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Superconducting Applications in Fusion devices
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troduction

TSTC (twisted stacked-tape cable conductor ) TSSC ( twisted-stacked slotted core ) HTSCICC

p Compared to LTS m: ¢ heats, therm:
conductivities, and low - ——

stainless stee ket (optona)— ‘ ‘ VM5 COF
- TSTC HTS Cable:

°G @ The cable consists of a stack of flat tapes twisledg the axis of the stack,

maeriasl  7.(0) /K £ and embedding the stack in single groove machomeal circular rod.
NbTi 0.6 TSSC HTS CICC:

Nb;Sn 18 € The HTS tapes are arranged as five ducts woundhatically slotted Al core ‘“"" e
pscco2 95 with an external round jacket. T
BSCCO 2223 @ A central channel and two semicircular grooves ®\wchannels for coolant

| REBCO 92.95 | flow.

MgB, 5.3 @®The Al core with tapes are wrapped with 50-100 stainless steel tape and

jacketed with 1.25 mm Al foil prior to the final cgoaction process.

Barth C. High temperatur e superconauctor canie concepis 1or rusion. 2uLs _ ,
TSTC
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T C HTS Cable-Electric properties
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C HTS CICC-Electric properties
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Resear ch Status-Numerical simulation
STC HTS Cable-Temperature-and field dependent characterization
heated region: 100 mm - - - 10
Insulaled reglan: *50 mm o R R e insulaled raglon: 150 mim 100 L s e s e T’ Y. . TSTC
center of samnle " g @ @ @ @ degradation on LHe bath
- : & 0K :
‘-‘ @ . 8 & @ & 20K 5 first field increase 5 pV/em ¢
a0 4 ARG (SR T e ¥ 30K 2
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S f." ‘-."‘-‘,_‘ II. G : : * . ® e 8 & @ s E 5|r:gl?’tap{
i pooisE - [ - = B P ® 70K =
,r""' surface TemiJera!LirE | -.._le ]dh I h th E w . : > 4 * BOK g
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| boundery condon ~ a0F 5 Tt ot g @ woK| B g || y 1" feld decreass .
! - * * =2 —4— 2" field increase i
* ae w k. v b v ¥ b 5 2™ fipld decrpase

Although some works have already carried out, gét@ted research has just startec
more 3D models are still very required.

SSC HTS CICC-Sructural modelling

ANSYS ANSYS
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The structurediagram of 2G coated conductors : Tape

Copper Silver Substrate REBCO/
— --

and Buffer COPRGT E(GPa) 350
Stabilizer

T(GPa) 4 22 75
| 4mm | Y(MPa) 85 225 1225 -
(b) Stress ()
—
¥ T
E
Strain
Mesh Bilinear isotropic hardening material model

Mesh consists of 1350 domain elements, 1935 boynelaments, and
444 edge elements. The bilinear properties for ealdstic-plastic
material were taken from stress—strain data at.77 K

Finite Element Equation
»(a)a =0Q
| terative process.
1. Forming the elastic stiffness matkx.
2. Solving elasticity problem
a(1)=K;1Q (n=1,2..)
3. Calculate the equivalent strain of every Gauag$sgr:

points,
- - (n)

4. O,—& ———> o.(¢ )

S
5. Calculate the elastic shear modulus of ever
integration points

6. Forming the plastic stiffness matix (n )

7. Solving plastic problem

a(n"'l):(Kep(n))'lQ ||a(n *1) _ g m

Ja 2l

8. Check convergence

9. Output
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M esh independence verification Stress-strain curve of superconducting tapes
. 1.0x10°
Meshingway | displacement ( um) stress ( Pa) strain
( relativeerror ) ( relativeerror ) (relativeerror) ! — ,
— Finite Element Analysis
8.0x10°4 | O Experiments

55x6 | 6.0413 9.8564107 1.805&10* |
10x10><6 6.1533 9.924510" 1.7948104 6.0x10° -
( 1.853%) (0.690%) (0.609%) | jf)/“
15x15x6 6.1880 9.945%107 1.7918&10* £ 400’ 7
( 0.563%) (0.213%) (0.167%) ] /
20x20x6 6.2048 9.955%107 1.790%10* o 6
(0.271%) (0.102%) (0.0837%) 1 £
0.0 T

T T T T T T T
0.000 1.002 0.004 0.006 0.008 0.4

Sirain

€ Copper layer and the base layer has a signifidéetteon themechanical behavior of the whole supercon

tapes, and the impact of REBCO and the buffer layer caighered.

Stress (Pa)

€ The yield limit, Young's modulus and tangent modwfisuperconducting tape a#8&0 MPa, 131GRand
3.78GParespectively.

€ the electric and thermal parameters of tapes eraployour simulations are directly from experiméndtzta




xctromechanical behavior of TSTC HTS Cable

t 3d Model of TSTC HTS CICC

Fixed

Domain Taps Jacket and Total
Embedding
M aterial

12000 2790 14790
number

Simulation steps:

e Select the type of shape function eleme

Build 3D geometric model of the TSTC
HTS Cable

Divide the finite element mesh

Set the boundary conditions

Solve equations using iterative method

Check mesh independence




xctromechanical behavior of TSTC HTS Cable

(a)

Tension (b) Radial compression

-0.0

axial strain axial strain

Distribution of displacement, stress and axial strain in taps.

DO == NNWW
m h t

14
o

Tension:

®The displacement gradual
increasing along the axial
direction. The maximum val
occurs at one end applied tl
tension force, and the other
IS zero.

®The stress of taps located
middle of stack is larger tha
edge, and the axial strain in
stack is uniformly distribute
Radial compression:

® The displacement and ax
strain of taps located in the
of stack are larger than in nr
@ The stress of taps locatec
the middle of stack is larger
in edge



xctromechanical behavior of TSTC HTS Cable
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ritical current degradation

Normalized Critical Current

_ 2 3 4 5 6
‘]c(gaxial) - ‘]co(1+a1£axial +32€ axial +a§ axial +a4€ axial +a§ axial +a§ axial)

Makoto Takayasu et. al. AlP Conference proceding,2010

40 W
— 2 (n)
=Dt j_ﬂ 3™ (e,.,)dS | |
Tension n=l 2 Radial compression
1.0 . . — 1.0000 -
—T
=)
=
&
0.8 - 5 0.9998
¥ &
- _ _ 3
0.6 —2L Plastic deformation g 09996]
—a—3L, a )
¢ T
0.4 % 0.9994 -
\ -
-
z
0.2 - = 0.9992 -
T T T T 1 T T T T T T T T T T
0 100 200 300 400 500 0 200 400 600 800 1000
Applied Stress (MPa) Applied Stress (MPa)

€ Both in tension and radial compression cases,ritieat current decreases with increasing load.
€ The plastic deformation makes the degradation rabwéous.
€ Compared tahe short twist pitch cable, the degradation ofjemtwist pitch cable is smaller.



tr o-mechanical-thermal behavior of TSSC HTS CICC

Numerical Model

Characteristics:

43D Moddlling

& multi-field interaction

@ Electromagnetic characteristics

@ Thermo-Mechanical characteristics

3D FEA model in COM SOL Multiphysics

Electromagnetism Equations Basic equations

oH
[IxXE=- HU—
OxH=J ot Ho | | fol®
Hyo | = Tuol® M echanics Equations
OH=0 H., f,o(t) g
J=0E _ (A +G)a—e +GOu- ZGaaA—T+ f.=0,
J J (g)n IO IJ mds ox [9)4
- ="c 1-n s

Is = E E. J nx(H,-H,)=0 (A+G)%@+szv—zea%+fy:0,

1+6) 22 +erw-26a2 4 1 =0,
0z 0z

multi-field coupling >

Heat Conduction Equation

oT
pC,(T)—=+pC, (T)u T = IK(T)OIT) +E 3

u=0,v=0,w= 0.

K(MOT =h(T)(T,-T,) k(M- -0T=0
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3d Model of TSSC HTS CICC

Mesh

Al core Copper stainless Al foll Total
rods steel tape

15000 19470 19670 20930 22780 18470 116320

Edge element

N \
..‘tl.".\1 ! \‘\

21 ._11111[|

N;*(x)d; =1 (xO j —edge)
N,;°(x) i, =0 (xOother edge)
OINS(x)=0 = [][H=0
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Irrent distribution

rrent streamline with its concentration on taps, t=0.005s,1 e=20k A, f=50Hz

2

.
T 4 2o
L)

228 2.3

—
w 2 oo 10"

5 ] 2.5

The current density distribution on Sun taps , t=0.005s,1e=20kA, f=50Hz

150

120

Tap current (A)

30 4

90+

60

TSCICC

1 —m—1apse ||
—a&—Tap 12} !
—h—Tap 14| |
1 —w—Tap 19 |
——Tap 23| |
—<—"Tap 25| |

l.“ x .lq

L) L)
0.4 0.6
Cable current (A)

0.8

The current in different taps increase as the caloleent increases

¢
L 4

The current is concentrated mostly on the superottimdy taps
and the streamlines more likely coincide with téye trajectories.
Since the maximum strain occurs at the edge of, tapshe
current density at the edges is minimized.

The transport current is non-uniformly distributachong the
150 tapes, the current decrease from the top rapeeistack ta
the bottom.

we can arrange taps with different critical curréonin bottom
to top to improve the transport performance ofdalele.
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agnetic field distribution o
Ao . WU s, -
A 5.61x10° ' . .
~ x10° ® The cable is placed in an 15T
o 3 external magnetic field and c
transport current whose amp
112 Is 20kA and varying with time
! a sine wavef=50 Hz.
| " ® Harmonic change with time i
o5 transport current causes
o corresponding variations of tf
0.6 magnetic field at the same
: frequency.
o4 N ® The magnetic field penetrate:
55 the outer shell of cable and tt
- tapsalmost expels the magne
¥ 2.32x10 ;5 field.
ST e CCELITERT IV e
t=0.015s t=0.02s

-ansient magnetic field distribution on the middle cross section of cable for four time points. 1e=20kA, f=50Hz
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characteristiC Experimental data from Reference " A. Augieri, et. al. Electrical Characterization of ENEA High Temperature Superconducting Cable,2015"

-4

x10

Tap 19 numerical results |

® Tap 19 experimental results) = =

Tap 23 numerical results ‘ I . 155A’ n 2 7'
v Tap 23 experimental results|

Tap 25 numerical results

¢  Tap 23 experimental results|

x10™ -

x107

0.0 4

T T T T T T T T
0 30 60 9 120 150 180

Current (A)

L oss

v 1 M 1
0.3 0.6 0.9
Cable current (A)

V=L[Eds/S

Q=jVJEEdv

Voltage (V)

1.5x10°

Lox107 -

5.0x107°

AC Loss (W/m~3)

- Tap 14 numerical results |
® Tap 14 experimental results
Tap 12 numerical results

v Tap 12 experimental results
Tap 6 numerical resulls

¢ Tap 6 experimental results |- fg

T
150

T T T T T
30 60 90 120
Current (A)

T
180

€ Only one duct is fi
with 15 SPI taps,
SUN taps and 3 stai
steel taps, and the r
the four ducts are
filled with 30 stain
steel taps.

Three SPI taps (Te
12, 14) and three
taps (Tap 19, 23, 2-
extracted from the ¢
for clear plot. The re
agree well with
experimental results.
AC loss always incre
with cable current
increases as the nu
of taps increases.
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stribution of von Mises stress ( electromagnetic stress )

A 6.13x10°
%10° 10° 10¢ x10°
i:: . 1
& 3452 134 101 0.9
) e i . -
N i :;; s o7
‘-\, " 323 096 072 06
B ¥y o 0s
, a bk e 04
= s - 02
/ 3 2 : ez 2
/ b % 2 ¥ 2.88x10°
e - . 20,0055 10,095
t=0.008s .
A 5233x10°
x10° - e X 10 10* x10°
5.04 e 814 12 1
= 2 ue
L 375 6.05 a3 0.7
N i i . .
o I 1o - 05
| 2.45 3.96 55 0.4
/ o i o 03
e .. = = 02
1 o8 - 1 02 ¥ 251x10°
=065 1.04 0.1
afE 2 £0.0155 t=0.019s
t=0.015s t=0.019s t=0.02s
Distribution of von Mises stress (color chat) caused by Lorentz force Distribution of von Mises stress caused by L orentz forcein the
on the middle cross section of cable at different time points taps of cable at different time points

€ The maximum stress occurs at the edge of ductssandcircular grooves due to the stress concentra
effect, and the stress in two ends are higherithamddle cross section.
€ The stress vary with time, which consistent witl tihange of the transport current.
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tr o-mechanical-thermal behavior of TSSC HTS CICC

The Lorentz force in taps increase with the pos y, which consistent with the magnetic
distribution

The stress in taps decrease with the posy and the discontinuity stress is caused by stress civat
The Lorentz force in taps is higher than Al core,thetstres in taps is lower in Al core.

»x 107 ]
i 500001 | —%— 0.002 s |
1.6f —©— 0.003 s
15k 45000 —©— 0.004 s | 4
0.005 s
Lar 40000 —+— 0.006 s | |
1.3} - ‘ 0.007 s
; p - —&— 0.008 s
1.2 ! - ) NG a
_ = 35000y ' — —A— 0.009 s
E 11 1 2 _
= i | 'z 30000
@ o K
o L ]
2 0.3 1 2 25000 5%
3 os -
2 e 4 = 20000Hh
5 : \ —3— 0.002 s s X
] >
0.6 52X —e— 0.003s |
§.8 ——0.004 s | 150004
0.005 s
0.4 —4— 0.006s | ] 10000
0.3 0.007 s | -
0.2H —£— 0.008s | | 5000
—4— 0.009 s
0.1 -
i 1 I 1 I 1 0 1 1 1
5.5 6 6.5 7 7.5 8 5.5 6 7.5 8

1 6.5 7
y-coordinate (mm) y-coordinate (mm)

Distribution of Lorentzforce Distribution of von Mises stress
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mperature distribution

(&) The temperature distribution of the cable before cooldown. (b) The heat flux

distribution on the middle cross section of cable befor e cooldown.

(a) Thetemperaturedistribution of the cable after cooldown. (b) The heat flux distribution

on the middle cross section of cable after cooldown.

Heat capacity (J/kg*K))

2150
21001
2050
2000
19501
1900
1850
18001
17501
17001
16501
16001
15501
15001
1450
14001
13501
13001
1250F

—— Affer cooldown |
Before cooldown‘

PR T TN Y T ST ST T ST TN TN ST Y N S |
AAVENNEE 1S Periiunre | mny
b=
1

I I I I L T T T T T
4.4 4.6 4.8 5 5.2
Tempurature {T) 1.2 1.8 24

Cable current (A)

€ In the case of cooling, heat fl
exchanges between liquid helium a
cable core.

€ Cooling has a significant effect c
the temperature distribution. It c:
reduce the temperature of the cable
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tr o-mechanical-thermal behavior of TSSC HTS CICC

mperature distribution

B e et R IR, N :
2 1 -

| & 5
7.0 = ; :
-~ ! !

g | :

6.5 - g f
= | ;

6.0
55 i

' ' ' ' ' ' - 4.0 - ; - ; ;

. 4 ... 6 8
Position y (mm) 2 4Pu:lsitil:m_l,! {mm) ¥
The temperaturedistribution in the extracted line on the The temperaturedistribution in the extracted line on the
middle cross section of the cable before cooling. middle cross section of the cable after cooling.

€ The temperature in metal matrix and taps increagethe positiory. Temperature discontinuities in figures are the

junctions of the matrix and taps.
€ The cable temperature increase obviously with thesport current increase. This is because themuimcreases

led to an increase in the Joule heat.
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ermal stressdistribution

A 12x10°
14

(a) e 10

v 232x10°

(b)

2.0510"

004

—C— 2[(‘, before cooldown
0 I, S —ri.—2.-'1-I|_l, before cooldown
—v— L.41,; after cooldown

—+—21, after cooldown
—— 2.410, after cooldown

2431074 ;
—a— Bcfore cooldown
] —o— Aller cooldown

—r— 1,410, betore cooldown

L6x107q

8.0x10°H |

Average von Mises stress (N/m,)

0.0 r T T T
1.0 L5 2.0 2.5

 Thethermal stressdistribution of the cable before cooling. (b) Thethermal
stress distribution on the middle cross section of cable befor e cooling.

A 1.02x10
x107
1

0.9
10.8
0.7
0.6
05
04
03
0.2

¥ 1.97x10

[hethermal stressdistribution of the cable after cooling. (b) Thethermal stress
distribution on the middle cross section of cable after cooling.

(b)

Cable current (A)

Position y (mm)

® The stress level in metal core is higher than
superconducting taps.

€ With the change in position y, the stress graduddigrease

€ The Al core bear the main thermal load.

€ Excessive thermal stress will squeeze supercondydt
resulting in degradation of superconducting perfomo
cable.

€ Selecting the material with low thermal expansiaeftic
as the cable core is essential



Conclusions

'STC cable:

P The profiles of displacement, stressand axial strain of TSTC cable under tension and radial compression art
omputed.

P The critical current decreases with increasing load and the plastic defor mation makes the degradation mor¢
bvious. the longer of the twist pitch of cable, the smaller the degradation of critical current.

'SSC cable:

P Thetransport current isnon-uniformly distributed among the TSSC cable, and decr ease from thetop tapeir
ne stack to the bottom.

pCooling can reduce the temperature of the cable significantly. the cable temperature and stress increas
bvioudy with the transport current increase.

pExcessive thermal stress will squeeze superconducting tapes, resulting in degradation of superconducting
erformance of cable. So, selecting the material with low thermal expansion coefficient as the cable core anc

mproving the cooling efficiency ar e essential.




PG

gL A

T, Y




