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The PF Insert Coil is a single layer solenoid coil using a superconducting conductor designed 

for ITER, housed in a Poloidal field coil and installed in the bore of the CS Model Coil. A stability 

test of the conductor will be performed in a magnetic field generated by the CS Model Coil. In this 

test, the inductive heat of an inductive heater attached to the conductor will be applied to initiate a 

normal zone in the conductor. Since the conductor for the PF Insert Coil is a cable-in-conduit 

conductor, it is quite difficult to estimate inductive heating energy theoretically. Thus, the inductive 

heating energy is measured experimentally by the calorimetric method. The heating energy is in 

proportion to a constant multiplied by the integrated square of an applied sinusoidal current wave 

over the heating period. Experimental results show that the proportional constants of the conductor, 

cable, conduit and dummy conductor are 0.138 [J/A2s], 0.028 [J/A2s], 0.118 [J/A2s] and 0.009 

[J/A2s], respectively. The first three denote not only the inductive heating but also the joule heating 

of the inductive heater. The final value denotes joule heating only. Therefore, subtracting the first 

three constants by the last one, the proportional constants of inductive heating generated in the 

conductor, cable and conduit are estimated to be 0.129 [J/A2s], 0.019 [J/A2s] and 0.109 [J/A2s], 

respectively.  
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1. Introduction 

The PF Insert Coil is a solenoid coil using a Poloidal Field (PF) coil conductor for use in the 

International Thermonuclear Experimental Reactor (ITER) [1]. The PF Insert Coil was fabricated by 

the European Atomic Energy Community, shipped to Japan and installed in the inner bore of the 

Center Solenoid (CS) Model Coil at the Naka Fusion Institute of the Japan Atomic Energy Agency 

[2]. The objective of the test is to validate the design and evaluate the performance of the ITER PF 

Coil conductor. The test of the PF Insert Coil is an activity that stems from the preceding ITER 

cooperative phases (EDA, CTA and ITA). The PF Insert Coil conductor is a cable-in-conduit (CIC) 

conductor having 1440 nickel-coated NbTi strands. The conduit is made of stainless steel.  

The inductive heating method is the most suitable for simulating a real perturbation in a 

stability experiment because the conductor can be heated directly without any time delay. However, 

the heat energy deposited in the conductor through inductive heating can not be estimated 

theoretically because of the complicated geometry of the CIC conductor. Thus, the heat energy 

conveyed via inductive heating is estimated experimentally. 

Four samples were prepared to estimate inductive heating energy through the calorimetric 

method under a magnetic field of 6T, a level at which the stability experiment of the PF Insert Coil 

will be performed.  

This report describes the estimated level of inductive heating energy of the PF Insert Coil 

conductor.  
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2. Parameters of the sample conductor 

The PF Insert Coil conductor is a CIC conductor having 1440 NbTi strands and designed for 

use in an ITER PF coil. The strands are cabled in 5 stages. Stainless steel tape is wound around the 

4th stage cable to reduce the inter-strand coupling loss and around the 5th stage cable to prevent any 

damage to the cable during the insertion of the cable into the conduit. There is a spiral tube in the 

center of the cable in order to reduce any drop in pressure of the coolant. The conduit is made of 

SS316LN. Major parameters of the sample conductor are shown in Table 1. Figure 1 shows a 

cross-sectional view of the strand. 

The following samples were prepared for estimating the heating energy.  

 Sample #1: Conductor and inductive heater 

 Sample #2: Cable and inductive heater 

 Sample #3: Conduit and inductive heater 

 Sample #4: Inductive heater alone 

Figure 2 shows the sample conductors, each of whose length is 175 mm.  

Table 1 Major parameters of PF Insert Coil conductor 

NbTi strand 

  Outer diameter 0.73 [mm] 

  Cu/non-Cu 1.41 

  Jc at 5T, 4.2K 2816 [A/mm2]

  Ic at 5T, 4.2K 488.6 [A] 

  RRR 199 

Cable 

  Cabling pattern 3x4x4x5x6 

  Number of strands 1440 

  Final cabling pitch 486 [mm] 

  Central spiral od x id 12 x 10 [mm] 

Conductor 

  Jacket material SS316LN 

  Outer diameter 50.3 [mm] 

  Inner diameter 38.3 [mm] 
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Fig. 1 Cross-sectional view of the strand for the PF Insert Coil conductor 

Conductor + IH Conduit + IH Cable + IH
IH alone

Resistive heater

Fig. 2 Sample conductors for calibrating inductive heating energy 

3. Experimental facility and methods 

Figure 3 shows a schematic illustration of the experimental facility. The sample conductor is 

installed in an inner cylinder within the bore of a back-up field coil. The inner cylinder is installed in 

an outer cylinder because the gas Helium (GHe) vaporized during the operation of the back-up field 

coil and/or the heat penetration is prevented from reaching the inner cylinder. The GHe vaporized by 

inductive heating is collected in a chamber located above the sample conductor. Since the volume of 

the vaporized GHe is proportional to a decrease in the surface level of liquid Helium (LHe) in the 

chamber, the heat energy deposited in the sample conductor can be estimated by measuring the 

reduction of the LHe level in the chamber. The reduction of the LHe level is measured by a LHe 

level indicator in the chamber. A resistive heater is also installed in the inner cylinder to calibrate the 

relationship between the reduction in the LHe level in the chamber and the input energy.  

Current to the inductive heater, Ih [A], the inductive heating energy, Eh [J] and the heat energy 
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from the resistive heater, Ehr [J], are represented by, 

ftII hph 2sin              (1) 
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Where Ihp [A] and f [Hz] are the amplitude and frequency of the inductive heater’s current, th [s] is 

the heating period, and Ihr [A] and Vhr [V] are the measured current and voltage of the resistive 

heater, respectively. The purpose of this experiment is to estimate the proportional constant, C

[J/A2s], in eq. (2). 

The sample conductor is subjected to a magnetic field of 6 T generated by a back-up field coil. 

The heating period and frequency of the inductive heater’s current were 40 ms and 1 kHz, 

respectively. 

Fig. 3 Schematic illustration of the experimental facility 

4. Experimental results 

Figure 4 indicates the calibration results of the relationship between the heat energy from the 

resistive heater and the reduction in the LHe level. Using these calibrations and the measured 

relationship between the LHe level reduction and the heating factor, the relationship between the 

inductive heating energy and the heating factor may be obtained.  

Figure 5 shows the findings. Inductive heating energy proportionally increases as a function of 

the heating factor for each sample conductor. From these results, the following equations are 
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obtained. 

(1) For the conductor and inductive heater, 

dtIE
t

h h
0

2

138.0              (4) 

(2) For the cable and inductive heater,  

dtIE
t

h h
0

2

028.0              (5) 

(3) For the conduit and inductive heater,  

dtIE
t

h h
0

2

118.0              (6) 

(4) For the inductive heater alone,  

dtIE
t

h h
0

2

009.0              (7) 

These inductive heating energies include not only inductive heat but also joule heat from the 

inductive heater. Therefore, the inductive heat energy deposited in the conductor, cable and conduit 

are calculated by subtracting the joule heat of the inductive heater, with the following results: 

(1) For the conductor,  

dtIE
t

h h
0

2

129.0              (8) 

(2) For the cable,  

dtIE
t

h h
0

2

019.0              (9) 

(3) For the conduit,  

dtIE
t

h h
0

2

109.0              (10) 

From these results, the proportional constants for the conductor, cable and conduit were calculated to 

be 0.129 [J/A2s], 0.019 [J/A2s] and 0.109 [J/A2s], respectively. 
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Fig. 4 Relationship between the heat energy from the resistive heater and the reduction in the LHe 

level 
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Fig. 5 Inductive heating energy as a function of the heating factor 

5. Conclusions 

The inductive heating energy of the PF Insert Coil was estimated in a magnetic field of 6 T 

through the calorimetric method. The heating energy deposited in the conductor, cable and conduit 

was individually calculated. The proportional constants for the conductor, cable and conduit are 

0.129 [J/A2s], 0.019 [J/A2s] and 0.109 [J/A2s], respectively. 
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1021 10-2 c
1018 10-3 m
1015 10-6 μ
1012 10-9 n
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103 10-18 a
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SI 
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rad 1 rad=1cGy=10-2Gy
rem 1 rem=1 cSv=10-2Sv
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1 =1 fm=10-15m
1  = 200 mg = 2×10-4kg

Torr 1 Torr = (101 325/760) Pa
atm 1 atm = 101 325 Pa

1cal=4.1858J 15 4.1868J
IT 4.184J

μ  1 μ =1μm=10-6m

10 SI

cal

(a)SI

(b)
rad sr

(c) sr
(d)
(e)

(f) activity referred to a radionuclide ”radioactivity”
(g) PV,2002,70,205 CIPM 2 CI-2002

CGS SI

a amount concentration
substance concentration

SI 

Pa s m-1 kg s-1

N m m2 kg s-2

N/m kg s-2

rad/s m m-1 s-1=s-1

rad/s2 m m-1 s-2=s-2

, W/m2 kg s-3

, J/K m2 kg s-2 K-1

J/(kg K) m2 s-2 K-1

J/kg m2 s-2

W/(m K) m kg s-3 K-1

J/m3 m-1 kg s-2

V/m m kg s-3 A-1

C/m3 m-3 sA
C/m2 m-2 sA
C/m2 m-2 sA
F/m m-3 kg-1 s4 A2

H/m m kg s-2 A-2

J/mol m2 kg s-2 mol-1

, J/(mol K) m2 kg s-2 K-1 mol-1
C/kg kg-1 sA
Gy/s m2 s-3

W/sr m4 m-2 kg s-3=m2 kg s-3

W/(m2 sr) m2 m-2 kg s-3=kg s-3

kat/m3 m-3 s-1 mol

SI
SI 

m2

m3

m/s
m/s2

m-1

kg/m3

kg/m2

m3/kg
A/m2

A/m
(a) mol/m3

kg/m3

cd/m2
(b) 1
(b) 1

SI
SI

SI SI

( ) rad 1 m/m
( ) sr(c) 1 m2/m2

Hz s-1

N m kg s-2

, Pa N/m2 m-1 kg s-2

, , J N m m2 kg s-2

W J/s m2 kg s-3

, C s A
, V W/A m2 kg s-3 A-1

F C/V m-2 kg-1 s4 A2

V/A m2 kg s-3 A-2

S A/V m-2 kg-1 s3 A2

Wb Vs m2 kg s-2 A-1

T Wb/m2 kg s-2 A-1

H Wb/A m2 kg s-2 A-2

( ) K
lm cd sr(c) cd
lx lm/m2 m-2 cd
Bq s-1

, , Gy J/kg m2 s-2

, ,
, Sv J/kg m2 s-2

kat s-1 mol

SI
SI 

SI 
bar bar=0.1MPa=100kPa=105Pa

mmHg 1mmHg=133.322Pa
=0.1nm=100pm=10-10m

M=1852m
b b=100fm2=(10-12cm)2=10-28m2

kn kn=(1852/3600)m/s
Np

dB       

SI SI

m
kg
s
A
K

mol
cd

SI
SI 

SI
erg 1 erg=10-7 J
dyn 1 dyn=10-5N
P 1 P=1 dyn s cm-2=0.1Pa s
St 1 St =1cm2 s-1=10-4m2 s-1

sb 1 sb =1cd cm-2=104cd m-2

ph 1 ph=1cd sr cm-2 104lx
Gal 1 Gal =1cm s-2=10-2ms-2

Mx 1 Mx = 1G cm2=10-8Wb
G 1 G =1Mx cm-2 =10-4T
Oe 1 Oe   (103/4 )A m-1
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