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Introductory remarks

Research focus of our group:
Electromagnetic behaviour of devices from CC tapes
mainly AC loss

Methodology: Modelling and experimental verification
using electric masurements
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Introduction

Device

Modelling of AC loss

(e.g. coil from CC tapes)

coil
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+ local values
1 i@
E()
2T
(model Zj dtjj(F)E(F)dV
T 4
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Introduction

Measurement of AC loss Device Modelling of AC loss
(electric method) (e.g. coil from CC tapes)
+ local values
i \ J loc(i)
ﬁ' Ejpc(7)
2T 2T
Qmeasurement = j Ucoil(t)lcoil(t)dt Qmodel - j dt f jloc(F)Eloc(F)dV
T T 1

derivation of U, in modelling of AC loss — better comparison with experiment
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Inspiration

Example of using macroscopic quantities derived from numerical model — transport AC loss in CC tape

A-pformulationin 2D V24 = pyjioc

Cu top

Ag top _ . ' ( )
REBCO _ ]lOC = ]lOC ElOC
buffers —

Hastelloy—

Ag side 1
Ag bottom duct _ A Ej oo\

superconductor: =
Cu bottom P Jioc = Je E.

Eloc
e = jotanh
Jloc Jctan <Ec )

metals: Jioc = OmetaiEioc
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Inspiration
Example of using macroscopic quantities derived from numerical model — transport AC loss in CC tape
Cu top A-pformulationin 2D V24 = ugjioc

REBCO _ leC == leC(ElOC)

/ "
Hastelloy f J10cdS = I
S

Ag side
Ag bottom
Cu bottom
E. Pardo and F. Grilli F.: Electromagnetic modeling of aA
superconductors. In  Numerical modeling of superconducting ElOC - T = — VQO
applications, World Sci Publ. Co. Pte. Ltd., 2023, Chapter 1.1.3 a
y macroscopic (measurable) quantity:

electric field intensity: E,=-Vgp

L.,

loc = ImaxSin(wt)
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Inspiration
Example of using macroscopic quantities derived from numerical model — transport AC loss in CC tape

Cu top A-pformulationin 2D V24 = pyjioc
REBCO _ leC == leC(ElOC)

Hastelloy— 04

Ag side

Ag bottom
Cu bottom
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Inspiration

Example of using macroscopic quantities derived from numerical model — transport AC loss in CC tape

A-@ formulation in 2D

Cu top

Hastelloy—

Ag side
Ag bottom
Cu bottom
Removing of purely inductive signal
150 dI
100 E(p,comp =—Vp — Lauxa
ltape 50
[A] o 0 2T
b T=| Ep(®lape(t)dt =
-150 TZT
-200 L 1 .
0 0.01 0.02 t [S] 0.03 0.04 — j E(p’comp (t) Itape (t)dt
T
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V2A = Hojioc
Jioc = jloc(Eloc)

d0A
loc = 37~ Vo
j ] locdS = I
S
— 0.5 —
E ."“ Fa E@,compltape
= \ —Qin SC
o i 3 " —QinCu
0.3 : ,"i —Q total
:,." A l ..... Itape
02 | l \ 1 /;' ]
1
0
-0.1

0.02

0 0.01 0.03 1 [s] 0.04
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Inspiration

Example of using macroscopic quantities derived from numerical model — transport AC loss in CC tape

Cu top

Hastelloy—

Ag side
Ag bottom
Cu bottom
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tape 50 -

(AT o
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dl
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/\\\ |
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0.02 t [S] 0.03

- -0.1
0.04
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A-@ formulation in 2D

V2A = Hojioc

Jioc = jloc(Eloc)

0.5 —
— A ik E@,compltape
g i A —Cooling
; ': —Qin SC
—_ : Il‘,| ! —QinCu
O 03 - ','i —Q total
i ﬁ 3 l ----- I tape
r [/ O
0.2 — ]
B [
]
0.1 ,fz
[
\ ]
0 —
-0.1
0 0.01 0.02 0.03 1 [s] 0.04



Inspiration

Example of using macroscopic quantities derived from numerical model — transport AC loss in CC tape
A-pformulationin 2D V24 = ugyji,e

Jioc = jloc(Eloc)

Cu top
ASIOD

Hastelloy— E, ———
Ag side loc ot @
Ag bottom
Cu bottom j Ji0cdS = Iy
dI N
qu,comp = -V — Lauxa [Vim] 05 _
0.004 o1 g o i\ :Cfoyﬂfgmpltape
Check of correctness E EEw,comp /\ § 04— —QinSC
and precision: 0000 S A= Aoos @ s 4L Y / \ ol
2T ‘% \\ / \\ g 'j y\“ l ..... e
0 / /o 02 i ;
J- dtjjloc(r)Eloc(r)dS — \\ // \\ // 0.1 l \ /1"
' [
T S -0.002 NP R -0.05 / w;' p
\/ \/ 0 ———
2T
=fT E(p,comp (t)ltape (t)dt -0.004 L 0.1 0.1
0 el “2 ts]"” b 0 0.01 0.02 0.03 1 [5] 0.04
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Inspiration — T-A formulation

I
. . Cc
N = 10 turns, superconductor Wer = 12 mm x ts~ = 10 um, Bean model with |. = 800 A, Je=—
SC SC C c t
Wsclsc
N, Amemiya, S. I. Murasawa, N. Banno N and K. Miyamoto,”Numerical modelings of
superconducting wires for AC loss calculations,” Physica C 310 (1998) 16—29
. n
aT Ec(Jsc .
Jsc =72 Psc = | = —> Esc = pscisc
0x Je \Jc
T= IcoiI/tSC
z y{ dx ot
X [« >
g | - |
X Wiurn = Wsc
L co o b t. - =1mm
homogenization (not necessary for 10 turns):  Jwinding = Jsc " turn
turn
E. Berrospe-Juarez, V. M. R. Zermeno, F. Triallaud and F. Grilli, “Real-time simulation of large-scale HTS systems: multi-scale

and homogeneous models using the T-A formulation,” Supercond. Sci. Technol. 32 (2019) 065003

AC excitation [A]: Loss density [J/m?3]: Loss per cycle [J/m]:

Icoit = Imaxcos(2mft) Gwinding = JwindingEsc 0 af
1

= dt j jwinding (.X', y)ESC(xJ y)dS
T S

Voltage signals on the terminations of an HTS magnet modelled in A-T formulation HTS 2024 Modelling Workshop/ 10-13 June 2024, Bad Zurzach, Switzerland



Novelty

how to extract the E(p ?

- -

ESC=———V(p _V(sz(p:ESC-I__
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0A 0A
ot ot

in ComsolMultiphysics, mf module:

aT
Jsc = I set as , external current density”,  Egc = Pscjsc

aA
— _Ezm then: E = ESC Esz

)
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Novelty

02 E, =Esc — Ezmy is constant in each (fictive) turn

Ot

F. Gomory and J. Sheng.: Two methods of AC loss calculation in numerical modelling of superconducting coils. Supercond. Sci Technol. 30 (2017) 064005 (18)

imi - - ~ 1 O0Ay(t, r,
similar approach applicable to H- fomulation: Ei=E,(®ih um = Ef [Ea(f, r, z) + o(f, 7 Z)]dS
S.

i i

. . . N
voltage on coil terminations: Uy coil = l E : : :
& pcoit = 21 Leurn Eq averaging over coil cross-section

N

U(p,coil — lturnNE_<p = ltuTnN(ESC o Ez,mf)

representative: E_.,; = E_<p
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Novelty

results for 50 Hz, |
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W
S
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15t cycle:

2" cycle:

0.01

0.02

Qloss, j& = 0-823 J/m
Qloss, j=e = 1.06 I/m
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t[s]

0.03

0.04

Qloss, I*E — 0.912 [‘J/m]
Qloss, I*E =1.07 [‘]/m]



Example of use: superferric accelerator magnet

50 turns in each pancake

Magnet yoke y (200 turns in total)

12 mm wide CC tape
generating 1.6 T at

. : l..., =530 A
Superconducing coil max
(upper douple pancake)
I:l I:I Surface: Magnetic flux density norm (T) Arrow Surface: Magnetic flux density
— — osl ' ' ' A2s7
X ' 2
> 0.45+
1.8
— — N
— n
Superconducing coil 12
(lower double pancake) 1
0.8

0.6

0.4

0.2

Yo
¥ 4.73x107°

Voltage signals on the terminations of an HTS magnet modelled in A-T formulation HTS 2024 Modelling Workshop/ 10-13 June 2024, Bad Zurzach, Switzerland



Example of use: superferric accelerator magnet

computations for |, = 560 A, 50 Hz 1) I, = const. = 1350 A, non-magnetic yoke
Ucoit = NE i1 Loss per 1 m of winding (100 turns)
30000 : :
20 1 —=i¥E
15 | 0.75 25000 weI*_eo1l comp
'''''' I coil 1 £ 1
— 10 ——= X 05 £ 20000 i AV AV
> 5 025 2 — XL R R
-5 — -0.25 / \ / \ / \ i
/ / 5000 L Y o s /
-10 0.5 % J1) \ Jlf
b I_DP L o Vol Y | Y
-15 U DP -0.75 : \ b ¥ \
—U_DP comp
220 | -1 -5000
0 0.01 0.02 003 {[g] 0.04 0 0.01 0.02 ;g 0.03 0.04

znd Cycle: Q|OSS, j*E = 178 \]/m Q|OSS, 1*U - 181 [\]/m]
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Example of use: superferric accelerator magnet

IcO

computations for I, = 560 A, 50 Hz 2) I.(B) = = ; magnetic yoke 4, = 600
<1+ /kB"Z+Bf/BO>
108 1 30000 .
- : - 0.75 25000 --=-I*U_coil comp .
60 | — S e I coil _,f‘!z A
— | A\ o5 E T 1] i1 3| I
E 40 | > 20000 ——— N S A}
IZI 20 /\ \ - 0.25 g’ ::: ;’ “.| /\". /\‘I1 l':“ A‘n}
S5 0 J S Lo 3 = | / \ / \: / \
Sy, I - 2, Ay it i\ [ L
51 \ \ A, 10000 ,-/\3 PR | R .
- i\ S 4|
| [ imAyaAma
=40 5000 ——+ B H—— -
W \/ |5 WY B
60 | e I DP , S S
80 u_bp - 0.75 0 N % - 4
—U_DP_comp
-100 | p -5000
0 0.01 0.02 003 t[s] 0.04 0 0.01 002 ;g 003 0.04

2nd Cycle. Q'OSS, j*E - 156 \]/m Q'OSS, I*U - 162 [\]/m]
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superferric accelerator magnet

Example of use
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Conclusions

* |tis possibe to extract the voltage on terminations of a superconducting CC pancake coil in electro-
magnetic simulations utilising T-A formulation

III

* Interpretation of the ,loss voltage signal” could provide better insight into coil operation

Thank you
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AC-AC case

Example of using macroscopic quantities derived from numerical model — AC loss in CC tape

A-pformulationin 2D V24 = pyjioc

Cu top
ASIOD o
REBCO /_ Jloc = ]lOC(ElOC)
buffers
HasteIon/ E. Pardo and F. Grilli, F.: Electromagnetic modeling of . aA
. superconductors. In  Numerical modeling of superconducting ElOC - - 3. ‘7(,0
Ag side applications, World Sci Publ. Co. Pte. Ltd., 2023, Chapter 1.1.3 a
Ag bottom
Cu bottom j J10cdS = 1,
S

macroscopic (measurable) quantities:

Bae = Bpaxsin(wt)

electric field intensity: E,=-Vgp

L.,

loc = ImaxSin(wt)

magnetic moment: m =j XJ1ocdS
S
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AC-AC case

Example of using macroscopic quantities derived from numerical model — AC loss in CC tape

Cu top A-pformulationin 2D V24 = pyjioc

Jioc = jloc(Eloc)

Hastelloy— " _ o4
Ag side Etoc ot Ve
Ag bottom
Cu bottom j Ji0cdS = Igc
S
) . - Eqa,compltape
— 3.5 A & " —Cooling
100 0.06 200 é 3 —Qin SC
O i i i E— = " \ \ _ \ —QinCu
0 - [ --Ic ffSC —Iin Cu —IinSC 'E' 5 & i —Q fusal
[A] o] N il I \ |} |
-50 | o . ﬁ 1 ,.\ l i~\\\ l 5 \ I z \\ I
-100 e - -0.06 -100 \\/ \/ 0.5 jll \\ / -’, \\‘: : / ,l, \\\ / \‘\\ //
0.01 0.02 003 ¢ [S]).o4 0 0.01 0.02 t [S]o.o3 0.04 i / ‘\‘-/jl i - \\ >
-0.5

Voltage signals on the terminations of an HTS magnet modelled in A-T formulation

HTS 2024 Modelling Workshop/ 10-13 June 2024, Bad Zurzach, Switzerland

0.01

0.02 0.03 ¢ [s] 0.04



AC-AC case

Example of using macroscopic quantities derived from numerical model

-0.01

Cu top
AgtoP
REBCO
buffers /
Hastelloy—
Ag side
Ag bottom
Cu bottom
0.25
0.2 — e
0.15 / \
CaES .
& 0.0s5 \ \
<L o A A\
Pt N\ 3
0.1 \‘ < \
-0.15 \ ~ \
-0.2 \\ //
-0_25_0.% i -0.02 0 0.02 0.04
B [T

Voltage signals on the terminations of an HTS magnet modelled in A-T formulation

-0.02

-0.025

- -0.05

0.04

— AC loss in CC tape
A-pformulationin 2D V24 = pyjioc

Jioc = jloc(Eloc)

d0A
Eioe = _E — Vo

j JiocdS = Iy
S

Check of correctness and precision:

j dtj]loc(r)Eloc(r)dS =
32.5mJ/m

2T
=fT Ey comp (t)ltape(t)dt — ﬁmdB
7 ml/m 22.5 ml/m

HTS 2024 Modelling Workshop/ 10-13 June 2024, Bad Zurzach, Switzerland



