INTWDI_INT/Add.T (Target Bodies)
B Frictional - SVS-ASYS-A\KNUCKLE MAIN_BODY\PartBody/Pad.4 To SYS-M\SYS-MDIM_INTVDIV_INT/AdA.T (Contsct Bodies)
[l Frictional - SYS-ASYS-KNUCKLE_MAIN_BODY\PartBody/Pad-4 Ta SYS-M\SYS-ADN_INT\DN_INT/Add.1 (Target Bodies)
tictional - SYS<NSYS-NKNUCKLE_MAIN_BODYYPartBody/Pad 4 T SYS-ASYS-\DI INTDIVINT/AAA.T (Cantact Bodies)
[l Frictional - SYS-A\SYS-A\KNUCKLE_MAIN_BODY\PartBody,/Pad.A Ta SYS-M\SYS-MDN_INTWDI_INT/Add.T (Target Bodies)
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Global FE Model: Boundary Conditions

* Fixed Support set on the outer surface of the
Outboard Rail

. Fixed Support

0.00 250.00 500,00 {rmrm)

125.00 375.00

» Compression Only Support set on the surfaces of the
nose interfaced with the Inboard Rail (the frictional
interaction between Nose and Inboard rail has been
neglected)

. RE&AR_MOSE_CO_SUP

. Compression Only Support 2
. Compression Only Support 3
. Compression Only Support 4
. Compression Only Support 5
.CompressionO ly Support &

0.00 250,00 500.00 (rrrm)
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Global FE Model: Loads

The analisys has been carried out as Multistep.

STEP 1-Dead Weight STEP 2-Preload (4 kN )

[ Force: 4000, M [BJ Force 2:4000. N

|t Tu””“-‘[‘]||_"_u:"[’"’”*’52]||_"_u”’”’"”521||:Z[mm"21 Steps |Time [s] | [¥ x M0 |[¥ v 1M1 |[¥ 2 | Steps [Time [s] |[¥ X N1 |[¥ v M0 || 210 |
' o 0 9806 11 0. 0. =0. = 0. 11 0. 0. =0 = 0.

i ; ; gu E'D __93{:56 211 0. 0. 0 21 | 0. . 0.
43| -o. —o. — 9806.6 312 = ~4000. _ = 0. =0 3|2 2 4000. =0 =0
5|4 4l =ul =ul =_9305l5 413 3. = -4000. | = 0. =0. 4|3 3. =4000. |=0. =10
6|5 5. -0, -0 - 93066 2l 4 = -4000. | = 0. =0 5|4 4, =4000. =0 =0

S 5. = 4000. \=0. |=0. 65 |5 =4000. [=0. =0,

*

*

0.00 350.00 700,00 {rm)

Q.00 400,00 200.00 {mrm)
I 0O a0

175.00 525.00 200.00 600.00
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Global FE Model: Loads

Elemental_data_DIV - > set of distributed force densities
sent by LT Calcoli on July 2022

VDE_DW_fast

VDE_DW_slow

Calculated on div geometry included in
DTT-R14 8R219 20220930 DTT2019 00191.zip

»

STEP (3-4)-DVDE SLOW EM resultants of forces and moments

A remote point has been placed in DTT machine center and referred to the
Cassette Body. The forces and moments have been applied in such remote point
(their components have been specified in a proper oriented Coordinate System,
with origin in the machine center ,the X axis along the radial direction, Y along
toroidal, Z along vertical). The same has been done for the IVT, DOME, OVT
support surfaces.

DTT machine center

. CB_FORCES: 1.0056e +005 N

. VT _FORCES: 89413 N

. DOME_FORCES: 71940 N

. OWT_FORCES: 40356 N

. CE_MOMENTS: 21123 +008 MNermrm
. WT_MORENTS: 89603 +007 Mormm
. DOME_MOMEMNTS: 1.6484e +008 M.rmim
. OVT_MOREMTS: 4,9958 +007 M-rmm

B N 3 I I O
) ) (N) (N mm) (N mm) (N mm) (N mm)

—61800 19100 —77000 1,5 x 10° 5,45 % 107 2,04 = 108 5,34 % 106 2,11 =108

ovT 40032 792,7 —5041,5 40356 4,41 = 10° —4.99 x 107 1,37 = 10° 4,99 * 107

VT —88857 —464,2 9940,8 89431 —6,21 * 10* 8,96 x 107 —3,49 % 10° 8,96 * 107
DOME —31585 98,4 —64636 71940 —6,33 * 10° 1,65 * 108 1,42 = 10* 1,6485 * 108 19


https://www.dtt-dms.enea.it/share/page/site/dtt/document-details?nodeRef=workspace://SpacesStore/67bd330b-2ce3-47f4-a218-050d5877bfd5

Global FE Model: Loads

Step 5-Thermal Condition
A uniform temperature of 130°C has been set on the Cassette Body

Steps | Time [s] ||7 Temperature [*C] |
11 o 22.
IR 22,
12 |2 22,
|3 3, 22,
la |a 22,
Is s 130,

0.00 250,00 500.00 {mm)
I 4 ...

125.00 375.00



Global FE Model: Results

Total Displacement

11.356 Max
10.094
8.8322
7.5705
6.3087
5.047

3,7852
2.5235
1.2617
0 Min

0.00

250.00

125.00

375.00

500.00 (mm)

Eq. Von Mises Stress

Type: Equivalent (von-hises) Stress
Unit: bPa

3253.6 Max
500

437.5

375

EN R

250

1875

125

62.5
1.8651e-5 Min

Q.00

125.00

250,00

375.00

500.00 (rmim)
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Global FE Model: Results

The Front Upper Shafts and the Front g et o izes Sres
region of Knuckle Main Body are the most
burdened. Therefore further investigation 99874 Max
have been done in their nearby. 0
125:21
100,28
75,346
50415
Type: Equivalent {won-kises) Stress 25.484
nit: kAP 0.55316 Min

z

00 5000 ! .
2500 75.00

* Left Shaft * Right Shaft

(1 50.00 10000 (mim)
N . x
5.0 0 -

1389.8 Max
500 Type: Equivalent fwon-bdizes) Stress
4375 Unit: MPa Type: Equivalent fwan-Mises) Stress
375 Unit: MPa
3125 1173.4 Max 1389.8 Max
250 e 1049
1875 910.25 919,82
125 78249 790,64
659,74 661.46
62.5 ’
52000 53228
1.8651e-5 Min 40023 031
27048 2?3:92
140,73 14,74
10.974 Min 15.559 Min

mm)

00 200 20000
[ EEa— ESS—
1000 50

0.00 50.00 100,00 {mrm)

25.00 75.00 .



Submodel 1-Cylindrical joints: Model building

The nearby of the region highlighted in
the previous slide have been
submodeled. The idea is to cut the
Knuckle Main Body , as close as
possible to the outer part of the
model, to minimize lost of load
informations._ The Front Upper Shafts

have been removed and substituted

with cylindrical joints, in order to

evaluate the shear constraint reactions

and perform a preliminary hand

calculation on the the Shafts. The
other imposed contacts stay the
same.

* Geometry

Mesh

25.00

Section Cut

50.00

75.00

100.00 {mm)

100,00 {mem)

* Cylindrical joints

3

i

5“ O] Rr

L B

[ [

* Imported Displacement Field «  Fixed Support
on the section cut

Imported Cut Boundary Constraint
Tirme: 1.5 [ Fixed Support
All
Unit: mim

0.75145 Max
0.67496
059847
052198
044549

0.369

0.29252
0.21603
013954
0.063049 Min

10000 (mm)
]

75.00

0.00 50.00 100,00 ()
I ..

25.00 75.00
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Submodel 1-Cylindrical joints: Shafts Shear Stress Hand Calculations

Time ][V Jint Probe Total Force )] | Joint Prabe (otalForce ) [ [ Joint Pabe otal Force 2] | v Joint Probe otal Frce Tota) 1 |~ A brief hand calculation on the shear stress value has been performed

11 1918182005 5,8073e+005 0, 6.1150¢+005 for the Left Upper Shaft:
* Upper shaft external Diameter: D = 30 mm,;
* Upper shaft internal Diameter: d = 14 mm;
« Total shear force: Tior = 6.1159 % 10°N;
Shear Stress( in joint coordinate system XY plane):
T Tiot
Txy = 2 = 2 = 1106 MPa
A D\ 2 d\?
0.00 50,00 10000 {rrm) n (7) o (7)
| T ]
|Time [s] |[¥ Joint Probe 2 (Total Force ) [N] | [ Joint Probe 2 Total Force ¥) [N] |[ Joint Probe 2 (Total Force Z) [N] | [¥ Jaint Probe 2 Total Force Total) [N] | A brief hand calculation on the shear stress value has been performed
11 9.2815e+005 220386003 0. 9.5401¢-005 for the Right Upper Shaft:

000 50.00 100.00
I .
25.00 7500

T

(mm

)]

* Upper shaft external Diameter: D = 30 mm,;
* Upper shaft internal Diameter: d = 14 mm;

« Total shear force: Tior = 9.5401 * 10°N;

Shear Stress( in joint coordinate system XY plane):
_ Tior Tior

(e ®)

= 1725 MPa
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Submodel 2-Contacts: Model bui

ding

The purpose of the submodeling analysis
conducted is to capture and evaluate the stress
conditions present in the shafts and the front
section of the knuckle with utmost precision. All
the submodeled components have been
considered and the contact set is the same of the
global model.

* Geometry .

0.00 50.00

100.00 {mm)
| T | 000 5000

25.00 75.00

100,00 (rarm)

25.00 75.00

. Frictional - S¥S5-5\SVS-d\SYS-d\Knuckle_Upper_Pin\PartBody/Chamfer.3 To SYS-5\SYS-A\SYS-4\SYS-\Salid11 (Contact Bodies)

. Frictional - SYS-5\SYS-4\SYS-d\Knuckle_Upper_Pin\PartBody/Chamfer.3 To SYS-5\SYS-J\SVS-A\SYS-\Salid11 (Target Bodies)

. Frictional - SYS-5\SYS-ASYS-dKnuckle_Upper_Pin\PartBody/Chamfer.d To SYS-SASYS-A\SYS-A\KNUCKLE_MAIN_BODY\PartBody/Pad 4 (Contact Bodies)
B Frictional - SYS-5\SYS-4\SYS-4\Knuckle_Upper_Pin\PartBody/Chamfer.3 To SYS-S\SYS-A\SVS-A\KNUCKLE_MAIN_BODY\PartBody/Pad 4 (Target Bodies)
. Frictional - S¥S5-5\SVS-d\SYS-d\Knuckle_Upper_Pin\PartBody/Chamfer.3 To SYS-5\SYS-\SYS-A\SYS-A\Salid111 (Contact Bodies)

. Frictional - SYS-5\SYS-4\SYS-d\Knuckle_Upper_Pin\PartBody/Chamfer.3 To SYS-545YS-A\SYS-A\SYS-4\Salid111 (Target Bodies)

. Frictional - SYS-5\SYS-ASYS-dKnuckle_Upper_Pin\PartBody/Chamfer.d To SYS-SASYS-A\SYS-A\KNUCKLE_MAIN_BODY\PartBody/Pad4 (Contact Bodies)
Bl Frictional - SYS-5\SYS-4\SYS-4\Knuckle_Upper_Pin\PartBody/Chamfer3 To SYS-S\SYS-A\SVS-A\KNUCKLE_MAIN_BODY\PartBody/Pad 4 (Target Bodies)
. Bonded - SYS-5\Solid To SYS-5\SYS-\SYS-4KNUCKLE_MAIN_BODYPartBody/Pad.4 (Contact Bodies)

[l Bonded - SYS-5\Salid To SYS-5\SYS-4\SYS-A\KNUCKLE_MAIN_BODY\PartBody/Pad.4 (Target Bodies)

Contacts

0.00 50.00

100.00 (mm)
]

25.00 75.00

Imported Displacement Field .
on the section cut

Fixed support

0.00 50.00

100,00 {mim)
I I ]

100.00 {mm) 25.00 75.00

0.00 50.00

25.00 75.00

25



Submodel 2-Contacts: Results

Type: Equivalent (von-hises) Stress
Unit: MPa

1707.1 Max
500

4375

3750

ERER

250.M

18732

145,02

62,526
0.029598 Min

10:1 Scale

Type: Equivalent (von-hises) Stress
Unit: MPa

. 1408.3 Max
1049
F 918.65
L 7883
L 65794
F 52759
39724
266,89
136,54
6.1844 Min

==
“\\“\

O \“\ O
”s@‘:\\“\\“ »‘t}‘: _“‘“
o
1y

T “ '

000 5.00 5000 ()
I

1250 3750

Type: Equivalent (von-hises) Stress
Unit: MPa

. 1311.2 Max
200

— 175.28
— 150,56
— 1255
— 101.13
— 7407
51.689
26,97
2.2518 Min

R
=

S5
A “‘:‘“\
<R S

A e
\“‘:‘3‘\?3‘3?\“““&3‘ 5
e
SR

000 40.00 80.00 {mm)
I .

20.00 60.00
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Submodel 2-Contacts: Left Upper Shaft Results

Rules applied for verification: ITER SDC-IC

Type: Equivalent fvon-Mises) Stress
Unit: MPa

1186 Max

1049 Several paths have been probed, the SCL in the
?18355 most critical one has been reported
6o7.9d
527.59
397,24
266,89
136,54
6.1844 Min

Point 1 on SCL
Linearized Eg. Von Mises Stress: Pm=748 MPa > Sm=425 Mpa
Pm +Pb=931.35 Mpa > 1.5 Sm=637.5 MPa

0.00 20,00 40.00rrirn)
I S

The shaft (d
verified

=30 mm) is not

ext
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Submodel 2-Contacts: Right Upper Shaft Results

Type: Equivalent fron-bdises) Stress
Unit: MPa

1408.3 Max Point 1 on SCL
onats Linearized Eq. Von Mises Stress: Pm=690.67> Sm=425 Mpa
57 Pm +Pb=1134.12> 1.5 Sm=637.5 MPa

527.59
397,24
266,89
136,54
6.1844 Min

The shaft (d
not verified

ot =30 mm) is
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Submodel 3-Contacts: Model building

The external diameter and internal
diameter of the shafts have been iteratively

changed with the specific aim of ensuring
compliance with the FEM verification,
enabling successful validation.

8 mm

0.00 50.00 100,00 {mim)

25,00 75,00

e Mesh

000 5000 100,00 {rnrm)

25.00 75.00

* Imported Displacement Field * Fixed support
on the section cut

Impaorted Cut Boundary Constraint
Time: 1.5
All

Units rrm

. Fixed Support

0.751451 Max
0.674954
0.508457
0.52106
0.445463
0.368966
0.292460
0.215972
0.130474
0.0629774 Min

0.00 50.00 100,00 {rrre)

000 50.00 100,00 {mm) I
| I J

25.00 75.00
25.00 75.00
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Submodel 3-Contacts: Left Upper Shaft Results

Type: Equivalent (von-hises) Stress

11I31.2Max Point 2 on SCL

;fgis Linearized Eg. Von Mises Stress: Pm=282.12 MPa < Sm=425 Mpa
TarnH

B56.46

Pm +Pb=345.83 MPa < 1.5 Sm=637.5 MPa
52561

3477
263.9¢
133.08
2.2299 Min

The shaft is verified

0.00 25.00 50,00 (mrm
I ..
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Submodel 3-Contacts: Right Upper Shaft Results

Type: Equivalent fron-bdises) Stress
Unit: MPa

1756.9 Max
1040

M85
787N
E06.46
525,61
14,76
263,92
133.07
2.2218 Min

Point 1 on SCL
Linearized Eq. Von Mises Stress: Pm=380.56 MPa < Sm=425 Mpa
Pm +Pb=533.47 MPa < 1.5 Sm=637.5 MPa

The shaft is verified

0.00 40.00 80,00 (rnm)

20,00 60.00
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Submodel 3-Contacts: Result summary

scLResuts | soetyFacor [SUORTR

Left Up. Shaft

Right Up. Shaft

Knuckle Main Body

Pm=282.12MPa

Pm+Pb=345.83 MPa

Pm=380.56 MPa

Pm+Pb=533.47 MPa

Pm=398.53 MPa

Pm+Pb=717.35 MPa

1.51

1.84

1.12

1.2

Right Up. Shaft

Knuckle Main Body

Further improvements have to be done to

strenghten the Knuckle Main Body design

32



Conclusions

* The Shafts geometry has been optimized in compliance with the available load
configuration.

* Knuckle Main Body to be optimized in the area of the pin shafts .

The Cassette Body-Locking System CAD
model is now detailed enough to
proceed to the EM calculations.

Once the new EM loads will be
evaluated as elemental force densities,
the structural analysis will be done
again.




Thanks for

your attention!
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