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Abstract. The segment-fabrication is now being a candidate for design of superconducting helical magnet in the 

helical fusion reactor FFHR-d1, which adopts joint winding of high-temperature superconducting (HTS) helical 

coils as a primary option and the "remountable" HTS helical coil as an advanced option. This paper reports 

recent progress in two key technologies, mechanical joints (remountable joints) of HTS conductors and a metal 

porous media inserted cooling channel for the segment-fabrication. Through our research activities it was 

revealed that heat treatment during fabrication of the joint can reduce joint resistance and its dispersion, which 

can shorten fabrication process and can be applied to bent conductor joint. Also heat transfer correlations of the 

cooling channel was established to evaluate heat transfer performances with various cryogenic coolants based on 

the correlations to analyze thermal stability of joint. 

 

1. Introduction 

The "remountable" high-temperature superconducting (HTS) magnet (here "remountable" 

means being able to mount and demount repeatedly) has been proposed for both tokamak and 

helical fusion reactors [1-4], which is assembled from coil segments with mechanical joints 

(remountable joint) as shown in Fig. 1. The use of HTS materials can allow ohmic heating at 

the mechanical joints because of its high heat capacity and low refrigeration energy at 

relatively high operating temperature (> 20 K). This concept makes it possible to fabricate 

huge and complex superconducting magnet. In addition, advanced maintenance scenario can 

be adopted e.g. accessing inner components such as the blanket and the divertor easily by 

demounting the coil segments or replacing the coil segments failed by neutron irradiation or 

quench. Besides, concept of the joint-winding has been proposed for the helical fusion 

reactor, FFHR-d1, where helical coils are wound by connecting half-pitch or one-pitch 

conductor segments with permanent joints [5-7]. Although the segments are not demountable 

after completing the construction in this concept, it can provide easy fabrication of huge and 

complex helical coils with conventional support structures. Present conceptual design of 

FFHR-d1 adopts the joint-winding of the HTS coil as a primary option of its superconducting 

helical coil [8]. The remountable HTS magnet is also considered as an advanced option in 

anticipation of commercial helical fusion reactors. The aforementioned concepts collectively 

called the segment-fabrication of HTS magnets or the segmented HTS magnets. 

There are typically two important key technologies for the segmented HTS magnets, 

mechanical joints of HTS conductors and local high heat removal at the joint section. This 

paper summarizes recent research and development (R&D) of the two key technologies. For 

the mechanical joints, we introduced heat treatment during fabrication of the joint and it 

successfully reduced joint resistance and its dispersion [9, 10]. Furthermore, we also 
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discussed bending characteristics of the joint for applying curved joints to the helical shaped 

coil [11]. For the local high heat removal, we have proposed a metal porous media inserted 

channel and experimentally evaluated its heat transfer performance with liquid nitrogen 

(LN2) [2, 12]. We newly established heat transfer correlation for the channel utilizing 

experimental data with water and LN2 and predicted heat transfer coefficient of various 

cryogenic liquid coolants needed to discuss thermal stability of joint with the cooling channel. 

 

FIG. 1. Schematic illustrations of the segmented HTS magnets and the mechanical joints. 

2. Remountable Joints 

R&D of remountable mechanical joints is the most important issue for the remountable HTS 

magnet. The mechanical joints are also needed even in the joint-winding, because each joint is 

planned to be inspected by non-destructive testing immediately after its fabrication, then if the 

fabricated joint does not pass the inspection, the joint has to be demounted and a new joint 

will be fabricated instead of the failed joint [7]. We have proposed several types of 

mechanical joint: butt, edge, and lap joints [2, 7]. In these mechanical joints, joint surfaces are 

polished with abrasives and cleaned with ethanol, then pressed together with the indium foils 

inserted in-between. Indium is soft material and it can achieve relatively uniform contact 

pressure distribution to fill gaps on the joint surface for getting large true area of contact. Joint 

performance has been improved significantly for 15 years; the joint resistance decreased to be 

10
5

 times and the applied current increased to be 10
4
 times as large as those at the beginning 

of the R&D [2, 7]. Among the mechanical joints, we successfully developed a bridge-type 

mechanical lap joint of 100-kA-class HTS conductors consisting of simple stacking of Rare-

Earth Barium Copper Oxide (REBCO) HTS tapes embedded in copper and stainless steel 

jackets. The joint achieved a joint resistance of 1.8 n at 100 kA, 4.2 K [6, 7, 13]. If we 

achieve an averaged joint resistance of about 2 n at all joint section in the segmented 

magnet, the electric power required to run the cryoplant is sufficiently lower than that for low-

temperature superconducting magnet without joint section [9]. Although we experimentally 

demonstrated low joint resistance with a bridge-type mechanical lap joint of the 100-kA-class 

HTS conductors, the fabricated joint had straight geometry. Furthermore the joint resistance 

obtained with large-scale conductor joint was still larger than predicted value based on small-

scale conductor joint and dispersed widely due to non-uniform contact pressure distribution 

on the joint surfaces [7]. Based on the aforementioned situation, we newly developed new 

fabrication method of the joint with heat treatment [9, 10] and evaluated bending 

characteristics [11] of the bridge-type mechanical lap joint. 

2.1.Joint resistance reduction by heat treatment 

The real contact area should increase inversely proportional to hardness of contact material 

according to contact theory [14]. The indium inserted between joint surfaces has a low 
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melting temperature of 156.6 C and therefore it soften very much even at ~100 C. Fig. 2 (a) 

shows the experimental set-up for the heat treatment where the joint pressure can be kept 

during the heat treatment. Fig. 2 (b) shows joint resistivity (product of joint resistance and 

joint area) at 77 K for mechanical lap joint of single REBCO tapes as a function of heating 

temperature during the fabrication. The joint resistivity can be reduced by 60% with the heat 

treatment and bake-out processes [9, 10]. We also applied the heat treatment to a bridge-type 

mechanical lap joint of REBCO conductors with three-rows and one-layer. The joint 

resistivity was reduced from 25 pm
2
 to 8 pm

2
 after heating. This means the heat treatment 

is promising to be applied to large-scale conductor joints, which possibly show relatively 

large joint resistance due to variation in quality. 

 

FIG. 2. Joint resistance reduction by the heat treatment during fabrication process of the joint [10]: 

(a) Experimental set-up, (b) Joint resistivity as a function of heating temperature. 

2.2.Bending characteristics 

We evaluated the bending characteristics of a bridge-type mechanical lap joint of 4-mm-wide 

REBCO tapes with indium foils inserted between joint surfaces: joint resistivity and critical 

current as a function of bending strain (tensile strain induced by bending at the joint) applied 

at room temperature [11]. Fig. 3 (a) shows an example of the results of the bending tests for 

joint samples with a joint length of 10 mm. The experimental results showed that critical 

bending strain where joint resistance starts to increase becomes higher with decreased joint 

resistivity and increased joint length. Irreversible tensile strain of the present REBCO tapes 

was reported to be about 0.6% [15] and the critical bending strain for the joint resistivity was 

larger than the irreversible strain in the sample with a joint length of 10 mm and a joint 

resistivity of 4.26 pm
2
 shown in Fig. 3 (a) at least. In the latest design of joint-winding of 

the HTS helical coils, the joint length is 25 mm for each layer of REBCO tape [7] and we also 

plan to apply the heat treatment for its fabrication, which implies that joint has sufficient 

strength against bending. Fig. 3 (b) shows curvature radius of the helical coils for FFHR-d1A. 

The minimum curvature radius of neutral plane of the helical coil is 5.92 m and the thickness 

of the helical coil is 930 mm. Therefore, the minimum radius of inner most conductors is 

about 5.45 m. The thickness of the REBCO tape stacks in an HTS conductor is assumed to be 

5 mm here, and then we obtain 0.046% bending strain in the stacks. The bending strain is 

sufficiently lower than the irreversible strain and critical bending strain for joint resistivity. 

Structural analysis of the helical coil for FFHR-d1A [7] also shows a tensile strain of 0.145% 

induced by electromagnetic forces. The total tensile strain is 0.191%, which is still lower than 

the irreversible strain. The above discussion indicates that we can take fabrication procedure 

"joining-then-bending" if we adopt curved joint to the joint-winding. 
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FIG. 3. Bending characteristics of a bridge-type mechanical lap joint test and radius of curvature for 

the helical coils: (a) Joint resistivity as a function of bending strain and initial joint resistivity [11], 

and (b) The radius of curvature of the helical coil along the toroidal angle in the case of FFHR-d1A. 

3. Heat Removal Techniques 

From a view-point of the refrigeration energy, the mean value of joint resistance at all joint 

section is important to judge the design feasibility. This implies relatively higher joint 

resistance at each joint section is allowed unless the mean joint resistance is larger than the 

acceptable value. However, the acceptable joint resistance at each joint section is also 

determined by thermal stability, which is affected by cooling performance in the joint region. 

Especially, the joint resistance possibly becomes higher in the remountable magnet assembled 

from coil segments due to electromagnetic forces and difficulty of joining the coil segments 

consisting of several hundreds of HTS conductor all at once. A cooling channel with metal 

porous media and cryogenic coolants has been proposed for the situation [2, 12]. Some 

studies [12, 16] reported cooling performance based on experiments using metal-particle 

sintered porous media with different coolants, water and LN2. Although they showed that the 

channels could remove high heat flux using latent heat of the coolants, the heat transfer 

correlation to design cooling system of the magnet has not been discussed yet in terms of wall 

superheat and heat flux. Therefore, in this study, a new correlation for forced convection, 

nucleate boiling and departure from nucleate boiling (DNB) point for metal-particle sintered 

porous media inserted into cooling channel is discussed based on experimental data and 

existing correlations for various cooling channels. 

3.1.Heat transfer correlations for metal-particle sintered porous media inserted into a 

cooling channel 

Boiling curve of water and LN2 experimentally obtained in previous studies [12, 16] are used 

for establishing the heat transfer correlations, in which bronze-particle sintered porous media 

were inserted into cooling channels. We additionally evaluated the boiling curve of LN2 

flowing through the bronze porous media as a function of particle diameter, d, flow rate, G, 

and inlet degree of subcooling of LN2, Tsub, as missing data using the same experimental 

set-up as described in [12]. Fig. 4 (a) shows an example of boiling curve (relationship 

between wall superheat, Tsat, and heat flux, q) obtained in the present study. Heat transfer 

conditions can be categorized into the following three regions; "forced convection region", 

"forced convection nucleate boiling region", and "mixed region of nucleate and film boiling 

region". 

We modified Achenbach’s equation [17]
 
for the correlation of forced convection heat transfer 

in a non-sintered porous channel based on the data for water [16] as the following equation, 
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                     Nud = C (1 −
1

D d⁄
)Red

0.61Pr1 3⁄ (
𝜇bulk

𝜇w

)
0.14

(
𝛼eff

𝛼S

)
0.65

 (1) 

where Nud, Red, Pr, D, w, bulk, S and eff are Nusselt number based on particle diameter, 

Reynolds number based on the particle diameter, Prandtl number, pipe diameter (hydraulic 

diameter), viscosity at wall temperature, viscosity at bulk temperature, thermal diffusivity of 

the porous medium, and effective thermal diffusivity of the porous medium taking volume 

fraction of solid and fluid, respectively. C is constant value related to thermal resistance 

between heat transfer surface and the porous medium: C = 0.6 for the porous medium 

mechanically contacted to the surface and C = 0.9 for the porous medium sinter-bonded to the 

surface. Fig. 4 (b) shows comparisons between heat fluxes derived by Eq. (1) and obtained by 

the experiments with water and LN2 in forced convection region. The modified equation has 

accuracy of range of 40%.  

Generally, heat flux by forced convection nucleate boiling heat transfer is expressed as 

q = hconvTbulk + hboilTsat where hconv and hboil are heat transfer coefficients for forced 

convection and nucleate boiling, and Tbulk is wall-to-fluid temperature difference, 

respectively. We assumed that the effect of forced convection decreases with increasing that 

of nucleate boiling. Furthermore, we modified Chen's equation [18] for pool boiling in a 

smooth tube as nucleate boiling heat transfer, assuming that the influence of wall-superheat 

on the heat flux halves because nucleate boiling occurs both on heat transfer surface and 

inside the porous medium due to thermal conduction. The modified equations for forced 

convection nucleate boiling are, 

 

 

FIG. 4. An example of experimentally evaluated boiling curve and comparisons between heat fluxes 

derived by the correlations and obtained by the experiments: (a) Experimentally evaluated boiling 

curve, (b) Comparison in forced convection region, (c) Comparison in forced convection nucleate 

boiling region, and (d) Comparison in DNB point. 
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                    q = (1 −
ΔTsat,DNB

2
) hconvΔTbulk+hboil (

ΔTsat

2
) , 

                    hboil = 0.00122 (
kL

 0.79
CpL

 0.45𝜌L
 0.49

𝜎  0.5𝜇L
 0.29hLG

0.24𝜌G
 0.24

) (
ΔTsat

2
)

0.24

ΔPsat
0.75

S , 

                    S =
1

1+2.53×10
−6
ReD

1.17
,          ReD=

(1 − 𝜒)𝜌LuD

𝜇L

 

(2) 

where Tsat,DNB, kL, CpL, , L, hLG, L, G, Psat, ReD, u and  are wall-superheat at DNB 

point, thermal conductivity of liquid, isobaric specific heat of liquid, surface tension, viscosity 

of liquid, evaporative latent heat, density of liquid, density of gas, difference in vapor pressure 

corresponding to Tsat, Reynolds number based on pipe diameter (hydraulic diameter), mean 

velocity and vapor quality, respectively. The modified equations shown in Eq. (2) have 

accuracy of range of 40% as shown in Fig. 4 (c). 

For predicting heat flux at DNB point, qDNB, we modified Katto's and Bowers' equations 

[19, 20] for convection boiling for smooth tube. The modified equations are obtained as 

follows, assuming that the porous channel is expressed to have a lot of micro-parallel-channel 

as in "channel model" in the modified equation. 

                 
q

DNB

mhLG

 = 0.0186 (
𝜌G

𝜌L

)
0.133

We0.0976 (
L

de

)
−0.259

, m  =
𝜌LG

A'
,  

               A' = (N×
πde

 2

4
) , N =

D2

πde
 2

/4
×ε,       de=

2

3

𝜀d

1 − 𝜀
  

(3) 

where m, We, L, de, A', N,  are mass flow rate, Weber number, heated length of heat sink 

channel, diameter of micro channel, total cross sectional area of micro channels, the number 

of micro channel and porosity of porous medium, respectively. The modified equation has 

accuracy of range of 30% as shown in Fig. 4 (d). 

3.2.Prediction of heat transfer performance for various cryogenic coolants 

Cooling performance of liquid helium (LHe), liquid hydrogen (LH2) and liquid neon (LNe) in 

a channel with bronze-particle sintered porous media was predicted by using the three 

correlation equations. Fig. 5 (a) shows relationship between volume flow rate and pressure 

drop of each coolant flowing thorough a 12-mm cube of bronze-particle sintered porous 

medium with d = 790 m and  = 26%, which is derived by Ergun's equation [21] estimating 

pressure drop in porous channels. Open and closed symbols correspond to pomp powers of 

0.1 W and 1 W, respectively. Fig. 5 (b), (c) and (d) show boiling curves derived by the 

correlation equations. At the constant pump power and each coolant's saturated temperature, 

LH2 and LNe show almost the same heat transfer coefficient and DNB point. The DNB point 

for LH2 and LNe is about 10 times larger than that for LHe. LNe is the best from the 

viewpoint of chemical stability whereas LH2 is the best from a view point of cost. 

4. Conclusions 

This study addresses development of mechanical joints and a heat removable technique for 

the segmented HTS magnets. We carried out (i) Optimizing fabrication procedure of 

mechanical joints, and (ii) Analyzing heat transfer performance of metal porous media 

inserted channel to be applied to thermal analysis of joint. The developments and discussion 

will be taken into account in design of the segmented HTS magnet. 
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FIG. 5. Predicted heat transfer characteristics for various cryogenic coolants in a 12-mm cube of 

bronze-particle sintered porous medium with a particle diameter of 790 m and a porosity of 26%: 

(a) Volume flow rate vs pressure drop, (b) boiling curve for liquid helium, (c) boiling curve for liquid 

hydrogen, and (c) boiling curve for liquid neon. 
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