Assessment of Training Performance,
Degradation and Robustness of Paraffin-Wax
Impregnated Nb,Sn Coil (BigBOX) under
High Magnetic Field

D. M. Araujo, on behalf of PSI/CHART/Magdev
M. Kumar and R.Gupta on behalf of BNL/MDP

July 5t, 2023



Agenda

* Magnet R&D Approach for High Field Magnets (R. Gupta)

* Nb,Sn Coil (BigBOX) integration into DCC17 Magnet (D. M. Araujo)
* Test Setup, Quench Detection and Results (M. Kumar)

* Analysis of Results and Conclusions (D. M. Araujo)

e DCC17 Performance with Stress-management Structure (R. Gupta)



Agenda

* Magnet R&D Approach for High Field Magnets (R. Gupta)



Next generation high field magnets require development of several new technologies.

New technologies must be demonstrated in an R&D magnet before they can be accepted.
Common coil dipole DCCO17 at BNL was specifically designed and built so that new coils can
inserted and tested as an integral part of the magnet for a low-cost, rapid-turn-around R&D.
This was used in demonstrating record hybrid 12.3 T HTS/LTS field (MDP 2020 test) and
multiple R&D tests of very different programs in one go (see insert above used in HEP/FES test)
PSI test was designed to demonstrate (a) wax impregnated coil technology, (b) stress-managed
structures, (c) record HTS/LTS hybrid field, and (d) pole coil for field quality in common coil.



Past Proposals for Demonstration of Pole Coils

for Field Quality in Common Coil Dipole DCC017

DCCO17 without pole coils (present design)

DCCO17 with pole coils (proposed Phase Il design)

A proposal was
submitted to
MDP. It was

not funded. 55
However, a few L
Phase | SBIRs i
were funded. II

Figure 6: DCCO017 as-built, without pole coils to improve field quality (vight)./

20 T design study goal: all harmonics <3 units

Table II. Left-calculated multipoles in as-built DCCO017, showing a large value for b3 (180 units) and a2
(-192 units). Right-calculated multipoles with pole coils added, showing all values below 3 units.

pole coils (left), and with

DCC017 without pole coils (present design) DCCO017 with pole coils (proposed Phase Il design)
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Addressing Pole Coil Challenge with
Flared Ends (SBIR Phase | with PBL)

Phase |l for
integrating such
coils with
common coil
dipole DCCO17
was not funded

Pole
SS Filler coil
turns I -
Original —> i
Nb,Sn Coil
Block:
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. I
—

Figures 8 a&b: CAD cross section of support-structure concept, with structure (gray), pole coils (pink),
main coils (cyan), wedges & SS collars (vellow), and magnetic iron (pale chartreuse). Left: Detail of
support structure for the upper aperture. Right: Cross section through both apertures.

U.S. MAGI
DEVELOPI

Addressing the Pole Coil Challenge with New Designs
PROSRAY (overpass/underpass: Proposed in 2002, TWO SBIRs)

Two STTRs: (a) with e2P; (b) with PBL. s MAsaT
Phase | - two coils wound; one tested. JEEUGINRER - il Goal of Phase II, if funded
Phase II- PoP proposed, not funded.

Insert coil test in BNL DCCO17 for a “Proof-of-Principle” demonstration of
(a) overpass underpass end design (b) Field quality common coil design

= —T W | insert collsgny . 0

Demo can now be pursued with MDP.

(ST, = :

3@ OP/UPcoil ends
must remain in
the opening of
DCCO17.The

I cableathand

allows onlythree

cable width.

This makesthe

{1 PoP design more
challengingthan

thatof a new

magnet.

| E'-y;:m

STTR with PBL

-Ramesh Gupta, BNL

March 21, 2023



Updated Bottura (CERN) Chart
(includes BNL HTS/LTS hybrid R&D dipoles)
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Attempt to reach a higher HTS/LTS hybrid field in the PSI test with HTS coil in structure
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* Nb,Sn Coil (BigBOX) integration into DCC17 Magnet (D. M. Araujo)



LTS & Hybrid Roadmap Outlook

Wax, filled wax / epoxy process development, HT 02 28 cycle 1104
elimination of residues and sliding interfaces, A. Brem o1s

D. Sotnikov, H.
Garcia

Hybrid HTS
Subscale Magnet

Straight Sections where high . Sample holder

7| forces expected (each 35.5 mm

.T\'\'f\\ in length)
CourtesyP.

BOX: Single-turn wax R
— Fixation pin
- — Main solcnoid

impregnated sample,
PSI & U. Twente, M.
Daly

~ Clamping plate
— Pressure anvil

Hybrid HTS
Short Magnet

— Pressed area

Extensometer

] | ]
I ] _21. NbTi upper flat coil
y = '['* = ’ NbTi bottom flat coil

Face Plate

Main Body 20 mm

CHART Mag Projects
MagAM: AM for Superconducting Coils
MagRes: Optimized resin system
MagComp: Cable modelling and
caracterization Subscale Stress-

MagNum: Modelling & Optimization Managed

High-Field Stress-
managed common
coils

Common-coils
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Goals

BigBOX winding

* Assessing
—SC margin, with the conductor
under transversal pressure
—Training performance

e ...and validating new technologies
—load free magnet
—Wax impregnation process
— Stress-managed structure
—New ceramic insulation
— Interface conditions

Clurtesy of R. Gl.vpté ‘

High temperature glass- BigBOX impregnation,
e ceramic coatings, A. Brem M. Daly and C. Hug
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BigBOX and DCC17 Integration 1/2

BCC

Hard-way bending direction,
otherwise the level of stress
would be too low

The coil block has 13 turns
Bending radius is 30 mm
Straight section of 100 mm
 LARP cable was used to
produce BigBOX

BigBOX and DCC17 Integration Coils and Yoke Cross-section



BigBOX and DCC17 Integration 2/2

BCC

* The self-field contribution on the
horizontal direction is small

* Due to the self-field contribution
on the vertical direction, BigBOX
field gradient is high

* The low-field turn is the one with
high mechanical stress

With9Tiny-|B|inT i

i
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-
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Ic fitting and BigBOX load lines

e Strand: 0.7 mm RRP OST 54/61

e Operational temperature: 4.2 K
e Cable bare width: 7.79 mm
e Cable bare thickness: 1.28 mm

* Insulation thickness: 155.0 um

* Max current: 20 kA (after upgrade)

* Background field of 9 T on the vertical direction

Higher and Lower Short sample obtained from E. Barzi et al., “RRP Nb3Sn
strand studies for LARP,” Applied Superconductivity, IEEE Transactions on,
vol. 17, pp. 2607-2610, Jul. 2007, doi: 10.1109/TASC.2007.899579.

BigBOX - DCC17 - 4.2 K

8 9 10 11 12 13
T

By changing DCC17 background field the BigBOX load
line changes, which allow us to change its stress level

17500 A
15000 A
12500 A
10000 A
7500 4+ —— Fitted Higher Short sample
-== Fitted Lower Short sample
5000 A 0.0 T background field
— 7.0 T background field
2500 + =—— 8.0 T background field
— 9.0 T background field
7


https://doi.org/10.1109/TASC.2007.899579

Agenda

* Test Setup, Quench Detection and Results (M. Kumar)



Instrumentation Wiring of BigBOX

Test set up: Sample

BigBOX

13121110 9 8 7 6 |5 4 3 2 1|7 | L1 Leads L2 | Vss Sig
|
g 1 !—‘é—‘E—‘é—‘E—‘E—‘E_q—‘!—‘!—‘E_‘E—‘ Twisted FairNeedsl 4.2K
© .
o S T T T T T T T T T T JobedeneatBNy . TSl
© O T TR T R TR T T [
9 A T T T O T A T —
@ A T T O T T T B T T Y
3 O T T O O I I I Vss Sig
- I A T T A T A B I
= | IO IO D N N D N N DN BN BN | :
C t < "9y o1 ! Coupling Board
u r re n 13 12 11 10 9 8 7 e 54 "4 3 28 1Y L1 output
& & & & & & & & & & & & & &
I ea d S 12 13 12 11 10 ¢ g 7 6 5 4 3 32 1 : o
V 1 g
All pairs are individually bagged :5
For testing the smaller BOX samples we record data using the following settings: U
- Data acquisition of 16 bits ‘(
- 100 KHz during complete test/ramp ¥
-1 MHz, 250ms before and after quench detected g -
s “ - Oscilloscope settings: 10 mV/div, DC, full BW for Vtaps and AE signals

Thick Plate

e The coil is made of Nb;Sn
conductor but the leads coming
out of the magnet are made of

A sansor sreniimtaind NbTi.

e Voltage taps: There are 14 pairs
(28 wires) of voltage taps coming
out of the coil.

Lorentz Force

Vtap 2./
Vtap 1/
Vtap Block

Vtap twisted pair bundles outlet

Locationof Vtaponleadl ————
Soldered at the junction with the Nb,Sn cable and
between the two NbTi leads

e Acoustic sensor

Lead 2 (below)

Vtap Block
N Lead 1

Location of Vtap on Lead 2
Soldered at the junction with the Nby
cable and between the two NbTi lead




Test set up: Sample installation




Test set up: Power Circuit and DAQ

] Sampling rate:
o | Slow logger=1 Hz
Fast logger=50,000 Hz

DCET

c
.0
3 =
Fast and slow < s & . 2
2 = [
data acquisition & g s & Fast and slow
3« = Ez > data acquisition
£ 8 <
(O]
4 &
O -
o — 1
T Y
=g |58 i
(@) dCU
O o C ©
cC 0o
Q GJ'_:,
S0
OACT S5
(R 84—:
Cles 53
c| |25
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Coil energization

Top View

Common
Coil

Common coil magnetic field

== PSI coil magnetic field

Thick Plate

Lorentz Force

!

The quenches always

occurred in V-tap 1-2.

The force was on the
thin plate.



Test Sequence

* Preliminary electrical checkout at room temperature in Test Dewar 6.
* Room temperature check of all resistances (coils, leads, splice, quench protection heaters) and to ground.
* Hipot tests: 500 V.
* 1 Avoltage taps check.
* Initial cold electrical checkout at 4.5 K.
* Same as room temperature.
e Common coil checks
» Strip heater quench: half coil voltage trip at 2kA (20 A/s), strip heater voltage 450 V: check voltages etc => calculate MIITS
» Strip heater #1 quench: half coil voltage trip at 4kA (20 A/s), strip heater voltage 450 V: check voltages etc => calculate MIITS
» Strip heater #2 quench: half coil voltage trip at 4kA (20 A/s), strip heater voltage 450 V: check voltages etc => calculate MIITS
* Insert coil tests
1. Set Big box to short. Ramp common coil to maximum stable current at 20 A/s. Monitor for stability.
2. Set Common coil to short. Ramp big box to 10 kA at 20 A/s. Trip manually. Verify Quench detector operation.

3. Ramp common coil to I kA with 20 A/s. Ramp big box to max current |, until quench.
If Big box quenches first, discharge Big box instantly, wait a few ms discharge common coil.
If common coil quenches first, discharge Big box instantly, wait a few ms discharge common coil.

4. Repeat step 3 at common coil currents 7 kA, 8 kA, 9 kA, find |,. Repeat the same with CC current going down.
If time permits, perform electromagnetic cycling of bigbox.
6. Repeat test with I 9 kA.

b



Simplified power circuit

g0 Experimental data

70
60
50

:96301

4 kA manual trip test on the BIGBOX coil
42
Vpgy = 37.51073 x 4103 X ~ 68V

0.004

42 + 51.1

4500
4000
3500
Coil Current 3000
2500
2000
1500
1000
500

0
0.009 0.014 0.019 500

t) Drop 1600 A in 1 ms => 1.6 €6 A/s

— Total Coil Voltage

Current (A)

—

Case:
Charging

37.5 mQ
Dump resistor

51.1 pH

Case:
Discharging

51.1 pH

'
(S}
x
O <
0
O
o

BIGBOX coil

42 uH



1(A)

Experiment

Current
12000
—Current CCA ——Current PSI A
10000
8000
. 6000
<
— 4000
2000
0
1800 2300 2800 3300
-2000
t(s)
12000 1 ‘I‘\
8000 - \\
10000 6000+
12000 1 o
8000 - -
10000 1 .
6000 0+
8000 4 - 4000 * <4 o 1 2 3 4 5 8 T 8 9 1;&:
6000 4 2000 A
—— Current CC A
4000 Current PSI A 1
2000 4 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
04
-2000 T T T T T T T
-06 -04 -02 0.0 0.2 04 0.6

Time(s)

cc = 9.04 kA

o = 10.77 kA

Bec =8.92 T (computed)
By = 3.28 T (computed)
Biota = 12.2 T

=37.5107%x10.810% X ———
Vpsi =37.5107° X 10.810° X oy

- 10000

—— PSI 1/2 Coil (+) /100 V
—— PSI 1/2 Coil (-) /100 V| 4
—— PSI Total Coil /100 V

-50 4

< 100 + Current PSI A} 5000
>
-150 -
0
—200
T T T T
=-0.01 0.00 0.01 0.02 0.03 0.04
t(s)

—— Lead extension (+) to PSl lead (+) V
15 —— PSllead (+)to PSI Tap 1V
| ——PSITap1-2 V
/ —— PSITap2-3V
1.0 e - PSITap 34V
—— PSITap4-5V
0.5 A - PSITap5-6V
/f"__/ - PSITap6-7V
00 /—/ — PSITap7-8V
. g - PSI Tap 8-9V
< —— PSI Tap 9-10 V
; 05 —— PSI Tap 10-11 V
——PSI Tap 11-12 V
| —— PSI Tap 12-13 V
-1.0 —— PSI Tap 13 to to PSl lead (-) V
| I— PSl lead (-) to Lead extension (-) V
15 / /4
_20 f///
-25
-0.006 0.000 0.006 0.012

t(s)

~ 183V

I (A)



Main Results

Abbreviations
lcc= current in common coil, B..= magnetic field in common coil
lgg= Quench current in bigbox coil

EM cycling
Run # Ic (kA) 1. (kA) B (T, estimated) current
1 7195 12.979 7.15 nn n
2 804 12.118 7.97 / \ A / \,\
3 9124 10.845 9.00 /-’ \-.\ ;"f \ ;"/ x
4 80393  12.06 7.96 5/’ YRR U’L
5 7.0398 13.359 6.99 )/
6-9 9.0 10.3 8.90 "
10 90395 10.769 8.92 There was a trip during the

fourth electromagnetic cycle



Agenda

* Analysis of Results and Conclusions (D. M. Araujo)



Training performance

BigBOX Test at 4.2 K - Curve Inverted BigBOX runs
14000 <
7 T background field \\ Ramp-up and down
A
8 T background field * B Quench
13000 A
9 T background field
N [ |
[ | [ |
12000 A B
— Fitted Higher Short sample
=== Fitted Lower Short sample
110001+ W Run #1
B Run #2
B Run #3
100001+ A Run #4
A Run #5
® Run #10
9000 T T T T T T I I I T T T
9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.07 e — ™ m < 0 © ™~ o o

T run




Stress and Field distributions

o

ccC

Cross-sectional Bior - run #1

12.300

11.267

10.233

9.200

8.167

7.133

6.100

5.067

4.033

3.000

7 T background field

By increasing DCC17 background field, BigBOX stress increases and margin decreases.

ngtil'l T

Sym Cross-section run #1

h

-

169.2

153.9

138.7

r123.4

F108.1

©
g
©

62.3

47.1

31.8

SVM in MPa

Cross-sectional Btot - run #3

12.300

e o o o o 11.267

10.233

9.200

8.167

7.133

6.100

5.067

4.033

3.000

9 T background field

Broe in T

Sym Cross-section run #3

-

169.2

153.9

138.7

r123.4

-108.1

-92.9

Sym in MPa



BigBOX as a tool for degradation studies

BigBOX Test at 4.2 K -run #3 - Turns load line

~ T

== Turn 1 == _Turn 6 - Turn 10
200001 —m— TUurn2 —® Turn7 —=— Turn1l

== Turn 3 Turn 8 == Turn 12
17500 4+ == Turn 4 == Turn 9 == Turn 13
== Turn 5
BCC
15000 A
12500 _SVM in MPa
169 147 126 115|106 95 84 74 64

<
10000 \ T
* First, the coil is powered and the distribution 1500 - \
of stress is the one given in the plot.
. 5000 -
After a number of cycle, the background 1777/

field or BigBOX current direction is inverted. g

2500 A
* Now, the new high-field turn has a historic of

high stress. Is the coil be able to go to short- 0 - =
8 9 10 11 12

sample again? T




Agenda

e DCC17 Performance with Stress-management Structure (R. Gupta)



Need for Stress Management with Insert in DCC017

U.5. MAGNET

RROGRAM T Hybrid Magnet Test Results (1)

. HTS Insulated Coil & Common Coil . . HTS Insulated Coil &tﬂm:‘-m Coil . Several combinations 1 Stresses for 10 KA in
o g i1 ofcurrentsin the HTS Nb,Sn and 1 kA in HTS
= = C 1o 1 = ¥
s 8 083 § 2 033 coilsand the Nbgsn
g e 0533 ¢ esnl o 0r 2 coils were tried.

: 4 af 8 I{HTS) 04 &

¢, fTs) 028 | 3 o2 £ In all cases, NbgSn
: 1 o Z 0 ' coilsquenched (a bit
19:12 1026 19:40 Time 1955 20:0% 19:48 1949 150 s 1853 18:55 bEfDrE Shﬂrtﬁample

12 HTS NI Test 18 NI HTS & Nb;Sn Coils ) o -

gl y s p o 12z If no additional strain

x5 i’z s 1 3 onNbsSn coil

- oo £ 2 “% considered).

é ' 06 g i ’ E .

5 3 oast 2t *Z Assuch NbsSncoils

ik g HHTS) "t aloneweretestedtoa
e 1619 1626 1633 1640 1648 1655 higher current

Strain for 10 KA in
Nb;Sn and 1 kA in HTS

@ ENERGY

Feedback from PS5l Siress-managed Structure in Common Coil Ramesh Gupta June &, 2023

Theory: Local stresses/strain in Nb,Sn coil limited the performance of Nb;Sn

coil (and hence of HTS/LTS hybrid dipole test in 2020 to 12.3 T)
Solution and test: reduce/diffuse local strain with intermediate structure on
insert or pads in between (stress management) — incorporated in future tests




Stress-managed Inserts in the Common Coil Dlpole

All inserts in DCC017 now have
a structure around the coil

SIMULATIN  ~2 mm plate on one
and side and ~4 mm on
MDP (HTS) the other side




OPERA Models of Nb;Sn PSI Coil and HTS . cipuratie om0
MDP Coil in Common Coil Dipole DCCO17 |

250.0
Y [mm]
200.0

150.0 —
100.0
0E+0
50.0
0.0

-50.0

-100.0

-150.0

-200.0

Surface contours: B

1.108155E-2
-250.0 35070 2000 . 10 : 100.0 2000 30 10.8 T
: - N - A - .0 0.0 i i o 1.080261E+1
1 : PSI N bssn ‘ t— 1.000000E+1

H O A
Field on |
H— 4.000000E+0 D C CO 1 7 " 4
Nb;Sn coil  “5&%
- 2.000000€ +0 o n r ig/h(t// ,1',‘/ 1

2: HTS (MDP)




Lorentz Forces on PSI Insert Coil (with design & reversed polarity)

Current density

Design Polarity

Component: J
[

=,

Run 3: DCC017@9.124kA, PSI@10.845

UNITS

Length mm
Magn Flux Density: T
Magnetic Field - Alm
Magn Vector Pot : Wh/m
Current Density  : A/mm?
Conductivity Sfm
Power w
Force N
Energy J
Mass kg
Pressure Pa

MODEL DATA

C:\Users\gupta\OneDrive - Br
ookhaven National Laborator
V\USMDP\PSI\Operaldcc017
fullPSkinsert st

Quadratic slements

XY symmetry

Vector potential

Magnetic fields

Static solution

Scale factor: 1.0

166292 elements

312905 nodes

195 regions

300un/2023 15:32:63 Page 7

Opera

UNITS

Length “mm
Magn Flux Density: T
Magnetic Field < A/m
Magn Vector Pot - Wh/m
Current Density - Almm?
Conductivity -Sim
Power w
Force N
Energy -
Mass kg
Pressure “Pa

MODEL DATA

C:\Wsers\guptalOneDiive - Br
ookhaven National Laborator
YWUSMDP\PSIOperaldeco 17
full-PSl-insert-rev.st
Quadraic elements

XY symmatry

Vector potential

Magnetic fields

Static solution

Scale factar: 1.0

166292 elements

312905 nodes

195 regions

28/Jun/2023 10:03:16 Page 67

ko sew | Pesfroceng
7 pd W |\ g low
s R, ¥ B 1 save
e mcvan s | T o i [ cone O oy [
f— ufrs s e e—

-6.02017959
|
L I

Note: Net forces are about the same in both cases, but PSI
coil gets squeezed (stressed) more in the design case

Component: LX
-7.87781078
|

—eew e DS L2200 Reverse Polarity

Hgais  Graphs

B information

6.029291908

[ZBunZ0z.

Component: LX
4.303824287

Opera



mailto:DCC017@9.124kA
mailto:PSI@10.845

Field on PSI Coil & DCC017 Coil (with design & reversed polarity)

. » | . Peak field in Peak field

PSI Coil : 12.7 T in DC0017
Coil:124T

Peak field
in DCC017:
Coil: 11.5T

Peak Field in
PSI Coil : 125 T




ShOrt Sa mple ReaChEd Cable short sample curve with bending strain included

12.0 -
DCC017 Short 11.5 - 2
Sample Calculations 110 - . S d
with PSI Insert =
E 10.5 - S
1=9.1 kA E 10.0 - P
B,=11.5T T o5 -
9.0 - — — ~BO
DCCO017 reached 11.5T J/ Bpk
(earlier was 10.8 T) 8.9 1 Coil 32 Ic
8.0 — . . . . . .
Value with the design 80 85 90 95 100 105 11.0 115 12C

polarity ~12.3 T
Current (kA)
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Some pictures of the manufacturing process
» ) * Winding
* impregnation

* Closing
the thin
cover




Scheme during the tests...

BigBOX insulated in
respect to the Frame

Frame could, therefore
be in contact with
DCCO17 structure

BigBOX will be
insulated from the
Common coils

BigBOX

v

Highpot test box and .
the Frame (750 V) v BigBOX frame
successfully achieved DCC17 bage 36




High-pot tests

Box to Frame

100 V: > 100
Gohm

250 V: 260 GOhm
500 V: 235 GOhm

750 V: 233 GOhm

Page 37



Scheme during the electrical tests and

tests

Latest resistance
between coil and box
~57 kOhm

All boxes components
are at the same
electrical potential
(convers, box and pole)

Feeding current
between L1 or L2 and
the mass

Measuring the voltage
drop between vtaps and
a reference

Vtap L1 l

BigBOX leads

One vtap per
lead

Vtap L2 T

BigBOX mass

Box, covers and pole are in
the same electrical potential

Thick cover
Vtap 1
Vtap 2
Vtap 3
Vtap 4
Vtap 5
Vtap 6
Vtap 7
Vtap 8
Vtap 9
Vtap 10
Vtap 11
Vtap 12
Vtap 13

Thin cover

v

BigBOX turns

Vtaps for all turns



Evolution of resistance during cooling down

g00

— R_gnd [kohm]

500 4—

R_gnd [kohm]

e Resistance measured
from the coil to the
Mmass

400 4

300 -

* From about 60 kOhm to
350 kOhm

200

100 4—

1] al 100 140 200 240 ann
TIK]
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First set of measurements

gq“:e"t from L1 or L2 and mass: 0.276 VOLTAGE FROM L1/L2 TO VTAP ON THE X AXIS

| 1-\/X 'L2-Vx
Voltage across the power supply: 13.78
Vv

Oscillation between even and odds
vtaps

Let’s look to the vtaps separately

>
=
()
oo
©
=
o
>
x
>
(=]
=
o~
i~
S~
()
-

Vtap number
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L1/L2 to Vx voltage in V

First set of measurements

* Looking to evens and odds vtaps separately

VOLTAGE FROM L1/L2 TO VTAP ON THE X AXIS

| ]-\/X 'L2-Vx

Vtap number

* Current leaking at L2

VOLTAGE FROM L1 AND L2 TO VTAP ON THE X
AXIS

] 1-\/X

_—

7
Vtap number




mV

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

-0.001

Measurements

e Oscillation when changing the reference from L1 to L2

Pwr L1 to mass

y = 0.0006x + 0.0006

Vtaps

* Current leaking at L2

y =0.0006x - 0.0008

10

12

—@—L1ltol2
—@—[2toll

Linear (L1 to L2)

Linear (L2 to L1)

14

16

mV

0.0014

0.0012

0.001

0.0008

0.0006

0.0004

0.0002

-0.0002

-0.0004

Pwr L2 to mass

= 5E-06x + 0.0001

Vtaps

—@— 2 to L1
—@®—L1ltol2
--------- Linear (L2 to L1)
--------- Linear (L1 to L2)

M. Duda, M. Daly

Page 42



Run 10

3D magnetic and mechanical analysis



3D Magnetic Analysis

50 100 (mm)

Bpeak ON BigBOX =12.21T

BigBOX

|10 = 10.77 kA

10.7922
10.0840
9.3759
8.6677

B [tesla]

7.9595
7.2513
6.5432
5.8350
5.1268
4.4187
37105
3.0023
22942
1.5860

0.8778
0.1697

\_4

-
{@®}—y
<

N.-a— ¢

100 200 (mm})

Boea ON DCC17 =10.79 T
DCC17 1 .= 9.04 kA



3D Mechanical Analysis: DCC17 LTS Coils

| 000063582
0.00044611
0.0002564 Min

00006356z
0.00044611
0.0002564 Min

]
0.000 0.100 (m) z)\‘ : i 0,100 (m) X'—L
[ S

0.050 0.050

This peak of strain has a
value close to the on
DCC17 coil ends

€ .. 0N DCC17 = 0.00196

pea

Due to BigBOX forces



3D Mechanical Analysis: DCC17 LTS Coils

167497

8.5931e6 Min 8.5931e6 Min

0.000 0.100 () /L‘
[ p X

0.050 0.050

Max S, = 82 MPa Similar peak of VM stress on
On the ends the ends and BigBOX region



6.5483e7

3D Mechanical Analysis: DCC17 Shell and End-
plate (both made of stainless steel)

3.6405e7
7.3282e6 Min

1.7418e7
1.7568e5 Min

-« il b Y Y
0.000 0.300 (m) A 0.000 0.200(m) X/L‘
L | z X | Z
0150 0.100

Max S, on DCC17 Shell = 269 MPa Max S,,, on DCC17 End-plate = 155 MPa



3D Mechanical Analysis: DCC17 Collar
(stainless steel) and Iron

| 12787
-2.33e7
-3.3821e7 Min

| 1158607
5.8244e6
62428 Min

0.000 0.200 (rm) X -~ 0.000 0.200 (rn) X -~
L — [ ——
0.100 0.100

Max S, on DCC17 Collar = 52 MPa Max S,,ps 0N DCC17 Iron = 61 MPa



3D Mechanical Analysis: BigBOX LTS Coill

|| 6.8837e7
5.108¢7
333237

1.5567e7 Min

0.0020433
0.001333
0.00062268 Min

0.030 -

€ .ok ON BigBOX = 0.007 Max Sy, = 175 MPa

pea



3D Mechanical Analysis: BigBOX Structure and

Covers

C: Static Structural
BB Structure Equivalent Stress
Type: Equivalent {(von-Mises) Stress
Unit: Pa

Time: 2
22.05.2023 13114

. 2.0109e8 Max
1.7876e8
— 1.5642e8
1 1.3409e8
L 1.1175e8
—-J 8.9421e7
- 6.7087e7
~ 4.4753e7
i 2.242e7
85932 Min

|

0.000 0.100 (rm) '\T/'
[ —

0.050

Max S, on BigBOX structure = 201 MPa

C: Static Structural
Cower Equivalent Stress
Type: Equivalent {von-Mises) Stress
Unit: Pa

Time: 2
22.05.2023 13:15

6.9661e8 Max
6.1923e8
5.4185e8
4.6448:8
3.871e8
3.0972e8
2.3235e8
1.54978
7.7591e7
2.1426e5 Min

IR |

[

Min :H¢v
0.100 {m})

Max S_.., on Covers = 697 MPa

eqv
Due to the inverted current
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