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Superconducting
Magnet Division

CHAMNGING WHAT'S POSSIBLE

From our sponsor:

... ARPA-E’s mission Is to catalyze and accelerate
the creation of transformational energy

technologies by making high-risk, high-reward
Investments In their early stages of development

This presentation summarizes an aggressive R&D where

We demonstrated a higher field and a higher operating
temperature energy storage coil than proposed before ...

» 12.5 T SMES coil operating at 27 K
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Superconducting

CHAMNGING WHAT'S POSSIBLE

Magnet Division
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Superconducting Magnet Energy Storage System

with Direct Power Electronics Interface

Project Goal:

= Competitive, fast response, grid-scale MWh
superconducting magnet energy storage (SMES) system
Team member major contributions:

» ABB: Power electronics, Lead

» BNL: SMES coil and Superconducting switch

» SP: 2G HTS manufacture and improved production
» UH: Wire manufacturing process research
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Focus of the Presentation |a-@

Superconducting
Magnet Division

CHAMNGING WHAT'S POSSIBLE

Technology for High field HTS SMES coll

— Design, construction and test results

0 For economic viability of a large scale energy storage
system, cost of coated conductor must come down
significantly (smart designs can help)

1 The technology developed could already be applied to
special purpose storage system and other applications
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Superconducting
Magnet Division

CHAMNGING WHAT'S POSSIBLE

» High Temperature Option (~65 K): Saves on cryogenics (Field ~2.5T)
» High Field (~25 T) Option: Saves on Conductor (Temperature ~4 K)
High

Previous attempts: o Temperature
LTS: upto~5T SMESR/"‘Q
HTS: few Tesla (high temp. to save on cryo)

Our analysis on HTS option:

Presently conductor cost dominates the
cryogenic cost by an order of magnitude

High field HTS could be game chanqger:
v Very high fields: 25-30 T (E a B?)
s Only with HTS (high risk, high reward)

» Also: A medium field and medium temperature option

12.5T@27K
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The Basic Demo Module | G pa-@

Superconducting

CHAMNGING WHAT'S POSSIBLE

Magnet Division

N Aggressive parameters:

Field: 25 T@4 K (more than ever)

Bore: 100 mm (large)
Hoop Stresses: 400 MPa (>2X)

Conductor: ReBCO (evolving)
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Superconducting Conduc.ror‘ - RCBCO Tape \'il Q|J\.ioe
Magnet Division

CHAMNGING WHAT'S POSSIBLE

HTS tape: angular dependence

Measurements at NHMFL (earlier sample)

gsp [ T=42 10 y

L width 1.1 mm
Copper Stabilizer 200 187 ]
Silver Overlayer 2 150 f
(RE)BCO - HTS (epitaxial) - [
Buffer Stack 50 I
g [
0 (deg)
20m  SMES specs (12 mm):
>700 A@4K
(at any angle)

12 mm wide ReBCO tape with high strength hastelloy substrate
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Superconducting

CHAMNGING WHAT'S POSSIBLE

Magnet Division

TERL S

SEALLE LR S

0t emn

« Atorus would consist of a large number of solenoid module
 Field becomes parallel => less amount of conductor required
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Superconducting
Magnet Division

CHAMNGING WHAT'S POSSIBLE

GJ scale GRID storage system that can fit in a room!

» Moreover, asmall B, (<0.5T) foralarge B, (30 T) means a
major reduction in conductor cost (~1/5 with an optimized HTYS)
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BROOKHIMIEN, | Design Parameters of
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-

High field and big

radius create large

Superconducting BNL Demonstration Coil
Magnet Division

Stored Energy 1.7 M) =  / "

Currrent 700 Amperes

Inductance 7 Henry

Maximum Field 25 Tesla

Operating Temperature 4.2 Kelvin

Overall Ramp Rate 1.2 Amp/sec

Number of Inner Pancakes 28

Number of Outer Pancakes 18

Total Number of Pancakes 46

Inner dia of Inner Pancake 102 mm

Outer dia of Inner Pancake 194 mm

Inner dia of Outer Pancake 223 mm

Outer dia of Outer Pancake 303 mm

Intermediate Support 13 mm

Outer Support 7 mm

Width of Double Pancake 26 mm

High Field HTS SMES Coil R. Gupta, ..., BNL

CcCA2014 JTgu_

stresses (~400 MPa)

. Korea Dec. 1, 2014 10
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) ~ "/ Cross-section of Coil and Support Tube
uperconducting

Magnet Division

//—Q>126m (32004 |

// ~$12080 [306583 ]

, Conductor used
/,/ / ‘/~¢11920 [30277 ]
A LN (ReBCO from SP):

P $8620 [21895 |
./',,// ,/;68370 [2126 ]

gt > \/\/ell over 6 km
Ll (12 mm wide tape)

#4000 [1016 ]

#3840 [9754 ]
@3400 [8636 ]

inches [mm)] 4==units

Stainless Steel

Support
Tubes

Inner Stainless Steel Tubes
for Assembling Pancakes
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Grading to Optimi

ze Magnetic

and Mechanical Design

2000~

Z [mm]

Number of turns per pancake

- (for same coil i.d. and 0.d.) Adjusted for grading:
» * Cu thickness in HTS
tape (65 and 100 pm)
0 Current %00 . i
el density — SS tape thickness
ool J (A/mm?) Intermediate o, CUITent (65 and 100 ”m)
o ‘ ! : : _end structure ol density )
C“mpu"e'gloJ 10.0 30.0 50.0 70.0 90.0 110.0 1303[““_”]15( ~100 J (A/mmz) (more Copper In ends;
FSO (] 29§ 0 340 OI -150.0 — -
20085755 300 500 700 %00 oo 100 180c more SS In Center)
;ltﬂﬁmgmnem Y 297| 05 348.4 r
2 mm] Br 200.0
" wi By End Result:
= . v" Improved
radial N performance
> DN T~ .
S BN L 3 > Better mechanical
SR . 2 structure and
20085700 300 500 700 w0 100 1353 1500 i;::7 ‘ ‘ ‘ ‘ ‘ ‘ ) ‘ reduced Bperp
I‘(‘:usTg;xgEH;TABS(BR) o — [mm] Cumpun(;moABg(SR) 30.0 50.0 70.0 90.0 110.0 130'2 ) 150.0
I . . . ‘420414E70‘6 - 3 544-%79125 7 083554046‘ .
Initial 1.7 MJ Design Optimized 1.7 MJ Design
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Superconducting
Magnet Division

CHAMNGING WHAT'S POSSIBLE

« High strength HTS tape,
co-wound with SS tape (for
insulation and added strength)

» Thickness of SS tape and
copper on HTS adjusted to
optimize the performance

High Field HTS SMES Coil R. Gupta, ..., BNL CCA2014 2_05“_ S. Korea Dec. 1, 2014 13
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BROOKHPAEN | Two Pancakes Connected S
Superconducting with Spiral Splice Joint GUirpare

Magnet Division CHANGING WHAT'S POSSIBLE

¥ ! “\..“ ',‘. \ ' N "f ".,
il TR . LS N . ol

High Field HTS SMES Coil R. Gupta, ..., BNL CCA2014 i'ég'_ S. Korea Dec. 1, 2014 14




BROOKHIAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2015.
Invited Presentation given at CCA 2014, Jeju Island, Korea, Nov. 30 - Dec. 03, 2014.

Assembled QIrPQ@

CHAMNGING WHAT'S POSSIBLE

Inner Coill Outer Coll

(102 mm id, 194 mm od) (223 mm id, 303 mm od)
28 pancakes 18 pancakes

High Field HTS SMES Coil

Total: 46 pancakes

R. Gupta, ..., BNL  CCA2014 Jeju S Korea  Dec. 1, 2014 15
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SROMUHBMEN,  Coils, Test Fixturesand |
Superconducting Suppor"r Structure GUlrpGare

Magnet Division CHANGING WHAT'S POSSIBLE

Pancake coils: inner and outer 77 K Test Fixture for outr

Outer Outer P E—— Quter
Assembly .. Support

Support : ——
Tube for W — — Tube for

Outer. Outer

Assembly ™
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ST | Tnner and Outer Coils | qipar@

Su perco n d uctin g CHAMNGING WHAT'S POSSIBLE

Magnet Division

[ oy e car2
W

Inner (in support tube) Outer (prior to support tube)
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uperconductin
Superconducting CHANGING WHAT'S POSSIBLE

Magnet Division

Outer inserted over inner coil SMES coil in iron laminations
High Field HTS SMES Coil R. Gupta, ..., BNL CCA2014 E_'-;“_ S. Korea Dec. 1, 2014 18



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2015.
Invited Presentation given at CCA 2014, Jeju Island, Korea, Nov. 30 - Dec. 03, 2014.

BROOKHFAEN

NATIONAL LABORATORY - _3
_ Yo W

Superconducting Qi |J\-i \ %

M ag n et D|V| s | on CHAMNGING WHAT'S POSSIBLE

Test Results
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BROOKMBVEN, | 77 K Test of a Series of |
Superconducting Double Pancakes (inner) L

Magnet Division CHANGING WHAT'S POSSIBLE

Ic and N value at 77 K of single pancake coils

140.0 —

Critical current (1 pV/cm)

120.0

100.0 - \
Two single
_ e pancakes
P powered in
600 series.
mic(A)
40.0
mn

@ limited by

20.0

the companion pair

0.0

101102103104105106107108109110111112113114115116117118119120121122123124125126127128
Single Pancake ID
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BROOKHRVEN | 77 K Test of a Series of
Superconducting Double Pancakes (outer)

QrpQa-e

CHAMNGING WHAT'S POSSIBLE

Magnet Division

Two pancakes powered in series
250

[ Outer double pancake coils

225 — I n-value
Type A -CC(160 pm) + SS (25 pum)

Four types to achieve Type B -CC(160 um) + SS (50 um)

Type C -CC(120 pum) + SS (25 um)

c
Q
o
3}
E L
L 150 L I Measured value, Il Beyond range.
>3_ [ Type D -CC(120 pm) + SS (50 pm)
< 125L [__1Measured value, 24 Beyond range_
o o
5 100! -
5 100 |
8 5
« 75
< 50
25
0
T AT AT Q QA
T T NN OO O T ITNDN 00 W0 O O
O 0O 00000000000 OoOOOOoOOo

MT23, Lakshmi, et al Single pancake coil ID

High Field HTS SMES Coil  R. Gupta, ..., BNL  CCA2014

200 — . I Measured value, [ Beyond range—

175 _ grading (see slide 12) I Measured value, [ Beyond range—

-1 200

1, (A), n-value

*_3—_'-;“_ S. Korea

Single pancakes
powered alone

1 uvlcm 0.1 uv/cm

, I Type A

, I Type B

, Il TypeC

:]TYPG D
value

I§II
il

Higher I in coil at
77K , however,
doesn’t necessarily

translate in to a

higher I, at 4K
(present conductor)

Dec. 1, 2014 21
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Superconducting
Magnet Division

CHAMNGING WHAT'S POSSIBLE

one pancake and other
pancake

2 pancakes with very

2 pancakes with similar

L different critical current
critical currents

25000

‘TT
20000

1 15000 | T
15000

20000
4

B —+—SMES 206
- & —m—SMES 205
E 1 § ~4—DPC 2003
gp 10000 +
2 10000 N —+—SMES 219(T) defective

—o—SMES 204(T) —8—SMES 202(B)

5000

== SMES 203(B) 0 20 40 60 80 100

5000 —

0 20 40 60 80 100 120 140

0 20 40 60 80 100 Current(A)

Current (A)

Note: Thorough 77 K test of each pancake )

we DPC 2003
—— Linear ((0-10))

was an important part of a series for QA

Current(A)
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Superconducting \il |J\i°b

Ma e CHAMGING WHAT'S POSSIBELE
gnet D|V|S|on

AN - 46 pancakes I
12 pancakes 350 A, 27K, 12 5T =

760 A, 4K, 11. 4T[ “| \ W

T
) J 1

- 2 pancakes

1140 A 4K

Peak fields higher
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Superconducting Double Pancake Coil Test | ipu-e@

|\/|ag n et D|V| S | on CHANGING WHAT'S POSSIBELE

1200 | | |

& .

1000 A Top Coil
< f. ¢ Bottom Coil
S| € so0 un
TS g
=l AO
O s 600
|-
=51 ®
°lz Ao
S| = a00
nl| ~— AL
5 & 2
g 20 B—ix
-
(@) i
Z 0 M ;4.

0 10 20 30 40 50 60 70 80 Ramp rate
Temperature (K) up to 10 A/s

The option of operating over a large range (the benefit of HTS)
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12 Pancake Coil Test

arpa-@

CHAMNGING WHAT'S POSSIBLE

Charge

750

700

650

600

550

500

450

400

Current (A)

350

300
250

200

150

100

50

/

0

4:09:07PM 4:14:53PM 4:20:38PM 4:26:24PM 4:32:10PM 4:37:55PM 4:43:41PM 4:49:26 PM

Time

Current (A)

800

700

600

500

400

300

200

100

0

Quench

*

p

\

\

0 1 2 3 4 5

Time (sec)

* Energy (~125 kJ) extracted and dumped in the external resistor.
» 77 K re-test (after quench) showed that the coil remained healthy.

High Field HTS SMES Coil

R. Gupta, ..., BNL

CCA2014

JYu 5. Korea  Dec. 1, 2014 25



NATIONAL LABORATORY

Superconducting
Magnet Division

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2015.
Invited Presentation given at CCA 2014, Jeju Island, Korea, Nov. 30 - Dec. 03, 2014.

Preparation for the Final Test

QrPQ-@

CHAMNGING WHAT'S POSSIBLE

i gl
[ e
R i

3

3 ' . 4
. ¥ . ".

/ Ngr ~
Current leads ;
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Superconducting Sl psNilT e
M ag n et DIVI S | on CHAMNGING WHAT'S POSSIBLE

12.5 Tesla at 27 K

350 Amp
400 425 k] |- Coil Current

_ 27 K possible
Pl 1012102 i |

with

= 0d:303 mMm | A .
L 3 liquid Neon
T 250 gl
(¢D)
= 200 fo gl
>
QO 150 gV
100 Record field/energy density in a superconducting
50 magnet at a temperature of 10 Kelvin or higher
0 w w w w w \
14:24 15:36 16:48 18:00 19:12 20:24 21:36
Time (hh:mm)
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, T Yokl
Superconducting QT PIaN(C

Magnet Division CHANGING WIHATS POSSIBLE

« The design goal was: 1.7 MJ at ~700 Awith 25 T at 4 K.

» \We tested the unit at several temperatures between 20-80 K,
Including the 350 Amp (12.5 T) test at 27 K.

« During one such test, the system tripped due to a data entry error
at ~165 A — well below the earlier magnet test current.

« This trip resulted in damage to a few current leads in the inner
coil. It appears that there was arcing, perhaps during shut-off.

 Since the test was not limited by the field performance, the SMES

coil still has the potential to reach higher field after repair.

High Field HTS SMES Coil R. Gupta, ..., BNL CCA2014 iﬂég'_ S. Korea Dec. 1, 2014 28
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M ag n et D|V| s | on CHAMNGING WHAT'S POSSIBLE

Quench Protection
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BROOKHIAEN

NATIONAL LABORATORY

Superconducting BNL HTS Quench Protection Strategy

Magnet Division
A multi-pronged strategy developed and used at BNL in various HTS programs:

» Detect early and react fast with an advance quench protection system

1. Developed an advanced low-noise electronics and noise cancellation scheme to
detect pre-quench voltage (phase) where HTS coils can operate safely

2. Fast energy extraction with electronics to handle high isolation voltage (>1kV)
3. Use inductively coupled copper discs for fast energy extraction
» Drawback: add!’;ignal energy loss during charging and discharging

7 : 1= Twelve coil test at 4K (~12 T, ~120 KJ)

2

18 T Difference Voltage between Coil#2 and Coil#11
16 - (ImV=0.1uV/cm for 100 m), with offset
1.4 >
5; 1'i ——————— = Rre=queRch = = = = = = = =
| ~— *
v phase
¥ 0.8 ~
B 0.6 \ o
> 04 R P
. 0.2 S 0% a0 .00“0.0 \0)"‘ ¢ L2
L
0 Wﬁ;""» -
0.2 -
745 750 755 760

: B 1 - : Rt Son s st Current (A)
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tasoratory| Copper Discs for Energy Extraction

e Ve W -
Superconducting il |)\-i A4

Magnet Division

800

700

600

500

400

Current (A)

300

200

100

CHAMNGING WHAT'S POSSIBLE

6.E+05

Inductively coupled cooper discs
between two double pancakes s
£
# = JEos 1
0.E400 \\—_.
) ¢ Time (sec)
Th!s fas_t t?)ftraction_ 5_% 3.E405 —
provides initial margin I
1 at the critical time Most action
Y% in milliseconds
0 1 2 3 4 5 o 2.5 2.5!02 2.5!04 2.5106
Time (sec) Time (sec)
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M ag n et D|V| s | on CHAMNGING WHAT'S POSSIBLE

 Even though we didn’t reach the aggressive design goal of 25 T,
In a big aperture (~100 mm) superconducting magnet with large
hoop stresses (~400 MPa) in the first attempt, we did learn
several things in the process beside creating new records.

« This provided a significant experience in using a large amount of
coated conductor (over 6 km of 12 mm wide tape) in a demanding
4K, high field and a high stress application.

« Demonstration of a12.5 T SMES coil at 27 K is a promising
application of the coated conductor. The earlier most ambitious
proposal was for 11 T at 20 K by Chubu Electric and Furukawa.

» The experience and technologies developed should also be useful
In other applications, such as in NMR, ADMX, accelerators, etc.
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