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Introduction

Twolayerwound HighTemperatureSuperconductingHTSkoilsare realized,with and without
electricalinsulation[1].

Both coilsare woundfrom the samelaminated BSCC@ape, andhavea verysimilargeometry.
Chargingests are performedin LN, bath, until the tape critical currentis exceeded
A constantheatinput is appliedon both coils Testsare repeatedat different heatloads

The signalsacquired at the ends of each layer are used to compare the electro-thermal
behaviorof the two colils,at the sametestingconditions

Thetemperature distribution of the coilsis estimatedby meansof a 1-D thermal model.

[1] A. Mussoet al., IEEHTans on Appl Supercondvol. 31, no. 5 Feh 2020



Experimental seup

U AnAISI301 stainlesssteeltape is wound around eachmandrel,forming a homogeneouseater
layeron top of whichthe BSCC@ape turnsarewound.

U Thecoilsare instrumentedwith voltage taps at the ends of eachlayer and at the ends of the

heater windingmm) preliminarytests are carried out to obtain the = ¢ function of the heater
material,then usedto indirectlyestimatethe heatertemperature(T,).

TAPE AND WINDINGS PARAMETERS

Tapename (BSCCO) High Strength Plus bxMSC
HTS tape thicknedgm] 300.0

HTS tape widthmm] 4.1

Inner radius of each HTS windinpgnm] 41.0

Number of HTS layers (N 3

Number of HTS turns per layer {N 10

Length of each layer of the NI cfiim] 258.8 ; 260.6 ; 262.5
Length of each layer of the insulated doiin] 259.1;261.4; 263.6

|, and nvalue of each layer with heater ¢77 K) 109.5A; 13.5

Winding phase for the (a) insulated and (b) NI coils.
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Experimental seup

W)

U Thechargingestsare performedin LN2 bath, exceedinghe critical current of eachlayer.

U Theheateris suppliedwith a constantcurrent during tests (l,). Thetests are repeatedfor both
coilsvaryingl, andthus the applied heatload.

U A specialdesignof the coil termination systemis developed,which ensuresa separatepower
supplyfor the heaterlayerandthe HTSwinding

Currentsupply connectionsystem
" for the heaterand the HTScoil, in
(a) the CADdesignphaseand (b)
at the endof the windingphase

4/15



1-D Thermal model

W)

U 1-Dapproximation heattransferandtemperaturevariationsonly occurin the radialdirection.

U The heat load propagatesin 2 opposite radial directions HTSwinding (structure 1, s1) and G10
mandrel(structure?2, s2).

U Thethermalpowergenerationis givenby the heater

U Stationarythermal conditions: the heat conductedthroughthe structure (g,) is setequalto the heat
transferredto the LN, bath (q.,,..)-

The stainless steel Gconv_s2 qn_s2 An_s1 )qconv;l
e——C———

laminated HTS tape ! Ax:q10 Axy Axyrs, .. Axyrs, Ax), Geometryand heat flows
IS representedin the : i€<—pi i€l DI of the insulated coil, as
model with 3 sub _ = rTehpres%r_\t?dtnhthEmodelf

) = e radial thickness o
layers 'E < the whole winding is

< —

= = much smaller than the

S — mandrelradius

S = ¥

| Cartesiancoordinatesare

< > >< > S 1 used
20 pm 260 pm20 pm ‘o *—o oo o o oo >

int out int out
T Tyrs, Tars, Tyrs, Tyrs, Texe T
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<l i i
1-D Thermal model
U Theheatbalanceequationisappliedat the heater. | < :
\ 4 M O T T T T T
i Y Y OY)N\ [A ()T resistivitytemperaturefunction for AISI301
(Y)w Q Qn e A & =crosssectionof the AISI301 heatingtape.
B —— A "Q=currentdensitysuppliedto the heatet
\ Q A U =n°of heatedstructures(=2, the HTSwindingandthe G10).

A N =perimeterof heatercrosssection
A "Q=fractionof j in contactwith the it" structure (=0.5).

Implicit function of the variable™Y: )
71 A "Y=heatertemperature

Y Y 0 ("Y N ) A Y =temperatureof the externalsurfaceof the ith structure
30 | ' A Y =LN2temperature
B o) T A & =thicknesf the jth layerof the ith structure.
\ i ) qconv_i A "Q =thermal conductivityof the jth layerof the it structure
: A'Q =heattransfercoefficientwith LN2 (functionof 'Y -"Y ).
qh | -

U Nonlinear temperature-dependentthermo-physicalpropertiesof the materialsare included
In the model the problemis solvednumerically.
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1-D Thermal model

U Theheatbalanceequationisappliedat the heater.

\

qh_sl ) qqqqq ' s1
Axk .AxHTS1. Lo AxHT53 Axk.
E i 1 E ; { ; I{ } IE E E E 1
=
8
B
= | 8 5 g g
> = = e, e,
S B/ Y, Y, Y/
wn
.
<
T
o Py ° o o Sl o o & Py )
int out int out
Ty THT51 THT51 THTSg THTSz Tee 7

o s Y Y CY)
"('Y)w Q Qn ‘
3W
B —
\ Q
Implicit function of the only variable™Y:
NN N e
: QY Y )
5 30 | k=t -
o) a
L . J conv |
qh |

Heat transfer coefficient with LN, [W/m?/K]

6000 -
@ Data from measurements, using numerical optimization
(]
5000 17~ \ | ==<Fitting using cubic spline functions
\\
a
3000 - ‘\
\
\ |
\ {
2000 - ..\ |
‘© G80- -0 0-0-0-0-0--0--------
1000 - — -
0 ;
0 1 2 3 4 5 6

T~ Trn, [K]

U The heat transfer through the layersof each structure (HTSwinding and G10 mandrel) is
constant Thetemperaturesof all separationsurfacescanbe computedin cascadestarting

from the innermostlayerof eachstructure.
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icerca

U Forboth coils,the innermostlayeradjacentto the heaterreacheghe criticalfield (i.e. 1 pV/cm)at
lower operatingcurrent ('O ) thanthe outermostlayers,at the sametT,..

U Theelectricfield in the central layer of the NI coil increaseanore slowly with 'O , comparedto

the other layers,dueto inhomogeneouscurrent distribution betweenthe turns of this layer[1].

Inner -1, =12A-T,=812K ~——luner-I,=15A-T,=847K
Central - [, = 12 A -1, = 81.2K—Central - [, = 15A - T, = 84.7TK
Outer -1, =12A-7,=812K —Quter-1,=15A-T,=847K

=—lnner -1, =24 A-T,=937K

3

Insulated coill

2
1

Electric field [WV/em]

~~
Q

—
o

/

60
lop [A]

20 40

100 120

Inner -1, =160 A-T, =808 K

“nner-1,=20A-T,=842K

T lnner-1,=28A-T7,=93 1K
Central -1, = 16 A-T, = 808K —Central - [, =20 A - T}, = 842 K —Ceniral - I,=28A-T,=93.1K
Outer -, =16 A-T), =808 K —Ourer-1,=20A-T,=842K —Qurer- I,=28A-T,=931K

Electric field [pV/em]

3

r2

[a—
1

NI coill

0 20 40 60 80 100

lop [A]

Electricfield profilesduringchargingtestscarriedout at differentl,, for the 3 layersof the (a) insulatedand (b) NI coils
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[1] A. Mussoet al., IEEHTrans on Appl Supercond vol. 31, no. 5 Feh 2020
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U Thecriticalcurrentof eachlayeris obtainedasthe valueof |, correspondingo the criticalfield,
regardlessof the actualvalue of the current flowing in eachturn.

$
Thel. and then-valueshown ared S T T Svallies iddicated asOandn-0 O 6 Q

0. - ins. coil - inner  =O=1 - Nl coil - inner -+ Ty, - ins. coil 120 - O I* - insulated coil - whole 22
—— [ - ins. coil - central =/—=1; - NI coil - central =% Ty - NI coil =T 0-0 ¢ - insuiated coul - waoie
-1 - ins. coil - outer —3-17 - NI coil - outer 100 -1 - NI coil - whole 20
120 - -&- 1 - ins. coil - whole -¢-1: - NI coil - whole 95 20 L -0 n-value® - insulated coil - whole 8
iy O‘D —m-n—value” - NI coil - whole -
60
- 92
40 - =
|
20
89 o E g
— * 6y 0 B Py
86 = — g
- W
&3
80
T T T T T T 77 (b) T T T
9 11 13 15 17 19 21 2325 27 29 77 79 81 83 85 87 89 91 93
In [A] Ty [K]

9/15 (a) "O© measuredn eachlayerof the two windingsand (b), ©andn-0 & & tmé@asuredn both coils,for differentl,, and T,.



U AtsimilarT, valuesthe currentsuppliedto the heaters(l,) differs substantiallyfor the two colls

with the same heat load, the insulated coil heats up more than the NI coil.

0. - ins. coil - inner  =O=1 - Nl coil - inner -+ Ty, - ins. coil
—— [ - ins. coil - central =1 - NI coil - central =% Ty - NI coil
-, - ins. coil - outer —3-1; - NI coil - outer

-&- 1 - ins. coil - whole -¢-1: - NI coil - whole

O 11 13 15 17 1921 23 25 27 29
Iy [A]

10/15  (a)"© measuredn eachlayerof the two windingsand (b), ©Oandn-0 & & mé@suredn both coils,for differentl, and T;..

120
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(b)

] 22
=2~ 0-0 =O [} - insulated coil - whole
-1 - NI coil - whole 20
L -0 n-value® - insulated coil - whole 18
Ny O\D —m-n—value” - NI coil - whole

77 79 81 83 87 89 91 93

85
Ty [K]



Comparison of NI coil and insulated coil =

Dependence of the colil electrical parameters on the heater current and temperature

U For the insulated caoll, thé%of each layer appears tecrease with decreasing the distance
between the layer and the heater

U For the NI cojlthe %F reduction appears less graduahe central and outermost layers exhibit a
similar behavior. This agrees with the results shown in [1], where no heat input was applied.

0. - ins. coil - inner  =O=1 - Nl coil - inner -+ Ty, - ins. coil 120 - -0 I* - insulated coil - whole 22
—— [ - ins. coil - central =1 - NI coil - central =% Ty - NI coil I 0-0 c - Insuialed ol - whose
-1 - ins. coil - outer -1} - NI cail - outer 100 -1 - NI coil - whole 20
120 - -&- 1 - ins. coil - whole -0=17 - NI coil - whole 95 20 L -0 n-value® - insulated coil - whole 8
—a. N, o —m-n—value” - NI coil - whole
- 92
89 =3
86 s
&3
80
T T T T T T 77 T T T
9 11 13 15 17 19 21 23 25 27 29 77 79 81 83 85 87 89 91 93
In [A] Ty [K]

11/15  (a)"O© measuredn eachlayerof the two windingsand (b), ©Oandn-0 & & mé@suredn both coils,for differentl, and T;..



U The'Oandn-0 & & dbfained across the whole coil length are close to those measured on their

Inner layers.

U Atthe sameT,, the overallelectricalcharacteristicof the two coilsare similar.

-1 - ins. coil -
—— [ - ins. coil -
- - ins. coil -

-&-1; - ins. coil -

inner =O=I; -
central =1, -
outer {17 -
whole -o-I; -

NI cail -
NI coil -
NI coil -
NI coil -

inner =+ Ty - ins. coil
central =% T, - NI coil
auter

whole

15 17

19

In [A]

21 23 25 27

120
100
80
60
40

(b)

22
~0-0 =O [} - insulated coil - whole
-1 - NI coil - whole 20
L -0 n-value® - insulated coil - whole 18
— O‘D —m-n—value” - NI coil - whole

77

79 81 83 87 89 91 93

85
Ty [K]

12/15  (a)"O© measuredn eachlayerof the two windingsand (b), ©Oandn-0 & & mé@suredn both coils,for differentl, and T;..



Comparison of NI coil and insulated coll

Temperature distribution in the layers of the two colls

U Agoodagreementbetweenthe measuredandcomputedvaluesof T, isfound.

U The thermal model allows one to compute the temperature distribution for both coll
configurations

Insulated coil s NI coll
(b)

@ Experimental data
92 A

& Numerical results
89

(a)95

92 -

-®-Experimental data

B-Numerical results

89 /
< 86 v _~
o E /
83 83
80 + 80
77 77
8 10 12 14 16 18 20 22 24 15 17 19 21 23 25 27 29
I, [A] I, [A]

13/15 T, asa functionof |,, determinedexperimentallyand with the numericalmodelfor (a) the insulatedand (b) the NI coils



Comparison of NI coil and insulated coll

Temperature distribution in the layers of the two coils
U Intheinsulatedcoil, the presenceof insulationdifferentiatesthe temperaturesof the HT3ayers,

whichleadsto a gradualreductionof %Fapproachinghe heatet
U Inthe NI coil, the 3 layershavea similartemperature mp the differencein their %Fdependson

the currentdistribution.
(a) (b)

Insulated coil

NI coill

14/15 Computedemperaturedistributioninto (a) the insulatedand (b) the Nlwindingsat differenttesting conditions



