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Performance Evaluation of K-DEMO Cable-in-
Conduit Conductors using the Florida Electro-
Mechanical Cable Model

Yuhu Zhai, Keeman Kim, Peter Titus and Thomas Brown

Abstract—The Korean DEMO Tokamak fusion power plant
(K-DEMO) is currently under a preliminary conceptual design
study for its engineering feasibility for steady-state operation. K-
DEMO is planned to have two phases aimed at demonstrate a
reasonable net-electricity (> 300 MW) generation with a
minimum cost while providing a maximum flexibility. Since K-
DEMO plans to use high performance Nb;Sn strands and cable-
in-conduit conductors (CICCs) for the design of its magnet coils,
potential performance degradation of CICCs will be a critical
issue as we have seen in ITER, which is currently under
construction in the south of France. The critical current observed
in most ITER CICC test samples is significantly lower than
expected and the voltage-current characteristic is seen to have a
much broader transition from a single strand to a CICC cable.
We apply Florida Electro-Mechanical Cable Model (FEMCAM)
developed in the past to evaluate the design of K-DEMO CICCs
and provide performance evaluation for K-DEMO CS and TF
modules. FEMCAM combines the thermal bending effect during
cool down after heat treatment and the electromagnetic bending
effect due to locally accumulating Lorentz force during magnet
operation. It also includes effect of strand filament fracture and
related local current sharing observed in SULTAN for ITER for
the cable n-value calculation. The model has been benchmarked
previously against over 40 different CICC tests.

Index Terms—Cable-in-Conduit Conductor, high performance
Nb;Sn strand, Fusion Magnet, K-DEMO.

I. INTRODUCTION

THE Korean DEMO Tokamak fusion power plant is
currently under a preliminary conceptual design study for
its engineering feasibility for steady-state operation. K-DEMO
is planned to have two phases aimed at demonstrate a
reasonable net-electricity (> 300 MW) generation with a
minimum cost while providing a maximum flexibility [1]. Fig.
1 presents a cut-away view of the core arrangement for the K-
DEMO fusion reactor. A magnetic field at the plasma center
higher than 8 T can be achieved by using the currently
available high performance Nb;Sn strands with J,. (12 T, 4.2
K) > 2600 A/mm’. The advanced high J, strands have been
used in cable-in-conduit conductors (CICCs) for the European
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dipole (EDIPO) magnet installed next to SULTAN facility and
recently tested successfully in reaching its designed full field.
Performance degradation of Nb3;Sn CICCs is a critical issue as
we have seen in ITER which is currently under construction in
the south of France. The critical current observed in ITER
CICC tests is significantly lower than expected and the
voltage-current characteristic is seen to have a much broader
transition from a single strand to a CICC cable.

Florida Electro-Mechanical Cable Model (FEMCAM) is
used to evaluate the design of K-DEMO CICCs and provide
performance evaluation for the K-DEMO CS and TF modules.
FEMCAM combines the thermal bending effect during cool
down due to differential thermal contraction and the
electromagnetic bending effect due to locally accumulating
Lorentz force during magnet operation [2]-[3]. The model has
been used previously for evaluating high performance CICCs
made of advanced J, strands for the EDIPO magnet and the
series-connected hybrid magnet currently under construction
at the NHMFL. It also includes strand effect of filament
fracture and related local current sharing observed in
SULTAN for ITER for the cable n-value evaluation.

Fig. 1. The cut-away view of the K-DEMO fusion reactor core arrangement.

II. K-DEMO CONDUCTOR PARAMETERS

A. TF CICC Parameters

K-DEMO Toroidal Field (TF) conductors are graded into
two types of CICC based on the magnetic field distribution on
the TF coils. The high field region TF CICC runs 65.5 kA net
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TABLEI

current using cable of 1800 high J. Nb;Sn strands inside a TE AND CS CICC PARAMETERS

steel jacket. The cable is cooled by forced flow helium in Parameters TE CICC Small TF CS CICC
the 28.1% void space and a helical spiral cooling channel.

Fig. 2 (left) presents the K-DEMO high field TF cicc ~ >7¢  dameter - 082mm 82mmo 982 mm
cross-section. The peak field in the high field CICCs is ~16 J.(12T,42K)  >2600 A/mm’ >2600 ~1050 A/mm’
T. The high field CICC has a rectangular cross section with AJmm’
i0 of 2.2 to reduce a transverse IB/h pressure ~ C°0/¢  No-ofsicstrands 1800 360 o7
an aspect ratio of 2. p No. of Custrands 0 402 288
void fraction 28.1% 27.23% 32.5%
// cabling pattern 3x4x5x6x5 ((2sct2cu)x5  3x3x4x4x6
( 50 x6+7cu)x6
16 cable twist pitch 80x140x190x245  80x140x190 20x45x85x150x355
— x385 x300
Jacket material SS316LN SS316LN SS316LN
3 33 thickness 5 mm 5 mm 5 mm
is
cicc operating current  65.5 kA 65.5 kA 42 kA
peak field 16T 12.1T 1248 T
PE— - S 1B/h 17.8 MPa 29.58 MPa 13.1 MPa
L ) 368
\\ // 200 No vertical lines in table.

Fig. 2. Conductor cross section of K-DEMO TF CICC (left) and the small
TF CICC (right) with a central cooling channel.

load transferred by the cable during magnet operation.

B. Small TF CICC Parameters

The small TF CICC has a square-shape cross section and
using cable of 360 Nb;Sn strands and 402 copper strands as
shown in Fig. 2 (right). Peak field in the small field TF CICC
is 12.1 T. The small TF CICC has ~27.1% void fraction and a
central cooling channel.

C. CS CICC Parameters Fig. 4. The K-DEMO TF (left) and CS (right) CICC test samples.

Due to a general higher number of cyclic loading required
for the CS operation and the potential concern of continuing III. FEMCAM FORMULATION
degradation upon cyclic loading, K-DEMO CS CICCs use a
less advanced OST strand similar to ITER strands with J,
~1000 A/mm*. The CS CICC runs 42 kA current using cable
made of 576 Nb;Sn strands and 288 copper strands twisted
together. It has a rectangular-shape cross section as shown in
Figure 3. The void fraction measured in CS CICC is ~32.5%.

Strain sensitivity of multi-filamentary Nb;Sn strands has
been well known for decades. The idea of J. degradation due
to bending and transverse compression was first introduced by
Ekin in 1980s [4]. FEMCAM previously developed for
modeling CICC performance degradation for the high field
magnets is based on a beam bending formulation of cabled-

// \\ strand under both thermal and locally accumulated Lorentz

R4 loads [4]-[5]. In FEMCAM, cabled strands were assumed to

2 4 WS have a 2D waviness shape simplified from the real multi-stage

! helix in a 3D cable. The model was benchmarked against over

Nk 40 CICC tests and has been used for the evaluation of CICCs
Jacket [T gg using advanced J, strands such as the OST dipole strands for

20 the EDIPO magnet and the series-connected hybrid magnets at

\\\ j NHMFL. The EDIPO magnet was recently tested successfully

in CRPP sitting next to SULTAN facility to reach its designed

Fig. 3. The K-DEMO CS CICC conductor cross section. full field [8].

A. Thermal Bending during Cool Down

D. Conductor Test Samples Thermal bending strain calculation of Nb3;Sn CICCs during

Table I listed the TF and CS strand, cable, steel jacket and o0l down after heat treatment was first introduced in [6],
the CICC design parameters. The transverse pressure on the  paced on Timoshenko beam-column theory [9]. During cool
high field TF and CS CICCs is below 20 MPa (common to down, the steel conduit contracts much more than a strand due
ITER CICCs) but close to 30 MPa on the K-DEMO small o the differential thermal expansion. As a result, thermal
TF CICC. Fig. 4 presents photos of K-DEMO CICC samples  compressive forces on the strands create a large local axial
that have been made for conductor tests. compressive strain as well as a local bending strain on

individual strands. Thermal bending plays an important role in
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CICC performance degradation as we have seen in previous
FECAM benchmark study [2].

B. Electromagnetic Bending under Lorentz Force

Bending strain due to locally accumulated magnetic load is
calculated based on a multi-stage beam bending formulation
initially proposed in [7]. The model formulation was described
as result of strand mechanical interactions within a CICC by
bending of clamped beams and pinching due to contact stress
at strand crossings.

C. Strand Contact and Current Transfer

FEMCAM also includes /. degradation due to transverse
compression on strands at crossing and the effect of filament
fracture for potential irreversible degradation. We assume
filament critical current drops to zero in Ekin’s integration [4]
if filament tensile strain is greater than the strand irreversible
strain limit. We assume full current transfer between strands
and add all current from layer to layer to obtain the average
cable critical current degradation.

D. Axial Thermal Compressive Strain

The axial thermal compressive strain on Nbs;Sn after cool
down is previously believed to be ~0.65% for a stainless steel
jacket CICC. Resent SULTAN experimental studies, however,
showed that the cable in high field zone is strain relaxed inside
the jacket and the thermal compressive strain measured is -
0.35%~-0.45% for ITER tested CICCs [10].

IV. CICC PERFORMANCE EVALUATION

A. High Performance Nbs;Sn Strands

The advanced OST dipole strands with J. ~2600 A/mm? are
used for the K-DEMO TF conductor performance evaluation.
The ITER-type OST strands with J, ~1000 A/mm® are used
for K-DEMO CS CICC evaluation. An assumed 0.15% hoops
strain is included in the TF and CS evaluation. The strand
scaling parameters are listed in Table II [12]-[13]. Additional
input parameters include the strand axial modulus 35 GPa and
a transverse modulus 3.5 GPa. The axial thermal compressive
strain is assumed to be ~0.45% [10]. A bending wavelength of
7 mm and 5 mm is used for the TF and CS CICC respectively,
based on the long and short twist pitch used for TF and CS
cables. The strain sensitivity of OST dipole strand critical
current was shown in Fig. 5 at the TF CICC nominal
condition. Fig. 6 shows strain sensitivity of ITER OST strand
for K-DEMO CS evaluation. Fig. 7 presents J, degradation
due to bending of the OST dipole strand with and without
assumed filament fracture for both no current transfer and full
current transfer cases. It clearly shows the J. degradation due
to bending of the advanced Nb;Sn strands if filament fracture
beyond the irreversible strain limit is introduced in the
analysis. Impact of filament fracture is much less for Bronze
strands with a higher irreversible strain limit. With rapid
advance of wire fabrication technology, the situation will be
greatly improved for internal tin strands in the new few years.

3
TABLE II
STRAND SCALING PARAMETERS FOR K-DEMO CICC EVALUATION
Scali . TF CICC OST CS CICC OST
caling parameters Dipole strand ITER strand
C= 46980 16317/18707
B’ c20max 2928 T 3379 T
T comax 15.94K 16.1 K
Ca, 59.36 44.97
Ca, 2391 0
e0,a 0.309% 0.284%
€m -0.11% -0.09%
p 0.5 0.54
2 2.1
irreversible limit 0.05% 0.3%
oo TF CICC )
’ Y—Summer S.Ib!e
0.8 ~—— Durham
07 —— Twente \
06{OST dipole strand
£ \
Sos
3 | I 075% oty \||
0.4 = « bending strain \
0.3 l
02 axial thermal strain

|
V.

-08 -06 -04 -0.2 0 02 04 06
axial strain (%)

Fig. 5. Strain sensitivity of OST dipole strand for K-DEMO TF CICC
evaluation. The peak total bending strain is ~0.75% for TF CICC
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Fig. 6. The strand strain sensitivity of ITER OST strand for K-DEMO CS
CICC evaluation. The peak bending strain is ~1% for CS CICC strands.

Fig. 7. OST strand bending characteristics with full filament current
transfer (LRL) and no filament current transfer (HRL) for K-DEMO CICC
evaluation. Blue curves show the effect of filament fracture where a
conservative assumption of J. drops to zero is used for filament bending
strain beyond the irreversible limit.
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B. CICC I" Cycle Performance

Table III presents peak bending strains in K-DEMO CICCs
and Table IV presents FEMCAM predicted 1 cycle CICC
performance, where transverse load degradation for the case of
assuming no filament fracture is compared with the case of
assuming filament fracture. The large difference between the
two cases is mainly due to conservative assumption made to
have the J. drop to zero for filaments with bending strain
beyond the irreversible limit.

C. CICC Performance under Cyclic Loading

CICC performance upon cyclic loading is more relevant to
the CS magnet operation where a significant number of EM
load cycles may be expected for the lifetime of K-DEMO. The
excess strain effect previously introduced in FEMCAM
benchmark study for fatigue evaluation can be used here. Fig.
8 presents additional /. degradation vs. the excess strain for
CICCs using the advanced J, strands. The blue curve line
indicates a transition region between little and large addition

TABLE III
STRAND PEAK BENDING STRAIN IN K-DEMO TF AND CS CICCS

bending strain (%)  thermal EM total  excess strain
TF CICC 0.34 041 075 035
Small TF CICC 0.34 037 0.71 0.31
CS CICC 0.29 0.7 099  0.39

degradation upon cyclic loading. The K-DEMO TF CICCs
with an excess strain of ~0.35% is expected to have ~5%
additional degradation upon cyclic loading of TF module. The
CS CICCs has a slightly higher excess strain ~0.39% due to its
higher void fraction, where 5~10% additional degradation is
expected.

D. Modeling of Transition broadening

Recent development of FEMCAM includes modeling of the
transition broadening of CICCs upon EM cyclic loading for
the extreme cases seen in SULTAN tested ITER CICCs to

40
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25 /

little additional
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Fig. 8. Additional degradation against excess strain in CICCs

study conductor irreversible degradation [11]. Fig. 9 shows the
FEMCAM modeled electric field vs. T, transition of ITER
CSIO1 CICC at 1* and after 5000 EM load cycles. The model
included a measured axial compressive strain increase upon
cyclic loading due to high field zone potential cable local
ratcheting [11].

V. CICC DESIGN IMPLICATION
FEMCAM analysis showed that K-DEMO TF and CS

TABLE IV
FEMCAM PREDICTED K-DEMO CICC 1°" CYCLE PERFORMANCE
Performance TF CICC Small TF CICC  CS CICC
Transverse load 16.8/30.8 10.1/22.4 18.3/26.4
degradation (%)
(no fracture/with
fracture)
Cable n-value 9.61/10.7 17.3/19.6 11.7/12.4
Cable Tcs (K) 6.14/6.08 6.54/6.46 6.81/6.74
Excess strain (%) 0.35 0.31 0.39
120
=4=CSIO1 1st cycle
100 4
= -m-CsI01 5keycles /
S s0
2
-}
T 60
&=
2
£ 40
K
w
20
o]
5 5.2 5.4 5.6 5.8 6

Tc (K)
Fig. 9. The E-T characteristic of ITER CSIO1 at 1* and after 5000 cycles
showed reduced current sharing temperature upon cyclic loading due to cable
local ratcheting where more compressive strain is observed upon cycling.
Similar situation can happen for K-DEMO CS CICC using the same strands.

CICCs may have 10-30% /. degradation at the initial load
cycle. The TF CICCs are expected to have 5% additional
degradation with cyclic loading due to the greater than 0.3%
excess strain. The CS CICCs, however, may have a slightly
higher additional degradation due to a higher excess strain as a
result of higher void fraction. The short twist pitch used for K-
DEMO CS CICC is consistent with that used in the most
recent ITER CS CICCs successfully tested.

VI. CONCLUSION

FEMCAM was used to evaluate conductor performance for
the K-DEMO TF and CS magnets using advanced Nb;Sn
strands with bending strain sensitivity. FEMCAM predicted
10-30% I. degradation mainly because K-DEMO high field
TF CICC is in a peak field of 16 T. Higher cable void fraction
in CS CICC resulted a slightly higher fatigue related excess
strain. Although a very small additional /. transverse load
degradation upon EM load cycling is expected for K-DEMO
CICCs, local cable softening due to ratcheting similar to some
ITER CS CICC tests may happen. FEMCAM predicted over
1.5 K temperature margin for the TF and CS conductors
respectively. As K-DEMO is expected to be operating
predominately at 90% of its peak field level, the field
reduction may boost temperature margin ~0.5-0.7 K for the TF
CICCs and ~1 K for the CS CICCs.
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