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Advantages of Nl Technique

High Current Density High Thermal Stability

=To Enhance Engineering Current Density Je = Self-protection

Reduction of

Volume Insulation

Stabilizer

(Cu)

REBCO

Substrate
(Hastelloy)

No-Insulation Ordinary Insulation

*Current avoiding a local hotspot
*Winding with no-insulated REBCO tape

*Dissipating magnetic energy into thermal
"Decrease of stabilizer by sharing it

capacity of a whole coil

Possible to protect coil
from burning-out?

- Possible to enhance
current density?
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For Evaluation of NI pancake coil

To evaluate NI coil performances

1. Thermal & electromagnetic behavior

2. Transient behavior at bypassing

3. Charging/discharging delay

¥

To investigate these performances,
we have developed the PEEC

(Partial Element Equivalent Circuit)
analysis with the thermal FEA
(Finite Element Analysis).

Complicated thermal and
electromagnetic behavior



Simple Parallel Equivalent Circuit (SPEC)

Azimuthal Radial
Direction Direction
(] / IR dl
‘ l r Lcoil 76’ + Rstabilizerlstabil'zer = Rc (Iop - 119)
10 l l Iop o 1:9 t
] n
LCOil Rstabilizer]stabilizer = I/c(%)
N N ¢
[ sc l l I stabilizer Rc
1 stabilizer + Isc = ]0
VL R

stabilizer

lop : Transport current  Lcoil : Coil Inductance

1o : Azimuthal current Rc : Resistance at contact
Isc : Current in REBCO  Rstuabilizer : Resistance at

| Istabilizer . Current in Stabilizer Stabilizer

» Features of the circuit

» Simplifying azimuthal and radial direction of current path
» Employing n-power model as nonlinear V-I characteristic
» Impossible to investigate the detailed behavior inside the coill



PEEC model

» Features of PEEC model
» Azimuthally dividing the coil into 72 elements

Top » Considering the followings:
o 1. Electric resistance of winding

Electrical

eminl  (The REBCO resistance, based on n-power law,
5 is dominant.)

2. Turn-to-turn contact resistance
(As the priori study, it is estimated to be

70 nQ-cm?)
MM Local Contact Resistance between 3. Self- and mutual-inductances of every
the Turn-to-turn Windings, Rc e I eme nt

M Resistance of Local REBCO Winding

due to I-V characteristic, Rsc (It strongly affects a local behavior)
MY Self and Mutual Inductances
of Local Winding, L, M

» Possible to, in detail, investigate the complicated
current distribution inside NI pancake coill



PEEC model

Electrical +0 4 |
Terminal 7

Local Contact Resistance between
the Turn-to-turn Windings, Rc

Resistance of Local REBCO Winding
due to I-V characteristic, Rsc

Self and Mutual Inductances
of Local Winding, L, M

Electrical
Terminal

» Equations on PEEC

d]éj)

dt

+ROTY
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ROTY + 2 M, —2—+ RV
VY
( 0) r( 0) Q
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= Re 149 + E M(i+Div6)j
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(1<i=< Divl)
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| 19 = 60 4 G-0ie)

(N-Div+1<i<N) |

(i) | 7(i-Divo+l) _ .
| 19 4+ 1¢ -1, (i

Rg:Azimuthal resistance (parallel circuit of Cu and REBCO)

R,:Radial resistance (70 yQscm?)
lg: Azimuthal current

|.: Radial current

M: Self- and mutual-inductances




PEEC model with thermal analysis

Partial Element Equivalent Circuit

dle(j)

N
R,O1,® + Z M, +R.OF O
=1
N N
- . dr,’
— Div Div 6
— Re (i+ we)le(t+ ivg) +ZM(i+Dive)jT
j=1

I,O 41,0 = [, + 1, (—Dive)

+ Rr (i+1)1r(i+1)

Ry: Resistance in rotational direction

Io: Current in rotational direction

R,.: Resistance in radial direction

I,.: Current in radial direction

M: Inductance matrix including self and mutual inductance

Partial Element Equivalent Circuit

¥ &

» Formula of 2D Thermal Conduction Analysis:
aT aT aT

pe(D) g = (M55 + AN 37+ 0+ e

» Cooling Effert:

Qc = h(T)(TLN2 - T;)

p:  Density
c(T): Specific heat

» Heat Generation:

Q, = I*R(T)At

Ax(T), A, (T): Thermal conductivity
in horizontal and vertical direction

Import
Rsc

Export

Superconductive Behavior

> Formula of Biot-Savart
_ Mol "n; X R

= d
ar ), “R® Y
> Percolation Model
for T <Tg

Prr J \"(. Jeu@B\"
EU)=m+1](Io<T,B>) (1_ i )

] )
0(’115)

E() = PFF b

Tm+1

forT>Tg,

Prr Ver (T, B\
E(])=m|]cm(T,B|( Jo(T.B) )

] m+1
{(“m) N 1}

Tj+1.i
Tturn,node




Contents

€ NI winding technique & PEEC model
& Discharging/charging test

€ Over-current test

€ Current flow on cross section

€ Conclusion



For Evaluation of NI pancake coil

To evaluate NI coil performances

1. Thermal & electromagnetic behavior

2. Transient behavior at bypassing

3. | Charging/discharging delay

¥

To investigate these performances,
we have developed the PEEC
(Partial Element Equivalent Circuit)
analysis with-the—thermelFEA

Bypass
Current I

Complicated thermal and
electromagnetic behavior




Discharging test

Parameter NI-20 | NI-40 | NI-60
REBCO conductor
Overall width; thickness(mm) 4.0; 0.063
Copper stabilizer thickness(pum) 10(5 per each side)
1. @77K,self-field(A) >100
Coil
i.d.; o.d.; Height(mm) 60; 62.5; 4 60; 65.0;4 | 60;67.6;4
Turns 20 40 60
| @77K,self-field(A) 54 47 43
B, per amp at center(mT/A) 0.41 0.80 1.17

R

No-Insulation REBCO .pancake coil

» The coils of 20 and 40 turns are made by unwinding 60-turn cool.
» The coil is suddenly discharged from 30 A.
» The center magnetic field Bz is measured.
» From the time constant of Bz decay,
the turn-to-turn contact resistance is estimated.

I, .

coil
R, = Zei

T



Discharging test (time constant)

Parameter NI-20 | NI-40 | NI-60
REBCO conductor
Overall width; thickness(mm) 4.0; 0.063
Copper stabilizer thickness(pum) 10(5 per each side)
1. @77K,self-field(A) >100
Coil
i.d.; o.d.; Height(mm) 60; 62.5; 4 60;65.0;4 | 60;67.6;4
Turns 20 40 60
1. @77K,self-field(A) 54 47 43
B, per amp at center(mT/A) 0.41 0.80 1.17
: s P R
No-Insulation REBCO pancake coil
Parameters Results
Leoi(MH) | R (nQ=cm?) Experiment  PEEC T (ms) SPEC T (ms)
T (ms)
NI-20 514 75.3 277 350 383
NI-40 197.8 72.4 552 627 654
NI-60 431.6 72.4 810 854 911




Discharging test (comparison)

No-Insul
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Charging test

No-Insul

Operating Current

Parameters of NI HTS pancake caoill

REBCO Overall width; thickness (mm) (4.0; 0.063
wire
Copper stabilizer thickness 10 (5 per each
side)
Coll Inner diameter (mm) 60.0
Outer diameter (mm) 67.6
Height (mm) 4.0
Turns 60
I.at 77 K, self-field (A) 43
B, per amp at coil center 1.17
(mT/A)
: e Inductance (uH) 432.3
o~ o Turn-to-turn contact resistance, R_ (uQ) 534
ation REBCO pancake coil Contact surface resistivity, R, (uQecm 2) 71.3

Operating Current

Charging Speed S —
- Sweeprate 5A/s I, |/ / 7
* Sweep rate 10 A/s gﬁ / // // i
= Sweep rate 20 A/s %/ — 20w

(max. 30A) 0

0

2 4 6 8
Time [s]

10




Charging test (comparison)

Charging Delay

Ramp rate (A/s) Experiment SPEC PEEC
5 1.11s 1.62s 1.525s
10 2.20s 2.685s 2.58s
20 2.61s 3.12s 3.02s

1.2 36
1 ]Op ........ 30
B, (experiment) b g
<08 24
= ] ¢
iﬁ 0.6 EC and PEEC model) { 18
g ] 2
5 &
Z04 | 12
0.2

Time (s)
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Charging test (comparison)

Ramp rate (A/s)

Charging Delay

Experiment SPEC PEEC
5 1.11s 1.62s 1.52s
10 2.20s 2.685s 2.58s
20 2.61s 3.12s 3.02s
1.2 36
1 [ B, (experiment) *
508} / *q
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Charging test (comparison)

Charging Delay

Time (s)

Ramp rate (A/s) Experiment SPEC PEEC
5 1.11s 1.62s 1.525s
10 2.20s 2.68s 2.58s
20 2.61s 3.12s 3.02s

12 36
B, (experi
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Charging test (current distribution)

Radial current densit
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For Evaluation of NI pancake coil

To evaluate NI coil performances

1.
2.

Thermal & electromagnetic behavior

Transient behavior at bypassing

3.

Charging/discharging delay

¥

To investigate these performances,
we have developed the PEEC
(Partial Element Equivalent Circuit)
analysis with the thermal FEA
(Finite Element Analysis).

[1] S.Hahn, Y.lwasa et al.;,
Vol. 21 (2011) 1592-1595

Bypass
Current I

Complicated thermal and
electromagnetic behavior

Over-currenf 'res'r of NI pancake coil
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Over-current test (experiment)

Specifications of NI REBCO single pancake

Parameters Values

HTS Conductor SuperPower® SCS4050
Conductor width; thickness [mm)] 4.0; 0.1

Copper stabilizer thickness [mm] 0.04

Ic @ 77K, self-field [A] 85

Ic @77K, coil [A] 54

n-Value @ 77K 30

Insulation Bare (no insulation)
Number of turns 30

1.d.; o.d.; height [mm] 60; 66; 4.0

Sweep Rate [A/s] 0.5

Inductance [WH] 110.0

[1] S.Hahn, Y.lwasa et al.;, “HTS Pancake Coils Without Turn-to-Turn Insulation”,
IEEE Trans. On Appl. Supercond., Vol. 21 (2011) 1592-1595



Over-current test (comparison)
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Over-current test (current distribution)

Power Supply Current [10%A]
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Over-current test (current distribution)
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Over-current test (current distribution)

Temperature[K]
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Over-current test (current distribution)

On the outermost turn,

the critical current
deteriorates, so the radial
current extremely increases.
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Over-current test (current distribution)

Time:165.5s
Current:82.75A
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Simulation of current flow on cross section

(V smmm
0.091 mm Superconductor

- I (REBCO)
Hastelloy
Specifications of REBCO Tape
4.0 mm
Copper Parameters Values
L Tape width [mm] 4

(b)

Copper stabilizer thickness [mm] 0.02
Superconductor thickness [um] 1.0
Superconductor width [mm] 3.96

Hastelloy thickness [um] 50



Simulation of current flow on cross section

4.0 mm

—

(V smmm
0.091 mm Superconductor

(b)

(REBCO)
Hastelloy

Copper

2D-FEM
with double-nodes technique

Governing Equation

V-0V =0

Turn-to-turn contact surface condition

¢i - ¢j = pct]ct



Simulation of current flow on cross section

Current density distribution on two cross
sections of NI REBCO tapes at p, = (a) 10!
u2-cm?. (b)-(d) current density distributions on
the top of cross section in NI REBCO tape
when p,, = (b) 104, (¢) 10!, and (d) 10?
uQ2-cm?, respectively.
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Simulation of current flow on cross section
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Simulation of current flow on cross section
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Simulation of current flow on cross section
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Current distribution in the Hastelloy substrate
at (a) p,= 104, (b) 107!, and (c¢) 10? uQ-cm?,
respectively.
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Simulation of current flow on cross section
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Conclusion

» The PEEC model is applied to No-Insulation REBCO
pancake coil.

» Simulation of discharging/charging test agrees
with experiments well.

» Simulation of over-current test agrees with
experiments well.

» We can know the electromagnetic and thermal
behavior inside NI coils using the PEEC model.

» We can know the electromagnetic behavior on the
cross section between turns of Nl coils.

In future

» We'd like to develop the simulation tools more, to
desigh the coil and wire configuration.



