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Abstract: On international thermal nuclear experimental reactor (ITER) superconducting fusion device, Nb3Sn composite strands

have been applied to CICC (cable-in-conduit conductor) to undergo the impact of the magnet field above 12 T. The strain of

NbsSn-based conductor due to Lorentz forces leads to changes in critical current and coupling loss time constant. Therefore the

study on the critical performance degradation of CICC is still inadequate, and the influence of the contact properties with strain on

the coupling loss time constant is also insufficient. In order to calculate the coupling loss accurately and quickly, a new calculation

model of coupling loss time constant was put forward in this paper. The model is expressed by a linear equation using some

parameters such as the cabling sequence ratio, contact resistance and void fraction with strain main from electromagnetic force. In

this model, the computation expression of cabling sequence ratio, as well as the contact resistance and the void fraction are obtained

under the strain from cyclic electromagnetic load. Compared with numerical calculation using Gandalf and the traditional method,

coupling loss calculated by the new model has a small error, and it is close to the engineering measurement.
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With the advantages of supercritical helium cooling, high
voltage insulation and multistage cabling!"*, CICC has been
selected as the preferred conductor for magnet system of ITER
and CFETR (China fusion engineering testing reactor) that
will be built domestically in the next step. CICC in EAST
(experimental advanced superconducting tokamak) is NbTi
superconducting strands and pure copper strands”®.. However,
CICC on ITER will run in the transient magnet field caused by
a larger excitation current and suffer the impact of a magnet
field above 12 T. In order to overcome the limitation of critical
performance, ITER-CS (central solenoid) magnets adopted the
Nb;Sn-based conductor'”. However, the superconducting
property of Nb;Sn wires is quite sensitive to strain. The strain
mainly comes from electromagnetic force, thermal stress as
well as deformation in the fabrication process. The above
strains will bring a very adverse effect on the application of
the Nb;Sn-base conductor. The change of coupling loss with
strain effect in the complex magnet field will particularly
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affect the steady operation of CICC.

Currently, on the basis of the calculation method of NbTi
conductor”™”) the research on the coupling loss calculation of
Nbs;Sn-based CICC has been carried out. For example, Bottura et
al™ put forward a calculation model of coupling loss for CICC
in ITER, in which the loss was divided into 3 dimension vectors
and introduced a space magnetization shape factor. Egorov"
gave the coupling loss calculation method of a multistage
cabling conductor, in which the induced current in the
time-varying magnet field can be simplified as the calculation of
coupling current between strands (sub-cables) at every stage. In
addition, Lanen et al'” proposed the parallel algorithm of
coupling loss for full size CICC of ITER, which can improve the
calculation efficiency of coupling loss by reducing the mutual
inductance complexity from O(N?) to O(N).

In addition, an optimized design model of conductor using
multivariate constraint was set up!'"'? and a relatively
reasonable conductor structure was obtained. At the same time,
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a coupling loss calculation method was established in Ref.
[13]. Although the algorithm can simplify the coupling loss
calculation, it is assumed that the coupling loss component is
linearly increased. Thence, it can lead to a relatively large
error for coupling loss calculation.

According to the existing research on coupling loss, the loss
mechanism of Nb;Sn-based CICC with strain effect was still
not well understood. In turn, it is difficult to quickly and
accurately calculate the coupling loss of Nb;Sn-based CICC
and get the actual disturbance produced in the conductor. On
superconducting fusion devices, the conductor will be
subjected to the impact of the quick excitation current, plasma
discharge and burst. In order to prevent the quenching of
conductor, the conservative method that amplifies the safe
factor (higher stability margin and temperature margin, etc.)
was accepted, which will greatly increase the conductor cost
for engineering design, manufacture and operation. Thus, it is
urgent to study the calculation theory of coupling loss for
Nb;Sn-base conductor with strain effect to solve the
engineering design problem of CICC.

For Nb;Sn conductor, the strain effect not only results in the
change in contact conditions (contact resistance and void
fraction) of the strands (sub-cables), but also leads to the
stiffness change associated with the twist pitch length of each
stage in CICC!'*". Obviously, the influence of strain on the
coupling loss is embodied in the twist pitch length, contact
resistance and void fraction. In this paper, the relationship
between coupling loss time and twist pitch length, contact
resistance and void fraction was studied, and the coupling loss
model under strain was obtained. First, the model of coupling
loss time constant was formed with the twist pitch length,
contact resistance and void fraction by the least squares
method. Then, the cabling sequence expressed by the twist
pitch of every stage in conductor was established. Finally, the
mathematical expression of the contact resistance and the void
fraction was strain  from

constructed under

electromagnetic force.

1 Calculation Model

cyclic

1.1 Mathematical expression of coupling loss time constant

In the time-varying magnet field with rapid excitation, the
coupling loss, which is the main part of AC loss, is the energy
dissipation. In the extreme case of coil excitation, plasma
discharge and collapse, the traditional calculation of coupling
loss time constant in the nth stage was discussed in Ref.[16,17].

Without considering strain effect, the calculation model in
Ref. [16] and [17] is not appropriate for practical application
because it is difficult to accurately meet the requirements of
engineering design. In fact, the Nbs;Sn conductor will bear
strain effect, which results in the changes in the void fraction,
contact status and coupling loss time constant of supercon-
ducting cable. These factors make the calculation of coupling
loss time constant very complicated. Therefore, a new method

for calculating the coupling loss time constant based on the
combination model of cabling sequence ratio, contact
resistance and void fraction is proposed to avoid the above
case.

Via the analysis of a large amount of test data, the
formalization expression of coupling loss time constant in the
nth stage of CICC can be written as follows!"®..

0,cL’ /R, (1a)

6,1/ f, (1b)
where, L, is the twist pitch at the nth stage, R, is the contact
resistance between strands (sub-cables) at the nth stage, and f,
is the void fraction at the nth stage.

Although in Ref. [18], Nijhuis et al put forward the
qualitative description of coupling loss time constant with
Eq.(1a) and (1b), they did not give a rigorous mathematical
relationship between the coupling loss time constant and
L, /(Re,f;). It is not convenient to calculate coupling loss time
constant. In this paper, a quantitative research on the
relationship is carried out, by which a reliable method can be
provided to calculate the coupling loss time constant in
engineering design.

According to the experiment analysis, it is found that there
is an approximately direct proportional relationship between
the coupling loss time constant #, and L,,z/(Rc,fn). For a precise
mathematical description, it is assumed that the relationship is
linear, as follosv

0,=k(L, | (Re, [, ) +b @

In order to acquire the function of Eq. (2), it is crucial to
determine the constant terms & and b. In this paper, the least
square method is adopted to dispose the problem. Through
analyzing the square sum of the least error between the
measurement value of coupling loss time constant and the
calculation value by Eq. (2), the constant terms k and b can be
obtained. Given that the error between the actual measurement
result 6; and the calculation value x; is E, there is the following
expressions (in a specific calculation process, the analysis
calculation value x; is used to replace L,/(Rc,f.)).

E:ﬁ(@—kxl.—b)z 3)

Eq. (4) and (5) can be obtained in the following by the first
order differentiation and the second order differentiation of the
constant terms & and b in Eq. (3), respectively.
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From the above formula, it can be found that Eq. (5)
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including the second derivative of the constant terms k and b
is positive, which means that the error in Eq. (3) has a
minimal value. So, it can be obtained that Eq. (4) is equal to
zero. In order to acquire the values of the constant terms & and
b, the following matrix Eq. (6) needs to be solved.

N N k iaxi
_ | =1

dx Yy,

i;l P i ! ©6)
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In Eq. (6), the values of the constant terms k and b can be
obtained with N test values (6,), and the coupling loss time
constant in Eq. (2) can be achieved.

1.2 Calculation model of the twist pitch (cabling sequence
ratio)

Once the constant terms k£ and b in Eq. (2) are determined,
the three important variables in Eq. (2): the twist pitch at
every stage, the contact resistance and void fraction are
required for further study. The specific model with cabling
sequence ratio is given in the following.

To describe the cabling sequence of CICC, the cabling
sequence ratio (R) can be defined as the twist pitch at the nth
stage divided by the twist pitch at the n-1th stage of the
conductor.

R=L,/L,, (7

The computation analysis of CICC conductor with different
cabling sequence ratios shows that the coupling loss time
constant is not only connected with the cabling sequence ratio
of each stage, but also with the average cabling sequence ratio
of CICC conductor. To some degree, the coupling loss time
constant should be calculated and interpreted by average
cabling sequence ratio (R,y,).

N§71 Li+1

- L
R,,=——— 8
"N -1 ®

Therefore, the twist pitch L, in Eq. (2) can be given by
Eq. (7) or (8).
1.3 Calculation model of the contact resistance and void

fraction with strain

In general, the contact resistance is estimated by the test
result and its value is not accurate. In this paper, the contact
resistance is expressed by strain (from electromagnetic force
cycle).

In order to get a more accurate description, the model of
strain is introduced in the following.

=yt Byt By 9)
where, &, is the thermal strain caused by the different
coefficients of thermal expansion in the composite, &, is
running strain from the periodic electromagnetic force (IXB),
and &, 1S strain stemmed from deformation in the fabrication
process. In the Eq.(9), &, and &, are the main strains of
conductor. In the operating life of conductor, &, only exists in
the cooling process from the room temperature (293 K) to the

operating temperature (4.2/4.5 K). However, in the operating
period, the conductor will suffer several thousand periodic
electromagnetic forces (I*B), which leads to strain &,,, and it
determines the performance of the conductor with large
operating current (about 49 kA) and the high magnetic field
(about 12 T). Apart from the average thermal strain (axial
strain) given in Ref. [19], the strain mainly refers to the
electromagnetic force in the paper.

According to Ref. [20], the strain as a function of operating
current and magnetic field strength (/XB) in the conductor is
plotted in Fig.1.

It can be seen from Fig.1 that strain is approximately
linearly dependent on Lorentz force (IxB). In fact, the
mathematical between
electromagnetic force is expressed by the following Eq. (10)
and (111",

F=IxBxN, (10)

e=F/A=IxBxNg/d’ (11)
where, I is the operating current in the strand, and Ng is the

model  relation strain  and

number of strands. Obviously, IxNs is the operating current
(I,p) in the conductor. B is the magnetic field strength, and the
maximum magnetic field strength (B,,,,) will be adopted when
calculating the electromagnetic force. d is the diameter of
conductor, and d” is on behalf of the cross-section area of the
conductor. In theory, Eq. (10) and (11) roughly explain the
linear relationship between the strain and the electromagnetic
force of conductor.

From above description, it can be known that strain is
formed by the electromagnetic force and closely related to
electromagnetic load
mathematical model of the contact resistance and the strain,
the relationship between the
electromagnetic force cycle should be studied. According to a

cycle. In order to obtain the
contact resistance and

large number of experiment results, the mathematical
expression of the contact resistance with strain (simulated by
the electromagnetic load cycle) can be summarized as
Eq. (12).

Strain/%
&
[@))

200 400 600 800
IXB/KN'm’

Fig.1 Best fitting curve of the relation between the strain (&) and the

periodic electromagnetic force (I%B)
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T

R.=R_,+R,(I-exp ) (12)

&cn gen0

where, R, is the initial value of contact resistance without
strain, R, is the deviation of contact resistance, T is the
number of electromagnetic force cycle which the conductor
will subjected to and 7 is the number of cycle, in which the
contact resistance is attenuated to 0.632 R.co. Recnoand R, can
be obtained by the interpolation method based on test data of
the contact resistance between strands (sub-petals or
inter-petals) in different conductor samples!*"*.

Similarly, the mathematical model of void fraction with

strain can be obtained based on the experiment data.
T

Fou= o+ fyexp (13)
where, f;.n0 is the initial value of void fraction without strain, £,
is deviation of void fraction, 7 is the number to cycles, in
which the void fraction is attenuated to 0.632 f;..o. fieno and fy
can also be gotten by the interpolation method according to
experiment data of different conductors.

Based on the above model, the contact resistance and void
fraction in Eq. (2) can be given by Eq. (12) and (13),
respectively.

2 Results and Discussion

2.1 Analysis of the contact resistance and void fraction

In order to analyze the effect of strain on the contact
resistance and void fraction, different electromagnetic load
cycles (1~4000 cycle which conductors will suffer in their
operating life) are applied to simulate the corresponding strain
effect. According to operating current and the maximum
magnetic field strength, the electromagnetic load of about 600
kN/m is adopted to calculate the contact resistance and the
void fraction of conductor.

For the computation of the contact resistance and the void
fraction, the CICC pattern of CSMC (central solenoid model
coil) on CFETR is shown in Table 1. The conductor will exist
in a severe environment with a maximum magnet field of
about 12 T (B,,,) and a maximum operating current of about
49 kA (I,,), and the Lorentz force is about 600 kN/m. The
contact resistance between strands (sub-petals or inter-petals)

Table 1 CICC pattern of CSMC on CFETR

Conductor structure (2SC+1Cu)*x3x4x4x6
Strand diameter/mm 0.83
Number of superconducting strand 576
Number of copper strand 288
Operating current, /o/kA 49
Maximum magnet field strength, Bua/T 12
Li/mm 25
Lr/mm 49
Twist pitch Li/mm 89
Lymm 160
Ls/mm 462

Void fraction/% 32.5

can be calculated by Eq. (12). The result of contact resistance
versus cycle is shown in Fig.2, in which the test value is from
Ref. [23].

Fig.2 indicates that the contact resistance increases with the
load cycle. The change of contact resistance between strands
(inter-petals) is small, and the change in contact resistance
between sub-petals (2", 3", 4™ stage) is big. The difference of
contact resistance may be related to strand contact conditions
(indentation), sub-cable deformation and filament fracture
under the corresponding strain (by different electromagnetic
load cycle).

It can also be found from Fig.2 that the contact resistance
calculated by the method in this paper is close to the test value.
In some degree, the model can be used for engineering
calculations.

At the same time, the value of void fraction computed using
Eq. (13) is shown in Fig.3, which reveals that the void fraction
decreases slightly with the load cycle. Although the trend
between the calculation value and test value is slightly
different, the error between them is acceptable.

2.2 Analysis of coupling loss time constant
Coupling loss time constant as a function of electromagnetic

W
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Fig.2 Contact resistance of strands (sub-petals or inter-petals) as a

function of electromagnetic load cycle
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Fig.3 Void fraction as a function of load cycle calculated by Eq.(13)
and test value
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load cycle, which is calculated by Eq. (2), is shown in Fig.4.

According to the values of calculation and test in Fig.4,
coupling loss time constant calculated by the method in this
paper decreases by 7 ms in the range between 1 to 4000
electromagnetic load cycles, which is in good agreement with
the test value. However, Gandalf and traditional methods!'®'”
in Fig.4 hardly take into account the strain effect from
electromagnetic load cycle, and they only give the coupling
loss time constant of the no-load cycle, which is shown as the
initial value in Fig.4.

In order to calculate the coupling loss of CICC shown in
Table 1, the change rate of external magnetic field is set to 0.8
T/s based on the practical engineering operation requirements
of CS in CFETR. The coupling loss of calculation and test
result are shown in Fig.5.

From Fig.5, it can be seen that coupling loss decreases with
load cycle. In the range between 1 and 100 cycles, it decreases
rapidly with the cycle, and then, it presents a relatively flat
trend. Compared with the calculations of Gandalf and

[16,17]

traditional method , the coupling loss calculated by the

model in this paper confirms the test value.
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Fig.4 Coupling loss time constant as a function of cycle calculated
by Eq.(2), Gandalf and traditional method and test value
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Fig.5 Coupling loss as a function of cycle calculated by the method

in this paper, Gandalf and traditional method and test value

3 Conclusions

1) Considering the strain effect on the coupling loss time
constant of the Nb;Sn-base conductor, an analysis method of
coupling loss time constant is proposed by combining the
cabling sequence ratio, contact resistance and void fraction.
On the basis of mathematical expression of the contact
resistance and the void fraction, the coupling loss time
constant can be calculated.

2) Different electromagnetic load cycles result in discrepant
coupling loss time constants. The electromagnetic load cycle
can reduce the coupling loss time constant, which indicates
that strain (led by electromagnetic load cycle) can cause the
strands slippage and local deformation in CICC.

3) Compared with Gandalf and the traditional method, the
calculation error using the combination of the cabling
sequence ratio, the contact resistance and the void fraction
with strain is smaller, and close to the measured results.
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