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Abstract

An experimental study of AC losses was carried out on a 36-strand sub-sized
Cable-In-Conduit-Conductor of NbsSn superconducting wires used for the
International Thermonuclear Experimental Reactor (ITER) Central Solenoid model
coils. Ripple field loss tests were performed using the 20 T large bore magnet at the
National High Field Magnet Laboratory. Small amplitude, sinusoidal ripple field of 4
Hz, superimposed on a DC magnetic field was produced by modulating the magnet
power supply. AC losses were measured with transport currents ranging from 0 to 6
kA at various DC background fields up to 12 T using an isothermal calorimetric
method. The inter-strand coupling loss of the 36-strand cable increased gradually and
then sharply at approximately 30 kN/m with increasing Lorentz force, and resulted in
an 84% increase at the Lorentz force of 50 kN/m. The cable coupling current
effective time constant (ngts) at zero current declined from 20 ms to 8 ms after cyclic

Lorentz force loading.



I. INTRODUCTION

An experimental study of energy dissipation, also know as AC loss, was carried out
on a 36 strand Cable-In-Conduit-Conductor (CICC). Understanding AC loss
mechanisms is one of the most fundamental issues associated with the design of
large-scale superconducting magnet systems. This work focuses on measuring AC
losses of a sub-sized cable sample in operating with transport currents in DC
background fields with a ripple field, in order study inter-strand (strand-strand)
coupling loss of Nb3;Sn CICC magnets such as ITER Central Solenoid model coil
magnet [1].

AC losses, of the sub-sized cable with and without transport current, were measured
using an isothermal calorimetric method. A test probe, used to mount the brittle
Nbs;Sn CICC sample and calorimetry system, was designed and fabricated capable of
delivering transport currents up to 10 kA to the sample in background magnetic fields
ranging from 0 to 20 T.

AC losses produced in the test sample were dominated by inter-strand coupling loss.
In order to analyze the effects of the transport currents and the fields on the inter
strand coupling loss, hysteresis loss and inter-strand coupling loss were evaluated

using previously measured strand data and existing theoretical formulas.

II. EXPERIMENTAL

A calorimetric test probe was designed and constructed to measure AC losses of a
36 strand CICC with and without transport current. The calorimetric test system used
a calibration heater (20 m of stainless steel wire wound non-inductively) mounted
near the test sample, which was continuously energized to maintain a desired,
constant liquid helium boil-off rate at 4.2 K [2], [3]. When the test sample is exposed
to an AC field, the sample produces heat generated by the losses and this heat adds to
the boil off rate. The increased boil off rate causes a corresponding increase in the
measured helium gas by the mass flow meter. The flow meter output signal is used as
a feedback signal into a feed back control system which drops the heater power to
maintain the original desired flow level. The reduction of the heater power during the
automatic control is equal to the amount of heat produced from AC losses. This type

of control reduces the equilibration time of each measurement, which is normally



quite long for traditional isothermal calorimetry experiments and greatly increases the
accuracy of measurement due to effectively canceling out background changes. The
sensitivity of this system was about 2 mW. AC loss signals measured during this
experiment varied from 15 mW to 60 mW.

The test sample of total 7 m long including joints, shown in Fig. 1a, is a CICC type
with Incoloy Alloy 905 conduit, and a cable made from 36 strands of ITER IGC
NbsSn superconducting wire twisted in a 3x3x4 cabling pattern. The conductor
information is given in Table I. The cabling twist pitches were 50, 100, and 150 mm
for each cabling stage respectively. The coil section, which acted as the test section,
was approximately 5 m wound non-inductively with a coil of 83 mm ID and a conduit

diameter of 16 mm.

TABLE I
TESTED CONDUCTOR PARAMETERS
STRAND CABLE
Superconductor Nb;Sn Number Strands 36
Diameter 0.81 mm Cabling Configuration 3x3x4
Twist Pitch 9 mm Cable Twist Pitches: 1%, 2", 3" | 50, 100, 150 mm
Strand Insulation 23 um Cr | Conduit Material Incoloy 905
Copper:Non-copper 1.45 Void Fraction about 36.5%
RRR 120 Length in Calorimeter Sm

Following heat treatment, the Nb3;Sn sample was mounted on its sample holder,
shown in Fig. 1b, and then assembled into the calorimeter. The calorimeter, shown in
Fig. 2, was made from two parts of G10 structures consisting of a 520 mm long, 140
mm OD, 6.4 mm wall thickness tube and an equivalent diameter 76 mm long top
piece. A long thin walled G10 tube is connected to the calorimeter top piece, which
sends the boiled off helium gas from the calorimeter through a heat exchanger,
located outside the cryostat, and finally to the gas measuring system. As shown in
Fig. 2, the sample leads were terminated by exiting the leads from the bottom of the
calorimeter and then running the leads up the side of the calorimeter to the bus bar
termination section, where they were soldered. Exiting from the bottom of the
calorimeter allowed to minimize the complexity of the calorimeter top cover and to

minimize thermal conduction from the 10 kA vapor cooled current leads.



Test Sample Parts.

No. Component
1 Solder Filled OFHC Cu Lead Terminations
2 Test Sample Leads

Test Sample Section

SCALE  0.450

(2)

Sample Holder Components.

No. Component
1 Test Sample
2 Calibration Heater Mount
3 Sample Base and Exit Lead Clamps
4 Liquid He Level Sensor Mount Piece ’ - SCALE  0.35¢

(b)

Fig. 1. (a) Test Sample — The labeled components are 1) Solder Filled OFHC Cu
Lead Terminations, 2) Test Sample Leads and 3) Test Sample Section. (b) Sample
Holder — The labeled components are 1) Test Sample, 2) Calibration Heater Mount, 3)
Sample Base and Exit Clamps, and 4) Liquid He Level Sensor Mount.
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Calorimeter and Sample Holder Components

No. Component
1 Liquid He Level Sensor Mount Piece
2 Calorimeter Top
3 Calorimeter Body
4 Calibration Heater Mount
5 Sample Mounted on G-10 Mandrel
6 Sample Holder to Calorimeter Friction Clamp
7 Sample Holder Base
8 Sample Holder Gas Diverter and Test Probe
9 Calibration Heater and Sample Mandrel
10 Sample Mandrel Alignment and Hold Down
11 Sample Mandrel Base
12 Exit Lead Spacers and Clamps

Fig. 2 The left view shows an assembly drawing of the sampler holder mounted in
the calorimeter. The right view shows a cross-sectional view of the calorimeter
assembly.

Experiments were performed using the 20 T, 195 mm diameter warm bore magnet
at the National High Field Magnet Laboratory (NHMFL), Florida State University in
Tallahassee Florida. The AC field used to produce AC losses in the test sample was
generated by modulating the 20 T magnet power supplies in order to create a small
amplitude, sinusoidal ripple field superimposed on a DC bias field. Sample transport

currents of up to 10 kA could be achieved using one of the four NHMFL facilities of



10 MW magnet power supplies. AC losses were measured as a function of
background field, with transport current levels ranging from 0 to 6 kA, at a constant

ripple amplitude and a constant frequency.

III. EXPERIMENTAL DATA ANALYSIS METHOD

A. Theoretical background

When an AC magnetic field of B sin (wt) is applied to a superconducting wire
cable, AC losses in general are comprised of contributions from hysteresis loss and
inter-filament coupling loss in a strand, and inter-strand coupling loss among strands.
The AC losses Qr are given as [4]:

Qr =0, + Oy + O, (D

where Qpys, Qir, and Qjs are respectively hysteresis loss, inter-filament, and the
inter-strand coupling losses.

The expected hysteresis loss component was calculated using [5]:

3
ths =—8B8 [ﬂJ (Bmax < Bp)
3u, "\ B,
2 2B, \’ (2)
ths = M_Bmapr 1_ 3B (Bmax > Bp)
here,
B, =uJ.a 3)

where B, is the filament penetration field, po is the permeability of free space (4n10”
H/m), J. is the critical current, and a is the effective filament radius.
The coupling loss terms, either inter-filament or inter-strand are given in general by
[6]:
ntaw(B,, )
0. =chdt = P (4)
w1+ (a)r )
where B, ®, n, and t are the peak ripple field amplitude, ripple field angular
frequency, the geometric factor, and either the inter-filament coupling time constant
or the inter-strand coupling time constant, respectively. For a low ripple frequency

(wt <<1), the total coupling loss is given by the sum of inter-filament coupling loss

Qir and inter-strand coupling loss Qs as:



2
nB. . W

0 = Ql.f +0, = —(nfrf + nsrs) &)

where T, and T, are respectively the inter-filament coupling time constant and
inter-strand coupling time constant, and n¢, and ng are respectively the geometric
factors for the inter-filament coupling and inter-strand coupling. The inter-filament
coupling-loss geometric factors ny is assumed to be 2 [7]. The time constants have

been given as,
U, ( L )2
T, =\
2p,\2n

2
. =&(£)
o 2p.\2x

here pr, L, pc, and L are respectively, the effective resistivity of the strand matrix

(6)

material, twist pitch of the filaments in a strand, the effective transverse resistivity

between strands, and the dominant twist pitch (the last stage twist pitch) of the cable.

B. Evaluations of hysteresis loss and inter-filament coupling loss
To evaluate hysteresis loss using (2), B, was calculated with (3) using the critical
current of ITER IGC wire, I, = (45.81 — 1.94 B)> B’ (A) [8]. The zero field current
density was assumed to be 4400 A/mm’. The effective filament diameter which was
evaluated at 3 T by a SQUID hysteresis-loss measurement was 2a = 14.3 um [9].

All of the parameters for the inter-filament time constant were known with the
exception of the pr. The effective resistivity pr of copper matrix material is known to
vary linearly with the magnet field. It is written as:

Py =Ps+0B (7)
In (8) pp 1s the zero field initial matrix resistivity, B is the applied DC bias field, and
the multiplication factor o = 4.8x10™"" Qm/T. Inter-filament coupling loss Qi can be
re-written using (7) as:
B oL
O = 270(p ;o +B)

®)

An unknown parameter of the effective matrix resistivity pp in (8) was evaluated
from a reported strand coupling loss data of ITER IGC similar wire. [10]. According

to the strand loss data, the coupling time constant t¢ was 2.1 ms assuming the



inter-filament coupling-loss geometric factors nr is 2. From the time constant value,
the zero field initial resistivity pp was evaluated to be 6.7x10"'° Qm at 4.2 K. In this
work hysteresis loss and inter-filament coupling loss were evaluated by (2) and (8),

respectively.

IV. TEST RESULTS AND DISCUSSION

The experiments were performed at the NHMFL on two separate cool-downs. At
the first cool-down the test operation system including the calorimetric measurement
was checked at a DC magnetic field of 3 T with a constant ripple field without a
transport current. All of the measurements presented here were obtained at the
second cool-down. The AC loss measurements were performed at various DC
background fields with/without DC transport currents. The magnet power supply was

modulated at 4 Hz to obtain the constant ripple field of Byax= 15 mT.

TABLE II
CHRONOLOGICAL LIST OF MEASUREMENTS PERFORMED
Back Ground DC Transport
Data Sequence| DC Field Current Event Description
(T (A)
1 6 0 At the background field of 6 T without the
sample transport currents.
5 12 10 At 12 T with the sample transport currents
) between 1 kA to 4 kA.
3 12 25 (There was a quench at the end while trying to
’ increase the sample current up to 4.5 kA.
4 12 40 The quench occurred at approximately 4.3
kA.)
5 12 4.0 At 12 T with the sample transport
6 12 2.5 currents between 4 kA to 1 kA.
7 12 1.0
8 9 4.0 At 9 T with the sample transport
9 9 2.5 currents between 4 kA to 0 kA.
10 9 1.0
11 9 0
12 6 4.0 At 6 T with the sample transport
13 6 2.5 currents between 4 kA to 0 kA.
14 6 1.0
15 6 0
16 8 6.0 At 8 T with 6 kA transport current.
17 10 4.8 At 10 T with 4.8 kA transport current.
18 9 4.0 At 9 T with 4 kA transport current.
19 10 4.0 At 10 T with 4 kA transport current.
20 12 0 At 12 T without transport current.
21 6 0 At 6 T without transport current.
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Fig. 3 AC loss results in chronological order measured with the ripple field of the
amplitude 15 mT and the frequency 4 Hz under various conditions of background
fields and transport currents described in Table II. Calculated hysteresis loss and
inter-filament coupling loss are shown by bar graphs for each measurement.

Fig. 3 shows AC loss test results measured under various conditions described in
Table II. The test data list in chronological order of the measurements performed. In
Fig. 3 bar graphs for each measurement indicate contributions of hysteresis loss and
inter-filament coupling loss which were calculated from (2) and (8) as described in
the previous section. Fig. 4 shows the coupling effective time constants ngts of the
inter-strand coupling loss components (Measured total loss - Hysteresis loss - Inter
filament coupling loss) were calculated from (5). It was found that over the course of
the experiment the effective time constants ngts of the inter-strand coupling tended to
decrease at the beginning of the test operations, as the similar coupling loss drops
have been reported [11]. The effective time constant ngts decreased from about 20 ms
to approximately 8 ms at zero transport current. The inter-strand coupling loss

components of Data Sequence #5 to #21 are shown in Fig. 5 as a function of the cross

10



product of the transport current and the magnetic field, IxB, which gives Lorentz
force of the cable. Individual strand stress in the cable is proportional to the Loren
force of IxB. The applied field and transport current for this experiment were
assumed to be acting normal to one another. The solid line was the best fit obtained
by a computer curve fitting. As seen in Fig. 4 the data of 12 T at 48 kN/m might not
yet have reached to equilibrium. However, it is clearly seen in Fig 5 that the
inter-strand coupling loss increases with increasing the Lorentz force. It is noted that
the increment is very gradual at low Lorentz force region and then sharply increases
at 30 kN/m. An increase of Lorentz loading from 0 to 50 kN/m resulted in an 84%

increase of the inter-strand coupling loss.
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Fig. 4 Coupling effective time constants nst; of the inter-strand coupling loss
components (Measured total loss - Hysteresis loss - Inter filament coupling loss) in
chronological order taken.
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Fig. 5 Inter-strand coupling loss components are plotted as a function of the cable
Lorentz force (the transport current x the field).

The transverse resistivity p. between strands which is in (6) of the inter-strand
coupling loss has been reported to change with Lorentz force loading IxB in cable
[12]. The conductance o, (resistivity inverse) between strands varies linearly with the
Lorentz force loading. Therefore 1/p. is replaced with a linear function that varies

with the Lorentz force (IxB) given by:

L=oc=0i+/3IB 9)
P

where oj, IB, P are the zero-field transverse conductivity, Lorentz force, and a

constant parameter unknown, respectively. Inter-strand coupling loss Qjs in (5) can

be re-written using (6) and (9) as:

Biaxa)ns(ai + BIB)L}
Qis =
4

(10)

The non-linear behavior of the inter-strand coupling loss vs. IxB in Fig. 5 was not

12



explained with the linear effect of IxB on transverse conductance. The geometric
factor of the inter-strand coupling loss, ns in (10) could be also a function of Lorentz
force. The geometric factor ny is given as (1-N;)" with the demagnetizing factor N
[7]. The demagnetizing factor N of the inter-strand coupling could decrease with
increasing Lorentz loading force since Lorentz force squashes the cable in the
direction perpendicular to the field. Consequently the geometric factor of the
inter-strand coupling loss, ng, tends to decrease with decreasing N;. The inter-strand
coupling loss could decrease with Lorentz force loading.

With those two contributions; increasing due to the transverse conductance and
decreasing due to the geometric factor ns, the inter-strand coupling loss might

increase in a parabolic shape with the Lorentz force factor as seen in Fig. 5.

V. CONCLUSIONS

An experimental study of ripple field AC losses was carried out on a 36-strand
sub-sized Cable-In-Conduit-Conductor of NbsSn superconducting wires with
transport currents ranging from 0 to 6 kA at various DC background fields using an
isothermal calorimetric method. The AC loss measured for this work was dominated
by inter-strand coupling loss. Twisted CICC type cables showed a relaxation (training)
phenomenon on AC loss at the beginning during operation tests. The effective time
constant (nyTs) of the inter-strand coupling loss at zero current declined from about 20
ms to 8 ms.

It was observed that the inter-strand coupling loss depended on the product of the
transport current and the magnetic field, IxB, of Lorentz force. The inter-strand
coupling loss increased gradually and then sharply at approximately 30 kN/m with
increasing Lorentz force loading, and resulted in an 84% increase at the Lorentz force
of 50 kN/m. The phenomenon was not explained with only the decrease of contact
resistance between strands caused by Lorentz forces. An additional effect of Lorentz
force on the geometric factor of the inter-strand coupling loss could be considered.
Lorentz force affects on a cable compaction, which results changing the geometric
factor of the inter-strand coupling loss since it is a function of the strand

demagnetization factor.
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