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SPECIFICATIONS B R
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Specifications

. Magnet test facility for sc samples with current up to 1~100 kA
- Background DC field B,-=12.5 T in clear bore

. Rectangular (circular) clear bore of 15 x 10 cm?(& =13 cm)

. AC field with B,~%0.3 T, f~1-5 Hz, B~2-3 T (BpcLBpc)

To assess the design options, common reference were set for:
« Strand scaling (Summer)
DB, =28 T, T, =18 K, J(12T, 4.2K, -0.25%) = 2000 A/mm?
« Thermal strain g, = —0.6% for CICC, otherwise g;, = —0.3%
* Index n =7 for CICC
» Delay for current dump t,= 0.25 s, dump voltage < 2 kV
* Turn Insulation 0.4 mm wrap, ground insulation 2 mm thick



SPECIFICATIONS

Facility constraints

. CRPP/PSI Villigen, next to SULTAN facility 5
. Cold mass weight <20 t (crane)
. Cold mass height <3.5 m (ceiling) : 2
«  (SULTAN sample holder exchangeability) - =
1
— 3
Inner 144 mm
) \ i
Sample envelope 142x92 mm

- 3600 mm >
Maximum length of the rectangular tes well Minimum length at g = 600Mmm

2850 mm > 750 mm -

-500 nm
Transition Head length , L
a ng ) H
length , L T High Field length , L HE - -

Lg-100 mm
B -} -




Cos(0) design

(JM Rifflet et al. CEA)

= 1_04*%"% i ﬁi‘j}':t‘lgﬁ' Block | Layer | Number of conductors
« > --- | 1 20
A
wi=2%087*¢ QC) 2 | 11
3 1 16
wo=2%095%¢ . wo
' w 4 2 25
5 2 32
O | 6 3 30
o 7 3 35
Radial insulation, i
¥ 8 4 36
9 4 37
Where ¢ is the strand diameter, /# the cable height, wi the small side thickness, wo the ,
large side thickness and JV the number of strand in the cable. 700, OST Cable

OST cable | Alstom cable 004 9 ;
h (mm) 14.56 17.16 ;
wi (mm) 1.218 1.436 PN/ /a2

wo (mm) 1.330 1.568 NG
Mid thickness (mm) 1.274 1.502
Radial msulation thickness (mm) 0.2 0.2 7 e e e

Azimuthal insulation thickness (mm) 0.2 0.2

Vi —F /== B —=—,
2143 428 6420 8571 10714 12857 180




Cos(0) design
(JM Rifflet et al. CEA)
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Cos(0) design

(JM Rifflet et al. CEA)

-2.70E+02

-2.30E+02
B-2.10E+02
-1.90E+02
-1.70E+02
j—l.50E+02
-1.30E+02

-1.10E+02

-70.

-50.

A Midplane B -

L ATIMUTHAL CTREZZED 10 / 10

-10.

Ground insulation

-2 .50E+02 Interlayer insulation Ground insulation

Angular wedg

Contuctor bloct

Interpole insulation




Cos(0) design

(JM Rifflet et al. CEA)
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Coils Cool down Energization
Stress (MPa) Gy o, G, o,
Average over coll -157 -52 -160 -78
Average over mid-plane -142 -178

Average over pole plane -177 -112

Minimum over pole plane -23 -10

Point A -182 -231

Point B -75 -103

Point C -188 -35

Point D -23 -10
Displacement (mm) Ag A, Aq A,
Average over midplane -0.696 -0.582
Average over pole plane -0.144 -0.775 -0.190 -0.779
Collars Peak von Mises stress 1236
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Cos(6) design £%, B

(JM Rifflet et al. CEA) 23445 ENERGY

Conclusions (CEA)
Safety margin on load line <10 %
Protection OK, but quench heaters needed on each layer
Losses acceptables for 0.01 T/s
Mechanics : Stresses on coils are too high
—> Alternative mechanical structure - time consuming development
- or decrease of B?R by 35 % ??
1. ©1830mm—->B~10T
2. B=125T > Jcoil ~94 mm =2 & ~ 80 mm

o U1 & GO

Final assessment: Cos(0) design

=»Excellent compactness, field quality and magnetic design features

=>However, this design did not seem mature for its engineering phase since the results
presented show the need of a substantial improvement from the mechanical design
standpoint (Von Mises stresses in the collar structure exceed 1.2 GPa, peak stresses in
strands ~ 230 MPa i.e. ~ 50% above maximum allowable)



Racetrack design

Bruzzone et al. CRPP)

=40 mm tie rod Iron plate g =70 mm tie rod
z\’_&a e 2]
l B iy %

120 mm thick

ironplars\
= ml B 7 %

12 tie rods g = 70 mm
loadable up to 600 MPa
to withstand 2x13/16 MN

radial load
] ] ] ] -
| S S O o o |
| O O O O O |
1 T 0 ] = ° O

Vertical pre-compression displacement load
(to be balanced by the vertical load in operation)



Racetrack design

(P Bruzzone et al. CRPP)

Flat cable CICC
high grade low grade | high grade medium grade low grade
Strand diameter, mm 1.31 1.13 0.85 0.90
Cu:non-Cu 2.2 1
Coating None Cr
RRR 200 100
# of sc/cu strands 40/ 0 25/21 144/ o 54 /27 27 /54
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150.3 mm x 176.4 mm

(P Bruzzone et al. CRPP

Racetrack design




Racetrack design

(P Bruzzone et al. CRPP)

Electromagnetic, 2D results for planar race track coils 12.5 T at test well

Flat cable CICC

high grade low grade high grade medium grade low grade
Peak field in WP 13.7T 10.8T 1317 T 10.67 T 8.22T
T, 6.45 K 6.67 K 6.20 K 6.31 K 6.34 K
Operating current 11.6 kKA 19.35 kA
Eng. current density 139 156 67.6 92.4 93.6
Non-cu current density 690 1487 473 1127 2252
Operating temperature 4.2 K 45-4.7K
Equiv. Iron Radius 400 mm 500 mm
Temperature margin 225 K 247 K ~1.6 K ~I1.7K ~I1.7K
Stored Energy/m 12.6 MJ/m 17.8 MJ/m
Inductance /m 188 mH/m 95.1 mH/m




Racetrack design

(P Bruzzone

Peak stress, = 120 MPa, is
located close to the 0 field.
AtB =26 T, the load is
comfortably < 100 MPa

AN
Ji

AN

8YS 8.1
12 200

6:14:20
NO

1

SMN =.343E+07

SMX =.117E+02 §

|
|
|

,,,,,,,,

An inter-grade insulation layer,
2 mm thick reduces high stress
in “misalignment” zone
between high and middle field
layers. The layer/turn transition
is moved at the heads,
protected by the staggering
spacers

-
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Racetrack design

(P Bruzzone et al. CRPP)

Final assessment: Rutherford cable, racetrack winding

=>High peak field in the winding (~14 T7?) still to be optimized in head regions (>14 T?)
=>» Rutherford cable stability remains a major issue for such design

=>» The advantages brought by the simplified winding of a planar, racetrack coil not
sufficient to balance the uncertainties in cable performances

Final assessment: Cable In Conduit, racetrack winding

= Massive and expensive (cabling lengths > 2 km, stored energy ~33 MJ) due to
unfavourable use of space that is made by leaving a gap between the two main coils
= Use of a central pressure release channel complicates cabling and jacketing while
improves the heat removal capability and it decreases the peak quench pressure

= Unbalance between advantages (and disadvantages) of this solution as opposed to
the use of a thicker jacket, no pressure release channel and shorter cabling lengths;



Saddle coils design

(EFDA CIEMAT, ELYTT)

Dipole configuration: E_.,~ L (dipole), E, ., ~ L? (split-solenoid)
« DCfield by LTS wmdlng. Cu cable @ RT%PJ>50 kW/m ->»sizel/cooling!!
- AC field by Cu winding: RI> ~ 0.5 KW (~P,.@nt~100ms,f~5Hz)
* Fe-Yoke: lower A-turns & main structural element to react horizontal forces

* Quter cylinder: pre-loading and mould for final impregnation

Bolted Top Flange

Top Plug

Outer cylinder

Iron yoke




Saddle coils design 5%z, FUSION
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DC WINDING

« Saddle-shaped coils (winding studies>MT-19)

* Double layer-winding > Good conductor/cable grading (length <150m)

* Inter-turn voltage <50 V - No kapton barrier, wind, react & impregnate

« CICC w/o central channel - Good stability, well-known tech in fusion community
« Jacket: circular steel pipe butt-welded & compacted - Cheap, simple orb. welding

AC WINDING
« Saddle coil rotated by 90 deg, Cu strand ~15mm? (~95 turns,350 A each)

YOKE

« Low carbon steel (=LHC) laminated sheets in 2 halves kept at ground potential
—>Low reluctance flux return path reduces A-turns, stiff mechanical structure

OUTER CYLINDER
« 316 LN steel sheet with longitudinal weld
—>Easy assembly, Yoke locking at cool-down due to different COES
- Good mechanical/thermal contact with yoke, cooling by supercritical He flow

—->Ground iotential anchor‘ last imireination mould ‘9TFMC|
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[JEFDA Engineering Change Request
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\ Date:
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Signature:

Reduced outer diameter
AC Coil according to BNG

Winding pack cross section chenged
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Electro-magnetic analysis

12.515 , 1 2 ) 3 3 7

12.508 12,184 L(-l%) ""0.98 n
17,501 o —— -l — IIE_R_Ca_blg — e 12.035 L(-Z%) "'1.15 m

space L(-3%) ~1.22 m

12.494 11.854
12.487 11.733
12,48 e 11,582
12.473 11.431
. Bore horizontal axis (cm) w1, .| _BOrelong.axis(m)v v v
o L.5 3 4.5 6 7.5 0 .15 .3 .45 6 .75
-7 229 I 929 6.1 .075 .225 .375 .525 . 675
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Saddle coils design 5073

(EFDA, CIEMAT, ELYTT)

Operating current (kA) | 17.2

Central magnetic field ()| 12.5

Stored magnetic energy (MJ) | 16.1

Iron yoke outer diameter (mm) | 1200

Outer cylinder thickness (mm) 35

Total CIC conductor length (m) | 1683

SC strand weigth (kg) | 486

CU strand weigth (kg) | 418

Total assembly weigth (ton) | ~22

Helium flow in DC winding (g/s) 8.5

Inlet He temperature (K) 4.5

Inlet He pressure (bar) | 10.0

Discharge peak voltage (kV) 2.0

Discharge time () 0.9 > Q2
Cable types (3+0)x3x4x4=144+0=144 (HF1) | {2x(2+1)+1x(1+2)}x3x4=60+48=108 (LF1)

(cu strand #, sc strand #) (2+1)x3x4x4=96+48=144 (HF2) | {1x(2+1)+2x(1+2)}x3x4=48+60=108 (LF2)




Unit HF1 HF2 LF1 LF2A LF2B LF2C LF2D
Peak magnetic field (T) 12.71 10.97 9.29 7.38 6.37 5.47 4.84
Current sharing temperature (K) 6.24 6.87 7.22 8.27 9.07 9.77 10.25
Hot spot temperature (K) 159 94 191 147 138 129 122
Void fraction (%) 32 33 30 30 30 30 30
Insulation thickness (mm) 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Jacket thickness (mm) 1.60 1.60 1.75 1.75 1.75 1.75 1.75
Insulated conductor width (mm) 11.50 11.50 14.30 14.30 14.30 14.30 14.30
Insulated conductor height (mm) 22.20 22.20 14.30 14.30 14.30 14.30 14.30
Insulation area (mm2) 60 60 54 54 54 54 54
Jacket area (mm2) 81 81 69 69 69 69 69
Cable space area (mm2) 114 114 82 82 82 82 82
Helium flow area (mm2) 37 37 24 24 24 24 24
Number of non-cu strands 144 96 60 48 48 48 48
Number of cu strands 0 48 48 60 60 60 60
Non-cu area (mm2) 39 26 16 13 13 13 13
Copper area (mm2) 39 51 42 45 45 45 45
Conductors unit length (m) 70.8 80.7 130.0 135.0 140.0 145.0 140.5
SC strand weigth (kg) 95 72 72 60 62 64 62
CU strand weigth (kg) 0 37 60 77 80 83 81
Wetted perimeter (m) 0.31 0.31 0.23 0.23 0.23 0.23 0.23
Hydraulic diameter (mm) 0.48 0.49 0.42 0.42 0.42 0.42 0.42
Mass flow (9/s) 2.35 2.16 0.93 0.87 0.83 0.80 0.80
Power/channel to reach Tcs@outlet (W) 16.0 25.9 15.1 22.7 26.9 30.4 335
Outlet He temperature (K) 6.1 6.8 7.2 8.3 9.1 9.8 10.3




Saddle coils design

(EFDA, CIEMAT, ELYTT)

Final assessment: Cable in Conduit, saddle winding, cold bore

=>» This design solution provides a balanced trade off of cost and performance, affordable
manufacturing risks and need of limited R&D

=> It has been selected for the engineering design phase and dipole call for tender
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HF1 conductor tests
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LF2 conductor tests
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DC COILS MANUFACTURING
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WINDING LINE

winding fable brake reaction raping machine sandblasfing unif conductor drum
segregated area \ force support hydraulic shoe brake straighfening unit
\w
| B »
/ R,

\ -

18000




DUMMY DC COIL WINDING: a8,
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SPRING BACK & CLAMPING '%%:" ENERGY
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DUMMY DC COIL WINDING: ,‘ﬁﬁ 2 Flolﬁﬁlﬂll

SPRING BACK & CLAMPING "' ENERGY

'\ After RHT (Dec. 08) & clamped removed..
v 1) Sever damages to the turn insulation

(2) Large misalignments in the joint region
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DUMMY ASSEMBLY
FINAL IMPREGNATION "4 ENERGY







EDIPO DC COILS WINDING:

pABCOCK Noe
— : ———
an

g




« Many tests carried out to find the best solution to over-bend the conductor
* Bending tools are qualified by a pre-test before staring winding a new layer
» 10 out of 14 layers completed, coil width deviations <10 mm




DC COILS WINDING:

GEOMETRICAL SURVEY

Connection Side Non Connection Side
ey 7=
5.3 4;4 5 6 6-6 7 8-8 9-9
3 8 2 _
2-% 5 - <— |<|— P 1010 10
1 11 11-11

1-1 \( - . |

: N¢
\A+— (S — e — ;
Al 5 6 7 e Q
3 7 =
Pole 1' ~ 2 Iower error than dummy coil M

H4 H5 H6 H7 H8

8 0 -
6 - -1 -
4 - 2 -
2 - -3 -
IS i 4 -
£ 0
-2 5
-4 6 -
= Pole 1 mPole 2 mPolel mPole 2
_6 7
8 -8

Winding pack width deviation from reference Winding pack height deviation from reference



INTER-LAYER JOINTS

Manufacturing cycle
*Bend conductor ends
*Cut Jacket by oscillating grinder (limit stop)
*Etch Chromium coating
*Trim sub cables and adjust
*Place of U-bent copper stripes
*Place U-shaped joint box and weld to jacket
Flip copper stripes over
*Place joint box lid
*Compress <20% void fraction and weld




INTER-LAYER JOINTS

R [nQ]

0.8

0.2

.'*h' uns
LA
e Nr

£

ENERGY

B[T] | R[nQ] | R[nQ] | I-range [kA]
(V- | (-
0.18 | 0.34 0.41 0-27
0.6 0.36 0-34
2.2 0.35 0.45 0-27
2.5 0.37 0.48 0-23
3.1 0.36 0.46 0-21
3.3 0.40 0.51 0-23
3.5 0.48 0-6.5
4.2 0.39 0.53 0-21
4.6 0.42 0.52 0-21
5.0 0.42 0.53 0-19
5.6 0.55 0-7.5
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DC COILS REACTION HEAT & *"{,*
TREATMENT




DC COILS REACTION HEAT ‘f"":_, IF:ggllm
2533 ENERGY

TREATMENT

60 h plateau
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DC COILS RHT: a5v%sy, FUSION
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POLE 1 640 C PLATEAU Vi3’ ENERGY

T(C)

660 —
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640
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—Tmax Pole 1
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EDIPO DC COILS RHT: s2v%s3, FUSION
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DC COILS IMPREGNATION %23, FUSION
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DC COILS IMPREGNATION
POLE 2




DC COILS PRIOR TO POLE 1 gﬁm

FAULT DETECTION 3543 ENERGY

27/07/2010 52
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DC COILS-YOKE AND OUTER & Fuousﬁm
CYLINDER TRIAL ASSEMBLY "5’ ENERGY
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DC COILS-YOKE AND OUTER é’““ F‘o‘ﬁm
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ACCEPTANCE TESTS
AND REPAIR WORK




DC COILS PRIOR TO POLE 1 gﬁm

FAULT DETECTION 3543 ENERGY

27/07/2010 59



DC COILS ELECTRICAL TEST &

AFTER COILS II\/IPREGNATIOI\'F

> Main Program.vi
Type of meas. Impedance D.U.T.; Dipol 2 Further spec: Nach Imp.
T P Ref. Imp. 280 a0.0
R [10.00E+0 [2Q] - 8- -0 -B-0- 0 -8-0 -0-8-010-8-0-8-5--0-8-0 -5- 8- -0 -0h 8- o8- oD g =
L linf [H] i
C IoooE+0  [F] 24.0- '
750
Type of Sweep
70.0
200+ 65.0
60.0
ES .
Amplitude 16.0-
I_:’cinls/sweﬁp E 450 =
; 30 b 120- 400 é
Int Time 350
Min, Freq, [Hz] 550
Max. Freq. [Hz]
10000 15.0
100
0.0- 0.0
FE';% [phﬁ:]z 50.0 500.0 1000.0
Frequency [Hz] -
Freq[Hz) Quiality Im. part 1
2600 ||[1557E+0 |(LecmH]- |[47.12E+0 l:i o T T
Shooo ||[iserE-0 |||LeqmH- [[a0a3EsD oLoad..
5000 |[|[1265E+0 ||| LeqlmHl= |[38.04E+0 l:i Polar Print .. _
w0000 |[[[11.396+0 |||LealmH]= ||[36.32€+0 Cem, Geneva, Switzerland, 1998

Pole 1 (28/04/2010) Pole 2 (07/07/2010)




DC COIL POLE 1 FAULT 48723, FUSION
SEARCH (Aug.-Oct. 2010 ‘

EDIPO

Interface Meeting F4E/PSI-CRPP/BNG January 26, 2011




DC COIL POLE 1 FAULT

REPAIR (Oct.-Nov. 2010
EDIPO

Interface Meeting F4E/PSI-CRPP/BNG January 26, 2011

( (GJ) BABCOCK NOELL

* DC coil 1 repair impregnation in 4 steps

« Step 1: impregnation of slot using evacuated resin




DC COIL POLE 1 FAULT
REPAIR (Oct.-Nov. 2010)

EDIPO ( <=>) BABCOCK NOELL

Interface Meeting F4E/PSI-CRPP/BNG January 26, 2011

» DC coil 1 repair impregnation in 4 steps

» Step 2: impregnation of grooves between joint tails
using evacuated resin

22/10/2010




DC COILS POST-REPAIR

ELECTRICAL TESTS

EDIPO

Interface Meeting F4E/PSI-CRPP/BNG January 26, 2011

( ’:‘) BABCOCK NOELL

DC Resistance / mQ

L@ 50 Hz / mH

L@ 100 Hz / mH

L @ 500 Hz / mH

L @ 1000 Hz / mH
Inductance with RCL meter
L@ 50 Hz / mH

L@ 100 Hz / mH

L @ 500 Hz / mH

L@ 1000 Hz/ mH

333

Inductance by frequency sweep

41.10
40.71
39.12
37.83

40.43
39.93
38.47
37.38

Inductance and eigenfrequency in pulse discharge test

36.32 mH @ 591 Hz

325

41.12
40.43
38.04
36.32

40.02
39.51
37.30
35.77

37.12 mH @ 584 Hz




DC COILS ELECTRICAL TEST

AFTER POLE 1 REPAIR

sl Main Program_vi 0] x| | Main Program. vi [ 10] x]
Type of mpas. Impedance C.U.T.: EDIFD 1 after Bop tPazchentast Further spee: Mach Rep i Gl Type of meas. Impedance D.U.T. Dipol2 Further spec: Nach Imp.
Fief. Imp. 00— 90.0 Rel. Imp. 28,0+ 300
F||1DEIEE+U [Q] -D__H_-u____D_E__ﬂ__ﬂ,__g_q-n-a—-u——a 'ﬂ--Ef-E--D——B—E—d}—E-.a--n——u-..g__u__a LooE0 B N000E+0 [Q] 3-8-0-B-0- 3-8-8 -B-8-0 -B-8-D-8-9--G-8-0 -5-8- -0 a-0-m-0--0 as.0
L [inf [H1 - a0 L Inf [H] 800
CT IEI.UEI:E;U [F] e 750 c loooE«0  [F] 2410+ 70
wpe of Sweep 200 Type of Sweep 200
E5.0 200- 650
15.0- £ G0.0 60.0
Sweep Setup 550 o Sweep Setup 550 -
Ampliiude = 500 Amplitude = 1604
e I ) 50.0
shooo v | & . & o000 |v | & = 5
Puairtalswesn _E : & Points/sweep = 2
o | 400 =[] &l 1204 400 E
Int Tine 350 Int. Time 350
=TT 200 4010 |s i
Min. Freq [Hz] 250 Min, Freq, [Hz] o950
= b = |
Soom | o /50,000 o
hax Freq. [Hz] Max. Freq. [Hz]
*[0m0 150 410000 15.0
_ 100 e 100
z A5.0- - Do 0.0 ]
htog [l =d5) 100 100.0 1000.0 REH (=) 500 500.0 1000.0
] H= 50.0 Hz
Frequency [Hz| S - Frequency [Hz] Swee
FreqHzl  Gually Im. part = N Gon B VY o o e ] ||Feate ousiy Im. part o ol e
SE00  ||[S7eEeD ||[LeakH]= [[HT0ED l: VZA Mem = - T 2500 1557640 |||LealmHl= {[[41.12E+0 L o Mem1 = d- c
a1onn [z 4ee+ |(Leainti]= [0 TTESD || = s Phase [deg] Load. JlGack loogh,, 3f000 ||[1667ED ||| LeamH]= ([40.43E+0 | Lood.. ||8ack blogn.
FE000  ||[MET1E+D |||Lealh]= [[23.72E40 | Foiar Mem3 oo Piint _ ] 1265640 ||| LealmH]= {|[38 04E+0 l:i o Print .. _
5'11000.0 [1277E+0 |||LegimiH]= ||||37.83E+0 emd Cem, Genevs, Switzerland, 1598 w0000 |[[[11.396+0 |||LealmH]= ||[36.32€+0 Cern, Geneva, Switzerland, 1998

Pole 1 (17/12/2010)

Pole 2 (07/07/2010)




DC COILS ELECTRICAL TEST'--H.::.} Fo‘ﬁm
AFTER YOKE ASSEMBLY ""'"‘3“' ENERGY

B! Main Program.vi

B> Main Program.vi
R roco:c: 0.0 DCH she soking : Type of meas. Irpedance DUTE EDIPO DC2 after yoking
Ref Imp. P

T Ret I,
A 10000 () Trerad, ol R 1000E-0 (0]
L nf [H] b oL 3

) 7 L Inf H
I : e : E00ED [F

Type of Sweep

Quick 5 pi

w
Ve
8
]

Gain f Real

:Mn Freq [HZ]
0.000
Max Fieq Hz)

Min. Fra ] |
v 10,000 |55 §
IMa. Freq [H2)

J10000

Freq.[phe=45] 20 1 ' 50-} '
L 1000
100_JH1 100 100.0 000 ‘

o | H.
Frequency [Hz] Fiequency [Hz]
Freq Hz) I, par Swesp R FreaH2l  Qusity Swerp LS

f o —— A = e i = A ] . ' Clear Memory
20 T e Skl D re 3l P L—a._ﬂ]
<1000 Ji380E+0  fiLealnH}s ‘ o : muu | LecinH)e | |

)= oy " 0.0 | C = liE 0 ’_ .’

10000

75000 it o Y | -~y

1v/10000 i1 B1Es0 | | LednH= | |[4348E40 | J Cem Geneva Switzerland, 1998

28/02/2011 66



FINAL ACCEPTANCE TESTS

1. The last manufacturing step was completed on April 8t 2011 with the final
assembly impregnation and curing

2. Over the next month the assembly has undergone successfully the final
acceptance tests

Paschen high voltage tests (AC/DC coils)

Resistance/inductance/impulse electrical tests (AC/DC coils)

Leak tests (AC/DC coils + cylinder cooling circuit)

Flow tests (AC/DC coils + cylinder cooling circuit)

Sensors check (8 Strain Gauges, 12 T-sensors)

Final geometrical survey by laser scan

Dispatched to CRPP@PSI on 13/5/11

Flow tests and sensors checks repeated (ok)

Installation on going

Commissioning expected in 2012
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HISTORY AND OUTLOOK :E:‘f'; o

N3’ ENERGY

Original schedule Delivery date: March 2008
Jan.05-Feb. 06 =>»design, C4Ts for strand/conductor/magnet/facility
Feb.06-Jul. 06 =>»conductors qualification (CRPP)

Feb.06-Sep.07 =>»magnet fabrication (BNG)

Oct.07-Mar. 08 =»magnet installation & commissioning at CRPP

é*July 06 > 4 HF+LF conductors qualification failure
15t Revised schedule New delivery date: June 2010

Aug.06-Jun.08  =>»re-design, conductors re-qualification, negotiations
December 09 =» Magnet ready for dispatching

&*December 08> Winding process qualification failure
2"d Revised schedule New delivery date: June 2011

Jan.09-Aug. 09 =>»new winding process qualification
Aug.09-Jul. 10 =>both poles completed, electrical tests on-going (on track)
Aug.10-Nov.10 =>»magnet assembly, final impregnation, final acceptance tests

Dec.10-Jun. 11 -)commissionini of EDIPO faciliti at CRPP
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HISTORY AND OUTLOOK 5% FR™

LPYS L
wi'sr ENERGY

é*August 10 > Turn insulation failure

3'd Revised schedule New delivery date: June 2013 (?)
Aug.10-Dec.10
Jan. 11-Apr. 11
May 11

13 May 2011
April 2012
2012-2013(?)

=> Fault localization and repair

=>» Final cold mass assembly and impregnation
=>» Final acceptance tests

=>»Dispatching to CRPP/PSI

= Complete installation in SULTAN hall

=» Final facility commissioning
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. EDIPO project aims to build a 12.5 T dipole with CIC Nb,;Sn conductors wound in a
pair of saddle shaped coils to test sc samples with currents up to I~ 100 kA in a
clear bore of ~10 x 15 cm?

. Although the overall budget (EC contribution) is within its 2006 allocation, the
original project schedule has been disrupted by 3 major problems:

(1) delayed qualification of both Nb;Sn CIC
(2) delayed qualification of winding process
(3) turn insulation repair

. All problems have been fixed and now the EDIPO magnet is completed

. Final commissioning is delayed by conflict to access SULTAN hall and manpower
whose priority are set to test ITER samples in the existing SULTAN facility.



LESSONS LEARNED :*Ii 4 FOR

X ‘-' ENERGY

1. CONDUCTORS

. Square shaped conductors maximize compactness (Jgyg) but have lead to
poor (unexpected) NbSn cable performances; high aspect ratios show higher
Tcs performances and robustness to cyclic loads. Longer twist pitches and
lower void fraction improve performances and resistance to cyclic degradation;

. Pull-through and compaction jacketing time and cost effective. Beware of
additional jacket cold-work

1. WINDING

. Pull-and-wind method for (steel jacketed, thick wall) CICC doesn’t work with
multiple radii of curvature, tight bents and many layers. Cold work during
compaction leads to remarkably high yield strength. To grant geometrical
compliance too large clamping pressure needs to be applied (insulation
damages, impregnation hydraulic impedance, ...).

. Its apparent attractiveness (and some manufacturing experience by main
contractor) has been deceiving leading to a rushed submission of a cheap
technical offer that has lead to under-estimation of the difficulties and
associated technical risks by the proposed winding process (=long and
painful resolution!)
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PROJECT MANAGEMENT

1. Insufficient critical challenging of contractor’s choice by EC/EFDA has lead to a de-
facto endorsement of pull-and-wind method. Eventually EFDA has imposed its view
(pre-bend-and wind method) with substantial delays that have lead to costs overrun
by the contractor (!)

2. Insufficient critical supervision of specific duties assigned to contractor such as
electrical tests. More modelling of electrical system and verification of electrical
tests findings were needed (lack of manpower for technical monitoring?)

3. Customers of high tech projects need to follow-up with proper manpower the tasks
to be carried out by industry (=»simulate/test and check!)

4.  All problems encountered have been of essential technical nature and their
resolution was based on technical improvements of present processes. Delicate
balance need to be stricken from both customer as well as contractor side to
assign proper managerial responsibilities to technical people
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BACK-UP SLIDES




BUDGET

EHEHGY

e Budget
Present (2010): EC contribution=4.52 M€
Original (2006): EC contribution=4.56 M€

EC Contribution =4.5 MEuro

B Dezign and re-design
W Strand
Conductor
B Magnet construction
B Conductor qualification

Dipole facility
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EDIPO sensors




OUTER CYLINDER(S)

 Helical cooling tubes welded
* Final machining completed ,
» Spiralling tube welded on bottom flange &
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HTS CURRENT LEADS (CRPP FIISIIJH

v-r
1'1

" EHEHGY

: J HTS CLs successfully
B tested up to 1~18 kA
1 | Heat leak (conduction):
~5.5 W at T;ro" = 83 K
Nominal op. conditions:
| =17 kA
dm/dt =1.9g/s
Ty =83 K
T, =~ 263 K
Uye, ® 97 MV
" ; — ’ Contact resistances:

T
Nl

d

.".

X = —
B -,

L —
o o




HTS CL T EXPERIMENTS

100
L Unrs = 10 microy (Test)
I A Test
98 Fit
— - — EDIFO Operation
96 I Max TwHTS @ 2.1 ofs
- Limit Top
:,,_ X Uygre = 10 microV (EDIFO operation)
94—
3 Toml
o 92 = - —
3 I - -
1‘6 -“-‘-‘h-._-
e | S~
£ 90 e —
d i Uprs = 0 (EDIPO operation] Tl
83 —
26 = _
[ Maximum temperature at the warm of the
84 HTS during the current lead tests —]
82
12 13 14 15 16 17 18 19 20 21 22

Current (kA)
Rainer Wesche, CRPP



HTCL T, EXPERIMENTS

101

€001 mY WO mY 502 mY Sosmy

100 ©

99

98

Tes (K)

a7

896
895 1

*1 BL, averaged over cross-sections of all 65 stacks is 10 mT at 18 kA

=>With EDIPO magnet: B£,, #30 mT at 18 kA = Reduction of T, by =5 K

83
14.5 15 155 16 16.5 17 175 18 18.5

Rainer Wesche, CRPP Current (kA)



STEADY STATE MASS FLOW &%

N

L]

«*> ENERGY

350
T CL Villigen THe in
ACL Villigen Tw HTS
300 | &CL Viligen THEX. 73%
O o ! O CL Viligen THe, ot
[ aa O 3 CL Bottsted |
] a0 = attstein THe in
230 ¢ % A CL Béttstein Tw HTS
<> CL Béttstein THEX 73%
< O CL Béttstein THe, oUt
< 200 | o
= & @ Design THe,in
= O,
g © @ @ A Design Tw HTS
[= ]
E 150 | ©?> & Design THEX 73%
E Design THe, out
100
50 r
U 1 ! 1 1 ! ! !
1.75 1.8 1.85 1.9 1.85 2 2.05 21 215

Rainer Wesche, CRPP Mass flow rate (g/s)



STEADY STATE

TEMPERATURE PROFILE

Good agreement of measured and calculated temperature profile

S00 F [ calculation

s50 L ~ Measurement

200 [

150 ¢

Temperature (K)

100 -

20

D 1 | 1 | 1 |
0 0.4 0.8 1.2
Position (m)

Rainer Wesche, CRPP



130 |-
r THTSSO%
120 L THTSm% 17 kA 4000 - UHTS Stack 1 17 kA =
| = — U, Stack 17
— T -~ U__ Stack 34
g M0 i —I:::W . U S:ack 50
% ool | J 3
®© L ° R N ®
;;-)_ 90 _ — _/\ g AL 7]
= 80 '—"'_V
-
70 -
0+ .
60
50 1 1 1 1 1 1 | 1 1 | L 1 1 | 1 1
2000 2500 3000 3500 70 80 90 100 110
Time [s] Temperature(95%) (K)
By means of a heater the He inlet Voltage versus temperature curves
temperature is increased until the HTS for a 17 KA run.

module quenches.

For current leads, T., can not be defined in the usual way (E = 1 uV/cm) because of
the existing temperature gradient.

Therefore, use of a voltage criterion to define T..

Rainer Wesche, CRPP



LOSS OF FLOW TEST
EXPERIMENT

| |
110
0
- 2
X, 100
o
=
© i
8 .
- 90 !
o __
|_
- —— TT1407.06
——TT1407.17 1o
80  mE—— ———TT1407.28
209 s TT1407.39
- . —— TT1407.50
— TT1407.60
70 L | | |
2500 3000 3500 4000

Rainer Wesche, CRPP Time [s]

Mass flow rate (g/s)



LOSS OF FLOW TEST

600 .

— 1171423
500 | —— 1171425 -
— VT-1423-VT1413

VT1425-VT1415
400 | -

300 -

Voltage (mV) // Temperature (K)

200 | -
100 Mass flow through
- CL re-established
0 1 ] ) ] 1 ] A ] 1 ] 1
2800 3000 3200 3400 3600 3800 4000

Rainer Wesche, CRPP Time (s)
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Isolator ;/A E L{

FED

verlangerung
von Stapel 34

V1407, G

bei Stapel 17

ainer Wesche, CRPP
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ENERGY

norme_gas12.5 Max: 1.02
1.02
0.09
1.015
0.08
0.07 F 7 1.01
0.06
.| 1.005
0.05
= i 1
0.04
~ 0.995
0.03
555 0.99
0.01 0.985
0
0.98

-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
X Min: 0.979
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Saddle coils design

ELYTT)
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457 ENERGY

(EFDA, CIEMAT,

Operating current 17 KA
Central magnetic field 125T
Stored magnetic energy ~16 MJ
Total height (feet 2> up. flange) ~3m
Total assembly weight ~20 ton
Iron yoke/steel cylinder weight 11.3t/3.5t
Total conductor length 1.69 km
SC strand weight 490 kg
CU strand weight 420 kg
Helium flow in DC winding ~84g/s
Inlet temperature 4.50 K
I/O pressure (int. re-cooling) 10/3.5 bar
Discharge voltage 2 kV
Discharge time ~1s




HF1 conductor tests .
oo '
[ < 11T 10T 9T Sultan field {
50 —l——W— Measurement after cycling I
C —1—11—11— |solated strand, B=Beff. 5 ‘ :
i —/—/—V— B=B_SULTAN | |
2 11T V. —A—/A—/A— B=B_SULTAN+Max. self field i I
[ ; |
= [ ?' Al
40 [ Strand scaling with €=-0.65% ("; i
35 EA (Durham, Twente) 1 |
N | |
o Y ||
[ |
A30 :_ 7\ - V. = !
3‘5 . A S .
_25 ;ﬁn------------------------ ey L Qe _:
20 F :
C 128 T ’
15 _ (extrapolated)
10 B HF1cable HF2 cable E
- 144 sc/0 cu 96 sc/48 cu 5
5 F B,.,~128T Brax=11 T E
[ Iop~17 kA 9Iop,eqm25 KA .
0'..........V....Y....|
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. 9: : Single strand data prediction ~7.1 K : & ,
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6.6 ; O calorimetric .
< n T=6.42 K /
=550 : AR W -
" Y o LF1 cable LF2 cable
6.4¢ n 60 sc/48 cu || 48sc/60cu
X B..=8 T, 17 kA n n
i BG B,.~93T B, ~8T
6.3 =
6.2F 5
6.1 © Tcs corrected data :
1 B Tcs raw data i
60 [T I I I I ] l ] ]
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INTER-LAYER JOINTS

*The first qualification sample
achieved R~5 nQ) (expected ~1 nQ)

. *Reason was found in too weak
" joint box design + insufficient
" supporting during compression=>U-
box opened and void fraction
increased

*In second sample the supporting
was improved and the joint box
design was changed from welded
sheets to a machined block.

Manufacture of qualification sample 1st attempt



INTER-LAYER JOINTS
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joint to improve cooling
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F holes D=2 at the bottom of the HF-HF circu
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