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The central solenoid model coil (CSMC) for China Fusion Engineering Test Reactor (CFETR) Is being developed in ASIPP (Institute of
Plasma Physics, Chinese Academy of Sciences). The coil winding & forming Is one of the crucial manufacture technologies for CSMC.

u 1. Parameters and Structural for CSMC Windings| ;wmdlng & forming of Nb,Sn and NbTI colls, one layer A_L blocks are removed and the
.pancakes wound are fallen down about two pancakes height when each two pancakes

CSMC is a hybrid superconducting magnet of 12T maximum magnetic field and 1.5 T/s éhave been formed. The pancakes winding and the joggles forming all are conducted on-
changing rate composed of NbySn colls and NbTi coils in high and low magnetic tield ‘line. After the pancakes wound finished, the transition bending segments for leads are

respectively. - formed below the production line.
Table 1 The specification of Nb,Sn and NbTi CICC TS oSoIIIooSIIIIoosITiissniiisssioeesso

: Nb3Sn CICC i NleClCC Jacket material 316LN stainless steel 316L stainless steel “ 3 Key teStS
| i ; AR E)_(terna_l Dimension /(mm) 49 X 49 51.9 X 51.9 |

' | B i e X3x4x4x6 (0xa x4 4+ douwor Subsystems of the winding production line T« g ey

L Second Stage: £5.16mm  Sscond Siage: 85 mm has been designed and fabricated from April LWindinghead gy unit L e .

O oo S0 o Fouh e 50+ 2015 to August 2016, furthermore, the "I | | .

e s o ik, 105 covr 0,05 mm thic, 50 cov installation and stand-alone debugging for all ! b
Figure 1 Cross section of g?)tr)(laep\gtrti?n 2/; i ek AR overiep gl}ztr:a:dfh(;?;érj]?r:A)C?nggisz: 2.85mm SUbsyStemS ale fl”lShed II’] November 2016 il — l |
CICC for CFETR CSMC voidfraction i i From December 2016 to March 2017, the = (i idE L
S e S 154m 316LN hollow circle-in-square jacket " 5

There are five wind_ing_s, two Nb,Sn win_dings (inner and outer) for internal high_ma_gnetic éfabricated is used for the integration \;\*}inaiﬁa R
field and three NbTi windings (upper, middle and lower) for external low magnetic field.  :debugging of production line and the | _Rotarytable unit

Table 2 Parameters for CSMC windings -winding & forming trials. Figure 8 Winding production line
. : : i . . - - . . . -
Nb SIS RIS Thareinto, key trials for the pancakes continuous winding & forming with 316LN circle-

Nb,Sn windings

Inner  Outer  Upper Middle Lower

S— winding. winding. winding. winding. winding. | |n-square Jacket have been conducted and qualified.
49X 49 - ©32.6 51.9 X 51.9 - ®35.3 — — | — a ‘—‘l

Turn/ pancake insulation 2626 2.6/2.6 2.6/2.6
thickness /(mm)
Ground insulation
thickness /(mm) 34 34 >

Clearance between

- 22.4 50
windings /(mm)
Num. of radial turns 4 4 10
Num. of axial turns 30 30 8 ; .
Total Num. of turns 120 120 80 ! . . : | - . o o
— r: divs /(:]m) 260 976.2 1230 . (a) Double arc segments for the (b) An anti-torsion machinery is added to  (c) One pancake of Nb,Sn inner (d) Inner joggle of NbsSn inner
Gl ey - 953.8 1180 17724 ;:oncgtr_]trlc_ m_;c_:u(ljar turns 'SOIV6| tr:je vertical plastic deformation coil dhsz beer:]I su::_cessfu:ly |C'OII hadS be:e_?_ (C:londucted on-
NbTi windings Height of main winding U - 1334 : ransiting is verified. -|s solve _ WO-UH -orme con |nL-|ous y. ine and qualified.
. excluding insulation/(mm) : Figure 9 Key trials used of 316LN circle-in-square jacket
. ] ] Operating current /(kA) 47.65 !
Flgure 2 CFETR CSMC Wlndlngs MaXImum magnetic field /(T) 12 842 610 : - - - - - Innerheight with square jacket ¥ = Outer height with square jacket
:The former bendlng trIaIS Wlth hOIIOW CIrCIe—In— e +InnerheightwitllIeverse-uapezidaljacket+Duterheightwitl1Ie:;rii-uapezidaljacket

Each of five windings all is pancake coil wound one-in-hand by CICC. The innermost Esquare jacket show the maximum Keystoning

radius I1s 750 mm, the outmost radius Is 1772.4 mm, the maximum axial height for main

. . . . . ‘reach to 1mm of the minimum bending radius
pancakes Is 1545.4 mm. The turn / pancake insulation thickness all Iis 2.6mm. 750mm. and then short 316LN hollow reverse-

Double arc segments are designed to realize the concentric circles turns transition (Figure itrapezidal jacket has been trial-fabricated and

3 (a)). Pancakes are connected by joggles positioned on the innermost and outermost || \coq for the bending trials, which the results

turns (Figure 3 (b)). And 3D R-bending, 3D-S bending and double 2D R-bending are

496
; 4952
494 \

5 4924 |
- ' [0.75 <IN

4901
49 4902 ¥

4887 4

A

4877

48727

Inner / Outer Height of Bending Turn /{mm)

. . . llustrate the keystoning being decreased to
designed to guide the leads (Figure 3 (c)). 0.75mm The St of ack
= e ' Figure 10 Reverse-trapezidal jacket bending trial
3 'Furthermore, ~60m length 316LN hollow reverse-trapezidal jacket has been fabricated
-bending ! _ . ] _ ] ]
ending -and used for continuously winding & forming the double pancakes of Nb,Sn inner coil.

pancake joggle

Feeding error/(%o )
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(a) Double arcs for turns transition (b) Pancake joggle Figure 5 Transition bending for leads y '
Figure 3 Main characteristic bending segments = _—c. = V
“ 2. Winding & Forming Processes for CSMC i gL | 75
- W /| _‘ o ‘ eoretical feeding length/(mm)
. . . ] . . . | (a) Double pancakes wound (b) Inner and outer circular surface profile error () Some conductor feeding errors > 0.5%oL
For the pancakes continuous winding Including concentric circular turns and turns: < 1mm, meet requirement 2mm. (requirement), all < 1%L. (‘L is the feeding

length of each bending segments)

transitions, a free tension bending method (Figure 4) is applied. i Figure 11 Double pancakes trial continuous winding & forming

The pancake joggle Is formed on-line (Figure 5) In three steps, (1) the circular shape |s en conducted.
formed by bending head, (2) the axial height is gotten by the stretch bending tooling, and | ge - —_— —— s
(3) the circular shape is reshaped by a three-points bending tooling. B = =y -

Conductor Bending
supports
Yellow one: ideal 3D-model
: (\ Blue one: fitting model by measurement results o
/ () Double 2D R- (b) 3D R-bending sample, 28° twisting on the straight segment, and not (c) 3D S-bending sample, not meet the
i- bending  sample meet the requirements (verticality for lead: 5mm, inner & outer surface requirements (parallelism for lead 5mm, inner
y Fofming toolir;g ) {im . meet requirements. profile tolerance for 3D R-bending segment: 3mm) & outer surface profile tolerance for 3D R-
1 for joggles =3 N o P | bending segment 3mm and height 509 4=5mm)
: L . : : : Figure 12 Forming trials of the transition bending segments for leads
ancake continuous winding process Figure 5 Forming process for pancake joggles ... ... gure ¢ Torming Trials of the transition bendin g S A

Rotary draw
bending tooling HiSs

“4 Summary |

'Based on the short sample bending experiments, the winding design and optimization have
Ebeen completed. At present, the winding production line has been constructed and is being
-in debugging, furthermore, the forming tools for joggles & leads are being tested. Some
NN~ — 7 N =———on Etechnical problems during trials have been solved, such as the vertical plastic deformation
35 R_bending - b —— -of coil and the keystoning of conductor bended. The continuous winding & forming trial
— for double pancakes of Nb,Sn inner coil has been conducted. However, more bending trials
Eof complicated 3D bending segments for leads need to be carried out. In next step, a 4 X4

-mockup coil of Nb,Sn inner coil is planned to be manufactured all processes with real
The bending head can translate along the gantry to reach defined positions. For pancakes CICC.
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(a) Bending process (b) Retortion (a) Horizontal bending (a) Vertical bending

Figure 6 Forming method for 3D R-bending Figure 7 Forming method for double 2D R-bending
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