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The improved DPC-U conductor consisting of 648 chrome plated NbTi strands was
fabricated and its stability has been investigated using 1/24 sub-size conductor. In the
stability experiment, the inductive heating method was applied to originate initial
normal zome. Since it is difficult to calculate the inductive heating energy deposited
on the conductor because of complicate geometry of the twisted multi-strand cable,
inductive heating energy had to be experimentally evaluated using calorimetric method.
The heating energy is in propertion to integration of square of an applied sinusoidal
wave pulsed current over the heating period. The experimental result shows the
proportional constants for the conductor and conduit are 2. 062x107° [J/A’s] and 0.771
10 ¢ [J/A%s]. respectively. The coupling between the eddy currents in the strands and
conduit might take effect on the heating energy put in the strands. 1t was shown this
effect was however small in this experiment. Consequently, the inductive heating energy
applied in the strands was estimated to be the proportional constant of 1.291x10"°

[J/A%s] from the difference of the heat enmergies in the conductor and conduit.
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1. Introduction

The Demo Poloidal Coil (DPC) Project’ which was started in 1985 at Japan Atomic
Energy Research Institute (JAERI) was set up for purpose of developing and studying
large, forced-flow cooling and Cable-in-Conduit (CIC) superconducting poloidal coils
for next generation fusion reactors. In this project, two 30 kA NbTi coils, DPC-UI and
U2°*, were fabricated to demonstrate the applicability of superconducting technology to
a pulsed coil and provide a background field for NbiSn tested coils™ to be installed
between DPC-U1 and -U2. ( Hereafter DPC-U1 and -U2 will collectively be called
DPC-U.) However, DPC-U exhibited instability such as the conductor quenches at
40% of the design current. Tt was found that this instability was caused by a current
imbalance which was generated in the DPC-U conductor during the charging of the coil
since the current could not be transferred among the strands coated by formvar when the
normalcy appear52'4.

The improved DPC-U conductor® consisting of 648 chrome plated NbTi strands was
fabricated to remove this instability and its stability were investigated using a 1/24 sub-
size conductor”’’. In the stability experiment, the conductor was heated using an 7
inductive heater to produce an initial normal zone.

The inductive heating method seems the most suitable for simulating an actual
perturbation in a stability experiment since the conductor can directly be heated without
any time delay. However, the heat energy deposited in the conductor by inductive
heating cannot be evatuated by calculation because of complicated geometry of the
conductor. Therefore, the heat energy generated by inductive heating was evaluated
experimentally.

The calorimetric method, which is usually used for AC loss measurements'', was
employed for evaluation of inductive heating energy. This technique has been
successfully demonstrated in the zero magnetic field’>. However, the inductive heating
energy is affected by an applied magnetic field. Therefore, the evaluation of the
inductive heating energy should be carried out in the same magnetic field, 7 T, at which
the stability experiment was performed™'’.

It is significant for studying‘the stability to evaluate how heat energy is deposited on

the strands and conduit’. Therefore, an attempt was made to estimate the heat energy
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deposited on the strands and conduit.

This report describes the evaluation results of inductive heating energy.

2. Major Parameters of the Sample Conductor

The sample conductor is a CIC conductor having 27 NbTi strands developed for a
pulse coil. The strands have NbTi/CuNi/Cu three layered structure to reduce the
coupling losses among the NbTi filaments. In addition, the strands are plated with
chromium to reduce coupling losses among the strands. The conduit is made of
stainless steel. The length of the sample conductor is 9 cm.  Table [ shows the major

parameters of the sample conductor.  Figures [ and 2 show a cross-sectional view of

the sample conductor and strand, respectively.

3. Experimental Method
A sinusoidal wave magnetic field pulse was applied to the conductor in the stability

experimentg’m. Then, the current to the inductive heater, [, [A], is represented by,
1, = I, sin(2nft). | (1)
Where /1, [A]and f [Hz] denote the amplitude and frequency of the inductive heater’s

current pulse, respectively. The effective heating power by inductive heating with a
sinusoidal wave pulse is in proportion to the square of the amplitude of the magnetic

field'2.  The inductive heating energy, £, [J], is consequently evaluated by,

Table 1. The major parameters of the sample conductor

Superconductor material NbTi

NbTi filament diameter 10um

NbTi/ Cu/ CuNi 1/3.88/1.07
Strands diameter 1.115 mm
Strand surface 5 um chrome plating
Residual resistance ratio 53

Number of strands 27

Void faction 36.8%

Inner diameter of the conduit 7.41 mm
QOuter diameter of the conduit 9.61 mm
Conduit material Stainless steel
Conductor length 90 mm
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Where ¢, [s] denotes the heating period. Hereinafter £ I;dt [A%s] is referred to as

the heating factor, for simplicity sake. The purpose of this experiment is to evaluate
the proportional constant, C [J/A%s), in Eq. (2).

When the heat energy is deposited on the conductor immersed in the liquid helium
(LHe), LHe is vaporized around the conductor. The volume of the vaporized gas
helium (GHe) is proportional to the input heat energy. Proportional constant C 1s
evaluated by observing the volume of the vaporized GHe.

The vaporized GHe is collected into the chamber located above the conductor as
shown in Fig. 3. Since the volume of the vaporized GHe is proportional to the
decrease of the LHe surface level in the chamber, the heat energy that has been
deposited on the conductor can be evaluated by measuring the reduction of the [LHe
level in the chamber. The reduction in the LHe level in the chamber is measured by
the T.He level meter installed in the chamber as shown in Fig. 3.

The relation between the reduction of the LHe level in the chamber and the input heat
energy is calibrated using the resistive heater installed beside the GFP holder in which
the sample conductor places as can be seen in Fig. 3. The heat energy by the resistive

heater, E,, {J],is calculated from,

Ehr = .E}hr 'Vhrdt' (3)

Where 7, [A]and V,, [V] denote the measured current and voltage of the resistive
heater.

The heating period, frequency and magnetic field were from 5 to 40 ms, 1 kHz and 7
T, respectively, during the stability experiment. In this experiment, the frequency was
set at 1 kHz, but the heating duration was fixed at 30 ms since inductive heating energy
for other heating duration can be estimated from Eq. (2) if the heating energy is
measured for a certain heating period. The magnetic field of 7 T is subjected to the
sample conductor from a backup coil which can provide a magnetic field upto 13 T on

the conductor.
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Fig. 3. Schematic configuration of the experimental device. GHe evaporated by inductive or
resistive heating is prevented from leaving the chamber due to the inner cylinder. The outer
cylinder avoids the generation of GHe except for inductive and resistive heating coming into the
chamber. GHe that has collected in the chamber can be absorbed by a vacuum pump through

the piping install in the chamber.

In the experiment, the Joule heating energy of the inductive heater vaporized LHe.
The Joule heating energy of the inductive heater should be measured to separate it from
the inductive heating energy put in the conductor.

Since the strand is designed for a pulse coil®, the heat energy generated in the cable
by inductive heating is not large. The eddy current loss in the conduit is not negligible
in comparison with that in the cable. The heat energy put in the conduit has an
influence on the stability of the conductor. The inductive heating energy in the conduit
should therefore be evaluated to precisely study the stability of this conductor’.

Consequently, it is required to evaluate the heat cnergies generated by putting the
inductive heating pulse for the following samples.

1) The conductor and inductive heater;
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2) the conduit and inductive heater; and
3) the inductive heater alone.

The LHe level in the chamber decreases after heat input but thereafter increases
slightly. This is probably because of GHe liquidizing in the chamber. The increment
rate of the LHe level strongly depended on the pressure in the chamber. It took more
than several hours between each measurement of the above case for substitution of the
sample. The pressure in the chamber might change between the measurements as a
result of a variation in atmosphere pressure. Therefore , we were aftaid the rate of the
I He level increase in the chamber was different among these measurements. The
calibration of the heat energy by the resistive heater was carried out for each sample to
eliminate any such calibration errors.

It takes certain duration to completely exchange the heat energy deposited in the
conductor or the resistive heater to evaporation energy from LHe to GHe. The
reduction of the LHe level was consequently measured after long elapse of time, 72 s,

from the onset of the inductive or resistive heatings.

4. Experimental Results

Figure 4 shows the calibration results of the relations between the reduction in the
LHe level and the heat energy by the resistive heater. The LHe level reduction for zero
heating energy corresponds to the increase in the LHe level due to liquidizing and they
are slightly different among three samples. However, the relations between them show
very good linearity and almost coincide. The good linearity shows that the input heat
energy is proportional to the LHe level reduction.  In addition, good agreement of those
relations shows there was no serious variation in the pressure in the chamber, resulting
in no scatter due to a pressure variation in the calibrated relations, during the
experiment.

Using these calibration results and the measured relation between the LHe level
reduction and the heating factor, the relations between the inductive heating energy and
the heating factor could be obtained.

Figure 5 shows the evaluated results. The inductive heating energy proportionally

increases as a function of the heating factor for all cases. This supports the validity of
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Fig. 4. Relation between the heat energy by the resistive heater and reduction in the LHe level.
Circles, triangles and squares show the heat energy for the samples of the conductor and
inductive heater, the conduit and inductive heater and the inductive heater alone, respectively.
Solid, dash and dot lines show an approximation by least squares method.

Eq. (2). From these results, the following equations were obtained.

1) For the conductor and inductive heater,
E, =5404x107 ‘[h Iidr. (4)
2) For the conduit and inductive heater,
3 |7 52
3) For the inductive heater alone,
372
E, =3342x10" J; Idt . (6)

The heat energy deposited in the conductor and conduit are estimated by subtracting

Eq. (6) from Egs. (4) and (5) in the following way.
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Fig. 5. The inductive heating energy as a faction of the heating factor. Circles, triangles and
squares show the heat energy for the samples of the conductor and inductive heater, the conduit

and inductive heater and the inductive heater alone, respectively. Solid, dash and dot lines
show the inductive heating energy calculated by Eqgs. (5), (6) and (7), respectively.

a) For the conductor,
h
E, =2062x107 £ I7dr . (7
b) For the conduit,

E, =0771x107 J: 2. - , 8)

5. Data Analysis

5.1 Effect of the coupling between the eddy currents in the strands and conduit
The eddy currents induced in the strands reduce the applied magnetic flux. The

magnetic flux passing through the area enclosed by the conduit is therefore made

smaller in case the strands exist in the conduit than the one with no strands'?.  This
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indicates the eddy current loss becomes smaller in the former case than the latter. The
inductive heating energy of the strands could not therefore be accurately estimated by
subtracting the heat energy in the conduit from that in the conductor. The effect from
coupling of the eddy currents in the strands and conduit is studied to show this effect is
negligibly small in this experiment.

A three-dimensional simulation should be carried out for accurate estimation of the
eddy currents in the strands and conduit. However, a three-dimensional simulation is
difficult and seems impossible because of the complicated geometry of the cable. | We
employ a one-dimensional cylinder model for sake of simplicity. This simple model
is sufficient to verify that the coupling of the eddy currents does not have an inﬂucnce
on the heatmg energy. _ |

The conductance between the chrome pIated strands has been measuted to be 103
S/m by Ono et al. 13 The conductance is so small that the small eddy currents are
induced among the strands. The eddy currents in the strands therefore dominate the
heat energy in the cable. Since the superconductihg filaments are surrcunded by a
CuNi layer, the coupling current among the filaments is also small.  On the other hand,
there exists a relatively large loop, that is copper layer near the strand scrface;in the
copper cross section as shown in Fig. 2. The most effective eddy current in the cable is
thought to be induced in this copper layer. The thickness of this layer is about 50 um
at its minimum. _ |

1t is assumed the eddy currents induced in the conduit and copper layer in the strands
are uniform on each cross section and the conductor is placed in a uniform magnetic
field whose direction is the same as the conductor axis. ~Also, the strands are supposed
to be straight and their axis is in the same direction as the magnetic ﬁe]d; These
assumptions make the analysis of the coupling of the eddy currents in the strands and

conduit possible. The governing equations for the eddy currents become as follows:

d(BD_Bsr_Bcon) - R ]
stost?

st df . ’ (9)

S d(BO_NSslBsr/Scon_Bcon)_R ]
con dt — Yreontcon”

Where S [m?] denote cross-sectional area where the magnetic flux passes, B [T] the

S

magnetic field, R [Q] the resistance of the loop, / [A] the eddy current and N the
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number of the strands, respectively. Subscripts sz and con indicate the values are for
the strands and conduit, respectively. B, [T] is the magnetic field from the inductive
heater. Note that the eddy currents in the strands are supposed to flow in a mere 50 um

thick copper layer near the surface of the strands.

The magnetic fields from the eddy currents in the strands and conduit are calculated
by,

Bst :/u()]sr/[‘7 (10)
Bcorr = iu()]can/‘l"

The applied magnetic field can be written in the following way.
B, = Bpe'™. (11)
Where B, [T] and o [Hz] denote the amplitude and radial frequency of the applied

inductive heating pulse, respectively. Substituting Egs. (10) and (11) into Eq. (9), one

has,
d;sr + d‘;:on + Rs:gL I.s! + ja)BPL eja:i =O,
! !
a djst dlcon + RconL Iwn + JQBPL ejax =0,
dt dt tuOScon Hy
azNSst/Scon " (13)
Equation (12) can be rewritten using the vector expression as follows.
] B, L .
i 4 I g (14)
dt Ho
Where,
- I 0
A:a( Vst yc‘], f=[ srj, x:(j_ (15)
QY g Ve Icon 1
R, R L
Vo= » ycon:_ﬂn_a a=——7—- (16)
* Sst Scon /Uo(l - a)
The eddy currents in a steady state can be calculated by”‘,
wB, L |- / - '
il e“’”( “2’”? P+ “;”’}’ Psz (17)

Where 4, and A, denote the eigen values for matrix A,and P, and P, are the eigen

projection matrices'”.
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A~ 7 con)+ Jﬁ] (7 s +7 cn)~VD]

b 2 =
2 2 (18)
1 (-c+JD 27, -1 (-c-VD 2
Pl = e—_— P con

WD\ 2ay C++D) > 2JD 2ay C—~/D)

Where,

A]::

C:}/sr—yconﬁ D=C2+4yﬂycona (19)
From Egs. (17) and (18), the inductive heating powers in the strands and conduit, O,

[W]and Q. [W], are calculated in the following way.

2
-1 1 A A
0, =y2.PNR, a)z[ +— J +( L — J )
e t o’ +4 o+ yE; o+ A @'+ A

2y (20)
PR, | JfC+vD C-vD) 4(C++D) 2(C-D)
Qoon = L e RTINS B T2 YT i :
4 W+ A o+ A3 "+ A4 o+ A5
Where,
w’BI?
P (21)

HoD

When there are no strands in the conduit, the governing equation for the eddy
currents in the conduit becomes as follows,

R wB, L
d] + COnL I +im_£_eja)r — 0. (22)

£on
con

dt Hg Scon Ko

The solution of this equation is,

wB, L )
con 2 2 (Ju()a) + chonL) (23)
(ycon L) + (tu() C())
The heat power in the conduit, Q" [W], is therefore calculated as follows.
2
R @B, L
Can( P ) (24)

0, =
(yconL)z + (#00))2

Q.. [W]and O, [W] are evaluated as 6128, W and 626 B} W, respectively.

The decrease in the heat energy due to the coupling of the eddy currents in the strands

and conduit is about 3%. The ratio of the heating powers in the strands and conduit is
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evaluated to be 1.94. However, the experiment showed it is to be 1.70. They are in
relative good agreement. This verifies the above calculation. The inductive heating
energy can therefore be estimated by subtracting the heat energy in the conduit from the

one of the conductor as follows.

E, = 1291x 107 J;h 2dt 25)

5.2 Correction of heat energy

The geometries of the inductive heaters in the stability experiment and this
experiment differ to some extent”!’.  The magnetic field applied to the conductor is
therefore different for the same inductive heater current between these experiments.

Since the calculation carried out in 5.1 indicates the magnetic field produced by the
eddy currents is much small in comparison with the applied magnetic field, we can
neglect the effect from the magnetic field made by the induced eddy currents in the
strands and conduit. Consequently, the magnitude of the eddy currents is almost
proportional to square of the applied magnetic field at this point. The correction of the
heat energy due to the difference in the geometry of the inductive heaters is carried out
by assuming the heat energy per unit volume is proportional to the square of the

magnetic field. The current to the inductive heater in the stability experiments, i, [A],

therefore satisfies the following equation,

J:bzdx
By P L
£ idt = ——— J: A di (26)
2
[a
Where &, [T] and / [m] show the magnetic field from the inductive heater and the

length of the conductor used in the stability experiment, respectively. The relation
between the heating factor and heat energy by the inductive heater used in the stability
experiment is evaluated as follows from Eqgs. (7), (8) and (26).

i) For the conductor,

E, =8045x107 .[” i2dt . @7
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ii) For the conduit,
) _
E, =3008x107 £ irdt . (28)
iii) For the strands,

E, =5037x107 J;" i2dr | (29)

6. Conclusion
The inductive heating energy of the sub-size improved DPC-U conductor consisting
of 27 chrome plated NbTi strands was evaluated at a magnetic field of 7 T using the
calorimetric method. The heat energies put in the strands and conduit were
individually estimated. The results are :
1)The inductive heating energy is in proportion to integration of the square of the heater
current over the heating period. The proportional constants for the conductor and
conduit were 2.062 X 107 [J/A%s] and 0.771 X 107 [J/A’s], respectively.
2)Although the coupling between the eddy currents in the strands and conduit might
have an influence on the inductive heating energy generated in the strands, this effect
is negligibly small for this conductor. The proportional constant for the heat energy

put in the strands is then estimated as 1.291 X 107 [J/A%s] from the difference of the

heat energies in the conductor and conduit.
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ii) For the conduit,
a3 fr a2
E, =3008x10 ‘E i drt. (28)
iii) For the strands,

E, =5037x107 J;” 2dr . (29)

6. Conclusion
The inductive heaﬁng energy of the sub-size improved DPC-U conductor consisting
of 27 chrome plated NbTi strands was evaluated at a magnetic field of 7 T using the
calorimetric method. The heat energies put in the strands and conduit were
individually estimated. The results are :
1)The inductive heating energy is in proportion to integration of the square of the heater
current over the heating period. The proportional constants for the conductor and
conduit were 2.062 X 107 [J/A%s] and 0.771 X 107 {J/A’s], respectively.
2)Although the coupling between the eddy currents in the strands and conduit might
have an influence on the inductive heating energy generated in the strands, this effect
is negligibly small for this conductor. The proportional constant for the heat energy

put in the strands is then estimated as 1.291 X 107 [J/A%s] from the difference of the

heat energies in the conductor and conduit.
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ii) For the conduit,
s (72,
E, =3008x107 J: i, dt . (28)
iii) For the strands,

E, =5037x107 f i2dr | 29)

6. Conclusion

The inductive heaﬁng energy of the sub-size improved DPC-U conductor consisting
of 27 chrome plated NbTi strands was evaluated at a magnetic field of 7 T using the
calorimetric method. The heat energies put in the strands and conduit were

individually estimated. The results are :

1)The inductive heating energy is in proportion to integration of the square of the heater
current over the heating period. The proportional constants for the conductor and
conduit were 2.062 X 107 [J/A%s] and 0.771 X 107 [J/A%s], respectively.

2)Although the coupling between the eddy currents in the strands and conduit might
have an influence on the inductive heating energy generated in the strands, this effect
is negligibly small for this conductor. The proportional constant for the heat energy

put in the strands is then estimated as 1.291 X 10° [J/A%s] from the difference of the

heat energies in the conductor and conduit.
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ii} For the conduit,
E, = 3.008x 107 L i2dr . (28)
iii) For the strands,

E, =5037x107 J: i2dr (29)

6. Conclusion
The inductive heat.ing energy of the sub-size improved DPC-U conductor consisting
of 27 chrome plated NbTi strands was evaluated at a magnetic field of 7 T using the
calorimetric method. The heat energies put in the strands and conduit were
individually estimated. The results are :
1)The inductive heating energy is in proportion to integration of the square of the heater
current over the heating period. The proportional constants for the conductor and
conduit were 2.062 X 107 [J/A%s] and 0.771 X 107 [J/A%s], respectively.
2)Although the coupling between the eddy currents in the strands and conduit might
have an influence on the inductive heating energy generated in the strands, this effect
is negligibly small for this conductor. The proportional constant for the heat energy

put in the strands is then estimated as 1.291 X 107 [J/A%s] from the difference of the

heat energies in the conductor and conduit.
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