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A B S T R A C T   

Thermodynamic optimization is carried out to minimize the refrigeration work of gas-cooled current leads at a 
current level of 10–30 kA for superconducting magnets at 20 K. The binary HTS lead is a serial combination of 
REBCO (rare-earth barium copper oxide) tapes as cold part and copper conductor as warm part. In gas-cooled 
leads, liquid nitrogen is not used, but cold helium gas is supplied for forced-flow cooling through the channel 
between spiral fins of copper conductor. A special attention is paid to the conditions of gas-cooling, which can be 
integrated with a closed refrigeration cycle without any heat intercept or boil-off loss of liquid. The input power 
for refrigeration is rigorously calculated with the temperature-dependent properties of conductors. When a safety 
margin is selected on the critical current of REBCO, it is proven that there exists a unique optimum in the cooling- 
gas temperature and the dimensional size of copper conductor to minimize the required work for refrigeration. 
The results are compared with the optimized cases of conduction-cooled and vapor-cooled binary leads for 20 K 
magnets. The details of optimization procedure and design data are presented for practical application.   

1. Introduction 

The optimization of current leads is a significant thermodynamic 
subject for efficient refrigeration of superconducting systems [1–3]. The 
optimized leads are especially important in high-field magnets, because 
the large-current leads are a major source of cryogenic cooling load. 
Over decades, it has been verified that the input power for cryogenic 
refrigeration could be minimized by optimization, taking into consid-
eration the thermo-electric properties of conductor materials and the 
cooling configuration [4–6]. Copper (Cu) is an excellent conductor at 
cryogenic temperatures, and therefore the most common lead material. 
Lately, HTS (high temperature superconductor) is used as the cold part 
of binary (HTS + Cu) leads [7–27] to take advantage of its low thermal 
conductivity. The recent success of second-generation REBCO (rare- 
earth barium copper oxide) tapes has expanded a new horizon of reliable 
lead material [12,15,17,21–25] as well as the conductor of HTS 
magnets. 

This study is motivated by a five-year (2022–26) governmental 
project to develop the core technologies of high-field HTS magnets over 
20 T, aiming at the immediate and practical application, for example, to 
nuclear fusion, NMR (nuclear magnetic resonance), or large accelerator 

magnets. In these emerging HTS systems, the current level is typically 
over 10 kA, and the operating temperature is expected to be around 20 
K, considering the compactness and efficiency at the same time [28]. 
Towards the application, this paper begins with a variety of cooling 
options in the current leads for HTS magnets at 20 K, and proceeds to a 
comprehensive optimization of 10–30 kA gas-cooled leads with REBCO 
tapes. 

Fig. 1 shows schematically five different options in conductor ma-
terial and cooling configuration. Fig. 1(a) is the simple case of 
conduction-cooled Cu lead. The optimization principle is straight and 
clear, as derived earlier [4–6] to minimize the heat flow to cold end. 
There exists an optimum for the lead parameter (LI/A) or the product of 
conductor length and current density to keep a balance between thermal 
conduction and Joule heating. The minimum work for refrigeration 
could be a criterion for comparing different options from thermody-
namic point of view, as demonstrated later. 

Heat intercept or multi-stage cooling is an effective method to reduce 
the input power for refrigeration [1,4–6,9,29]. Fig. 1(b) shows a two- 
stage conduction-cooled Cu lead. The work for refrigeration can be 
considerably reduced by heat intercept at an optimal location and 
temperature. Fig. 1(c) shows a conduction-cooled binary (REBCO + Cu) 
lead with heat intercept at the joint of two conductors [8,9]. The upper 
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Cu part could be optimized by itself, while the lower REBCO part should 
be designed with a safety margin to the critical current of REBCO tapes. 
The conduction-cooled binary leads are suitable for low-current (typi-
cally under 1 kA) systems, as conveniently integrated with commercial 
cryocoolers (based on Stirling, Gifford-McMahon, or pulse-tube cycle) 
[10] with a refrigeration capacity up to a few hundred Watts at 20–80 K. 

In most binary leads for high-current systems at 4–5 K, Cu conductor 
is vapor-cooled, as shown in Fig. 1(d). The joint is cooled by liquid ni-
trogen and the boil-off vapor flows along the Cu conductor for convec-
tive cooling. The same configuration may be applied to high-current 
systems at 20 K as well. The vapor-cooled leads can be quickly designed 
with the assumption that the convective heat transfer is perfect or the 
temperatures of vapor and conductor are same at any axial location [2]. 
The assumption of perfect heat transfer is difficult to realize in practice, 
but a variety of design efforts have been made for effective convection 
with extended surface (such as spiral fins [14,17,18,25,27,30–32] or 
pierced sheets [11,20]) or flow control (such as flow agitators [4] and 
tortuous passages [20,23,24]). It was reported in [31] how the actual 
convection heat transfer affects the optimization in terms of dimen-
sionless variable in liquid-helium or liquid-nitrogen systems. 

Lately for high-current systems, a number of 10–30 kA gas-cooled 
binary leads have been developed [13–16,17,18,23–27], as shown in 
Fig. 5(e). The gas-cooled leads have a similar configuration with the 
vapor-cooled leads in a sense that the REBCO tapes are conduction- 
cooled and the Cu conductor is convection-cooled. The main differ-
ence is that cold gas is supplied for forced-flow by a refrigerator, 
therefore the joint temperature may be different from liquid-nitrogen 
temperature (77 K). It is also noted that the flow rate and inlet tem-
perature of cooling gas can be independently selected in gas-cooled 
leads, while the boil-off rate is basically determined by the heat flow 
to liquid in vapor-cooled leads. One of the motivations to employ the 
gas-cooled leads is the possible integration with helium Brayton refrig-
erator [34] towards a fully closed system without any liquid supply or 
boil-off loss. 

Although numerous recent efforts have been reported to design, 
fabricate, and experimentally test the gas-cooled leads mainly for 4–5 K 
magnets, the details of technical information or optimized data are 
barely available for 20 K leads, so far as the authors are aware. This 
study is proposed to rigorously investigate the thermal characteristics of 
gas-cooled current leads with contemporary REBCO tapes. In particular, 

Nomenclature 

A Cross-sectional area [cm2] 
Cp Specific heat of He gas [kJ/kg-K] 
Ch Convective heat transfer (Chang) number 
D Diameter of conductor [cm] 
d Hydraulic diameter of cooling channel [cm] 
h Convection heat transfer coefficient [W/m2-K] 
I Operating current [kA] 
i Specific enthalpy [kJ/kg] 
k Thermal conductivity [W/m-K] 
L Axial length of conductor [m] 
L0 Lorenz number [W⋅Ω/K2] 
ṁ Mass flow rate of He gas [kg/s] 
N Number of REBCO tapes for stack 
P Perimeter of cooling channel [cm] 
p Fin pitch [mm] 
Pr Prandtl number of He gas 
Q̇ Heat flow [kW] 
Re Reynolds number of He gas 
s Specific entropy [kJ/kg-K] 
T Temperature [K] 

t Fin thickness [mm] 
Ẇ Work rate or power [kW] 
x Axial distance from cold end 

Greek letters 
ηf Fin efficiency 
μ Viscosity of He gas [Pa⋅s] 
ρ Electrical resistivity of conductor [Ω⋅m] 

Subscripts 
1 REBCO tape 
2 Cu conductor 
e Exit of He gas or effective perimeter 
f Fin 
g He gas 
H Warm end of Cu 
i Inlet of He gas or inner diameter 
J Joint of REBCO and Cu 
L Cold end of current lead 
o Outer diameter 
rev Reversible  

Fig. 1. Five different options of current leads for superconducting magnets at 20 K.  
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it is intended to examine the thermodynamic nature of two refrigeration 
requirements (i.e. the cryogenic refrigeration of REBCO at 20 K and the 
continuous convective gas-cooling of Cu), and to devise an optimization 
scheme applicable to 10–30 kA leads for emerging high-field HTS 
magnets at 20 K. 

2. Analysis and optimization 

2.1. Formulation 

The configuration of a gas-cooled current lead for 20 K magnets is 
schematically shown in Fig. 2. The cold end of REBCO tapes is main-
tained at 20 K, and Cu conductor is convectively cooled by the forced- 
flow of He gas from the joint at TJ to the warm end at 300 K. In 
steady state, the energy balance equation is 

d
dx

(

k1A1
dT1

dx

)

= 0(0 ≤ x ≤ L1) (1)  

for REBCO tapes, assuming that there is no heat generation, and 

d
dx

(

k2A2
dT2

dx

)

+
ρ2I2

A2
− hPe

(
T2 − Tg

)
= 0(L1 ≤ x ≤ L1 + L2) (2)  

− ṁCp
dTg

dx
+ hPe

(
T2 − Tg

)
= 0(L1 ≤ x ≤ L1 + L2) (3)  

for Cu conductor and He gas, respectively. Throughout the paper, the 
subscripts 1, 2, and g denote REBCO tapes, Cu conductor, and He gas, 
respectively. The axial distance, x, is measured from cold end, and A and 
L are the cross-sectional area and axial length of conductors, respec-
tively. ρ and k are the electrical resistivity and thermal conductivity, 
respectively, and hPe is the product of convection heat transfer coeffi-
cient and effective perimeter, as described later. 

Two boundary conditions are given as the end temperatures. 

T1(0) = TL = 20 K (4)  

T2(L1 + L2) = TH = 300 K (5)  

The inlet temperature of He gas is an important design parameter. 

Tg(L1) ≡ Tgi (6)  

A good connection of REBCO and Cu is crucial for electrical and thermal 
conduction as well as for mechanical strength. For simplicity, it is 
assumed that temperature is continuous and the resistive heating is 
negligibly small at the soldering joint. 

T1(L1) = T2(L1) ≡ TJ (7)  

k1A1
dT1(L1)

dx
= k2A2

dT2(L1)

dx
(8)  

There is no extra heat intercept at the joint, but only the Cu conductor is 
convectively cooled by He gas. 

From thermodynamic point of view, there are two distinct re-

quirements for refrigeration in order to maintain the system at steady 
state: (1) the removal of thermal load at TL = 20 K and (2) the contin-
uous cooling of He gas from Tge back to Tgi. By combining the first and 
second laws of thermodynamics [1], the input power (work) for refrig-
eration is derived. 

Ẇ ≥ Ẇrev = Q̇L

(
TH

TL
− 1

)

+ ṁ[(ii − ie) − TH(si − se)]

=
k1A1

L1
(TJ − TL)

(
TH

TL
− 1

)

+ ṁCp

(

Tgi − Tge − TH ln
Tgi

Tge

)

(9)  

where TH is the ambient temperature (300 K) where heat is rejected, and 
i and s are the specific enthalpy and entropy of He gas, respectively. Ẇrev 
is the reversible work for refrigeration [1], where the term “reversible” 
means that there is no entropy generation in the process. The second 
term of right-handed side in Eq. (9) is the difference of flow availability 
(or exergy) between inlet and exit of He gas, and it is assumed that the 
effect of pressure drop on refrigeration is negligible. The specific heat of 
He (Cp) is nearly constant over 20–300 K at a moderately low pressure 
(<1 MPa) [33], but the thermal conductivity of REBCO tapes (k1) should 
be averaged for accuracy between TL (20 K) and TJ. In practice, modified 
Brayton cycles should be employed for this refrigeration [34], and the 
state-of-the-art turbo-Brayton refrigerators have a value of FOM (figure 
of merit or so-called percentage Carnot) around at 0.20–0.25 [34–36]. 
The key point here is that even though the actual input power may be 4 
or 5 times greater than the reversible work, the current leads could be 
optimized so as to minimize the reversible work. 

2.2. Properties of conductors 

REBCO tape is a thin composite material, and many different prod-
ucts are now commercially available from several manufactures. As 
recommended for current-lead application by SuNAM [37], an example 
of the cross-section is shown in Fig. 3. The apparent axial thermal con-
ductivity, k1, is an area-weighted average of component materials, 
which is approximately 90–170 W/m-K at 20–100 K. As mentioned 
above, the heat flow through the stacks of REBCO tapes (Q̇L) in Fig. 2 can 
be calculated with temperature-averaged k1 between TL (20 K) and TJ 
from Eq.(1). 

The superconducting properties of REBCO tape are provided by 
manufacturers as well. For the tape in Fig. 3, the critical temperature 
(TC) is 92 K, and the self-field critical current at 77 K is 150 A. Since the 
REBCO temperature is highest at the joint, the critical current at TJ will 
play an essential role in this optimization. As discussed later, the joint 
temperature is in the range of 50–80 K, and the linear model is a good 
approximation for IC as a function of TJ. 

IC(TJ) ≈ IC(77 K)⋅
(

TC − TJ

TC − 77

)

= 10(92 − TJ) [A] (50 K ≤ TJ ≤ 80 K)

(10) 

Copper is a widely used metal for cryogenic current leads. Thermal 
conductivity (k2) and electrical resistivity (ρ2) of pure Cu are strongly 
dependent on RRR (residual resistivity ratio) at temperatures below 

Fig. 2. Configuration of a gas-cooled current lead with REBCO tapes and spiral-fin Cu conductor.  
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100 K [38–40], as shown in Fig. 4. In general, small RRR is preferred for 
low thermal conductivity, while large RRR is preferred for small elec-
trical resistivity. In case of a perfect Wiedemann-Franz material, the 
product of k and ρ is constant, regardless of RRR. For Cu, however, there 
is some deviation from the Wiedemann-Franz law, and the temperature- 
dependent properties are numerically incorporated into analysis and 
optimization. 

2.3. Convection heat transfer and effective perimeter 

In many vapor-cooled or gas-cooled leads for large current over 10 
kA, Cu conductor with spiral fin has been used to augment the 
convective cooling [14.17,18,25,27,30–32]. The spiral fin is machined 
around a cylindrical rod so that the He gas flows helically along rect-
angular cooling channel. The hydraulic diameter of the rectangular 
channel is given by 

d =
2(Do − Di)(p − t)

(Do − Di) + 2(p − t)
(11)  

where Do, Di , p, and t are the outer and inner diameter, axial pitch, and 
thickness of spiral fin, respectively, as indicated in Fig. 2. Assuming that 
the inertial (centrifugal) effect of He flow is negligible, the convection 
heat transfer coefficient can be calculated from the Colburn equation for 
non-circular ducts [41]. For turbulent flow in the rectangular channel, 

h = 0.023
kg

d

(
4ṁ

μ[(Do − Di) + 2(p − t) ]

)0.8 ̅̅̅̅̅
Pr3

√
(12)  

where μ and Pr are the viscosity and Prandtl number of He gas, 
respectively, and the term in parenthesis is the Reynolds number (Re). 
The effective perimeter is defined by 

Pe = P
[

1 −
Pf

P
(
1 − ηf

)
]

=
π
2p

[
2Di(p − t) +

(
D2

o − D2
i

) ]
[

1 −
D2

o − D2
i

2p(Di − 2t) +
(
D2

o − D2
i
)
(
1 − ηf

)
]

(13)  

where P is the total perimeter of cooling gas at an axial location and Pf is 
the perimeter of fin or extended surface, as derived earlier by Chang 
et al. [31]. The fin efficiency, ηf , for radial fin is calculated with an 
explicit expression of modified Bessel functions [31,41]. 

2.4. Design parameters and numerical method 

A number of specifications and properties are involved in this anal-
ysis and optimization. Two end temperatures are fixed in Eq.(4) and (5) 
as boundary conditions, and the operation current, I, is specified in the 
range of 10–30 kA. The material properties are needed for the apparent 
k1 and IC of REBCO tape and the RRR value of Cu. 

In order to solve the systems of equations, six design parameters 
should be given, including four geometric factors of conductors (L1, A1, 
L2, A2) and two gas cooling factors of He (Tgi, ṁ). The cross-sectional 
area of REBCO stack is determined by the superconducting capacity of 
stacked tapes. As no resistive heating is assumed in Eq.(1), the optimi-
zation is subject to a constraint 

I ≤ N⋅IC(TJ) (14)  

where N is the number of REBCO tapes and Ic is the critical current of 
single REBCO tape at TJ. In theory, the thermal load at TL could be 
smallest with the minimum N (or the minimum A1), as demonstrated in 
the optimization of conduction-cooled HTS leads [9]. In practice, how-
ever, the actual N should be determined with a certain safety margin. For 
example, if the leads are designed for operation at 50% level of the 
critical current at TJ., 

N =
I

0.5 × IC(TJ)
=

2I
IC(TJ)

(15) 

Since N is determined, the number of parameters is now reduced to 
five (L1, L2, A2, Tgi, ṁ) so that Eq.(1)-(3) can be numerically solved with 
these five given values. Since the boundary conditions are imposed at 
two ends, the differential equations should be solved by trial-and-error 
(so-called the shooting) method. The fourth-order Runge-Kutta 
method is used as numerical integration scheme. From the numerical 
solution, the joint temperature (TJ) and the exit temperature of He (Tge) 

Fig. 3. Schematic cross-section of a commercial REBCO tape [37] and apparent axial thermal conductivity as a function of temperature.  

Fig. 4. Thermal conductivity and electrical resistivity of copper as a function of 
temperature [38]. 
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are obtained for Eq.(9) to calculate and minimize the reversible work for 
refrigeration. 

3. Results and discussion 

3.1. Temperature profile and joint temperature 

In order to demonstrate the optimization procedure, the specifica-
tions and properties of 10 kA gas-cooled binary leads are listed in 
Table 1. Among the five design parameters (L1, L2, A2, Tgi, ṁ), the length 
is selected first as L1 = 0.4 m (REBCO tapes) and L2 = 0.6 m (Cu 
conductor). The system of equations is solved numerically to find three 
temperature distributions of REBCO, Cu, and He (T1, T2, Tg) with the 
given values of three parameters (A2, Tgi, ṁ). The fin dimension in 
Table 1 is selected in reference to the previous papers [14.18,25,30–32]. 

The temperature is plotted for REBCO, Cu, and He in Fig. 5 for the 
case of A2 = 8.2 cm2, Tgi = 50 K, ṁ = 0.8 g/s. The temperature profile is 
almost linear for REBCO, but convex downward for Cu. Near the joint (x 
= 0.4 m), He temperature (Tg) is much lower than Cu temperature (T2), 
because of the heavy cooling load at the joint to meet the boundary 
condition, Eq.(8). The temperature difference between T2 and Tg gets 
smaller rapidly and then larger again along the He flow up to warm end. 
As result, TJ and Tge are 70 K and 258 K, respectively. 

For comparison, the dashed and dotted curves are additionally 
plotted in Fig. 5. The dashed curve is the temperature profile of an 
optimized conduction-cooled binary lead shown in Fig. 1(c), and the 
dotted curve is the temperature profile of gas-cooled binary lead with 
“perfect” heat transfer between Cu and He. In the conduction-cooled 
lead, the temperature gradient is zero at warm end. The amount of 
heat intercept in the conduction-cooled lead is determined by the dif-
ference in the heat flow from Cu and the heat flow to REBCO at the joint. 
In case of perfectly gas-cooled lead, temperature is same for Cu and He at 

any axial location, and the temperature gradient at the joint is much 
smaller. 

The same calculation is repeated with various values of Tgi and ṁ, 
and the results are plotted in Fig. 6. The dot in the graphs indicates the 
specific case of Fig. 5. Two graphs in Fig. 6 contain the exactly same 
information, because Fig. 6(a) is a graphic display of TJ = f

(
ṁ,Tgi

)
and 

Fig. 6(b) is a graphic display of ṁ = f
(
TJ,Tgi

)
from one data set. The 

former is regarded as the “operation” standpoint in a sense that the flow 
rate and inlet temperature of He are the actual cooling condition. On the 
other hand, the latter is regarded as the “design” standpoint in a sense 
that the required He flow rate is determined for the intended TJ. Since 
there is one-to-one correspondence between ṁ and TJ, the design 
standpoint is adopted for convenience in this study, so the three design 
parameters are (A2, Tgi, TJ) instead of (A2, Tgi, ṁ) from now on. 

3.2. Optimization of Cu Cross-sectional area and He inlet temperature 

The reversible work for refrigeration is plotted in Fig. 7 as a function 
of Cu cross-sectional area (A2) and He inlet temperature (Tgi) for various 
values of joint temperature (TJ). For a given TJ, there exists a unique 
optimum (indicated by dots) for A2 and Tgi to minimize the reversible 
work. The optimum A2 is the point of balance between heat conduction 
and Joule heating, similarly with conduction-cooled leads. A smaller A2 
results in more work due to excessive Joule heating, and a larger A2 
results in more work due to excessive heat conduction. The existence of 
optimal Tgi was reported earlier in the gas-cooled binary leads for ITER 
magnets [13]. A lower Tgi needs more power due to excessively low 
temperature, and a higher Tgi needs more power due to excessively large 
flow rate. 

In all cases, the reversible work decreases as TJ increases, which 
means that a higher TJ (with the corresponding larger optimum A2) is 
preferred for efficient refrigeration. As TJ increases, on the other hand, 
the required number of REBCO tapes (N) increases in accordance with 
Eq. (15), and the temperature margin for superconductivity becomes 
narrow, affecting the thermal stability and protection against the 
quench. The selection of TJ is therefore a typical engineering decision, 
taking into account the efficiency, the capital cost, the manufactur-
ability, and the operational stability. 

The slope of curves in Fig. 7 has a significant implication in practical 
design. In Fig. 7(a), the curves are relatively steep in the left region of 
optimum, but rather gradual in the right region. This means that any 
under-design in Cu cross-sectional area should be cautiously avoided. In 
Fig. 7(b), on the contrary, the curve is relatively gradual in the left re-
gion of optimum, but steep in the right region. This means that any over- 
design in He inlet temperature should be cautiously avoided. 

The optimal conditions of gas-cooled leads are compared with those 
of conduction-cooled leads. Fig. 8 shows the reversible work as a func-
tion of A2 for gas-cooled and conduction-cooled leads. The overall 
behavior looks similar, but the optimum A2 and the corresponding Wrev 
are much smaller in gas-cooled leads for the same joint temperature and 
conductor length. It can be generally stated that the gas-cooling is su-
perior to the conduction-cooling in terms of thermodynamic efficiency. 

It is interesting to examine the temperature difference between Cu 
conductor and He gas. Fig. 9(a) compares the temperature profile in two 
optimized cases (TJ = 80 K and 50 K), and Fig. 9(b) highlights the 
temperature difference (T2 – Tg) in four cases (TJ = 50–80 K). As noted 
earlier, the temperature difference is large (15–25 K) at the joint (x =
0.4 m), sharply drops to a minimum (6–9 K) around at  x = 0.5 m, and 
then increases gradually to the warm end. Even though the temperature 
levels are different each other for TJ = 50–80 K, the four curves of 
temperature difference are closely overlapped in the middle section of 
gas-cooled Cu (x = 0.6–0.8 m), and disperse towards the warm end, 
depending on TJ. Recalling that the magnitude of convection heat is 
basically proportional to the temperature difference, it can be stated that 
the gas-cooling rate is relatively more active near the joint and the warm 

Table 1 
Specifications and properties of gas-cooled binary leads to demonstrate the 
optimization.  

Specifications Warm end temperature TH 300 K 
Cold end temperature TL 20 K 
Operating current I 10 kA 

Properties Critical current of REBCO IC (77 K) 150 A 
RRR of Cu  50 
Specific heat of He Cp 5.19 kJ/kg-K 

Fin dimension Fin height (Do -Di)/2 3 cm 
Fin thickness t 3 mm 
Fin pitch p 7 mm  

Fig. 5. Calculated temperature profile of REBCO, Cu, and He (A2 = 8.2 cm2, ṁ 
= 0.8 g/s, Tgi = 50 K). 
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end. 
The effect of convective cooling on lead design was discussed earlier 

in terms of a dimensionless number Ch, called the convective heat 
transfer (or Chang) number [31]. The Ch number is an index to indicate 
the relative ratio of convective cooling to Joule heating at an axial 
location of conductor, defined as 

Ch ≡
hPek2A2

I2L0
(16)  

where L0 is the Lorenz number or the product of k2 and ρ2 divided by 
absolute temperature. As noted in Fig. 5, the limiting case of Ch = 0 is a 
conduction-cooled lead (the adiabatic limit), and the other limiting case 
of Ch = ∞ is a “perfectly” gas-cooled lead where the gas and conductor 
temperatures are same at any axial position (the isothermal limit). Since 
the values of Ch number are much greater than unity (10–15) (as pre-
sented in the last section), the gas-cooling is considered to be quite 
effective in these optimized cases. 

3.3. Thermodynamic evaluation 

Fig. 10 compares the reversible work for the five different options in 
Fig. 1. In every case, the dimensional size of conductors and the cooling 
conditions, if any, are optimized at 10 kA. In case of (a) single-stage 

Fig. 6. Joint temperature and He mass flow rate as a function of He inlet temperature.  

Fig. 7. Reversible work for various values of joint temperature: (a) as a function of Cu cross-sectional area with optimized He inlet temperature at the given TJ, (b) as 
a function of He inlet temperature with optimized Cu cross-sectional area at the given TJ. 

Fig. 8. Comparison of gas-cooled and conduction-cooled leads in terms of 
reversible work as a function of Cu cross-sectional area with optimized He inlet 
temperature at the given joint temperature. 
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conduction-cooled Cu, the minimum work is uniquely determined at 
6.09 kW, if the ratio of L/A is optimized. In case of (b) two-stage con-
duction-cooled Cu, the minimum work is 2.51 kW (41%), when the 
dimensional size of two sections and the intercept temperature are 
optimized. The refrigeration work could be considerably reduced by 
adding only one stage of heat intercept at the optimized location and 
temperature. 

A binary lead with HTS conductor enables further reduction in the 
reversible work. In case of (c) conduction-cooled binary (REBCO + Cu), 
the minimum reversible work is 1.20–2.16 kW (20–35%), when the joint 
temperature TJ = 80–50 K and the cross-sectional area of Cu is optimized 
for L1 = 0.4 and L2 = 0.6 m. Similarly with the gas-cooled leads, the 
selection of TJ is a typical design issue, as discussed above. In case of (d) 
vapor-cooled binary (REBCO + Cu), TJ is fixed at liquid-nitrogen tem-
perature (77 K), and the reversible work is uniquely determined at 1.18 
kW (19%). 

In case of (e) gas-cooled binary (REBCO + Cu), the reversible work is 
1.05–1.63 kW (17–27 %), as presented in the previous sections. It is 
obvious from the comparison that the gas-cooling with TJ = 70–80 K is 
an excellent choice in terms of thermodynamic efficient. It should be 
mentioned again that the heat intercept for conduction-cooling in the 
cases of (b) and (c) is feasible only when the current level is low (under 1 

kA) and that the vapor-cooling requires a sufficient size of liquid 
container and the continuous liquid supply. For a high current over 10 
kA, the gas-cooling of binary leads could be a reasonably good option in 
efficiency as well as in feasibility to realize the closed-cycle refrigeration 
in practice. 

3.4. Design data of 10–30 kA Gas-Cooled leads 

As summary, some design data are presented for 10–30 kA gas- 
cooled leads, as listed in Table 2. For a specified I, three parameters 
should be selected for L1, L2, and TJ. Generally speaking, L1 may be 
suggested in 0.3–0.4 m, because any longer one has only a minor effect 
in reducing the cooling requirement. On the other hand, L2 is directly 
related with the optimal conditions and should be carefully and itera-
tively selected. TJ may be suggested in 50–80 K. The total length (L1 +

L2) is 1 m in all cases of Table 2. 
With three parameters, A1 (or N) is determined by Eq.(14) and (15), 

and A2 (or Di) and Tgi (or ṁ) are uniquely optimized from the numerical 
results. The details of gas flow and fin parameters are listed, including 
the fin efficiency (ηf) and dimensionless numbers (Re and Ch). In all 
cases, turbulent flow can be confirmed with Re. It is noted that unlike 
conduction-cooled leads, the optimal condition of gas-cooled leads is not 
simply given by the L2/A2 ratio. At the bottom of Table 2, the reversible 
work for refrigeration is listed in each optimized case. Since the 
reversible work is expressed as sum of two terms in Eq. (9), each value is 
listed as (Cold end) and (He gas). The contribution of cold-end refrig-
eration is only 0.4–3.8% of total work, because of the low thermal 
conductivity of REBCO tapes. 

The effect of pressure drop of He gas flow is mentioned with the 
optimized data in Table 2. The reversible work for refrigeration was 
calculated in Eq. (9) without the pumping power against the pressure 
drop loss. In the spiral fin or other feasible shapes of gas-cooled Cu 
conductor, the pressure drop may be estimated in the range of 30–100 
kPa, depending on the flow rate and geometric conditions. If this is taken 
into account, the reversible work in Table 2 could increase up to a few 
percent. On the other hand, the main point in this study is that the 
pressure drop has only a minor effect on the optimized conditions of gas- 
cooled leads. 

Finally, the selection of L1, L2, and TJ is discussed again with the 
design data in Table 2. In theory, the gas-cooled leads can be optimized 
for “any” values of L1 and L2, but the three cases of (0.40 + 0.60) m, 
(0.35 + 0.65) m, and (0.30 + 0.70) m are presented here for 10 kA, 20 
kA, and 30 kA, respectively. As a matter of fact, these values have been 
selected after a number of trials with practical design consideration. The 
main reason for selecting the longer Cu length at higher current is to 

Fig. 9. Temperature profile of REBCO, Cu, and He gas when TJ = 80 K and 50 K, and highlighted temperature difference between Cu and He (optimized He inlet 
temperature and optimized Cu cross-sectional area for the given joint temperature). 

Fig. 10. Thermodynamic comparison of the five different options for 10 kA 
current leads in Fig. 1. 
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provide more cooling surface and avoid an excessively large flow rate of 
He gas. The table shows quantitatively how much the required work can 
be reduced, as TJ increases. On the other hand, as TJ increases, both the 
required number of REBCO tapes and the diameter of Cu conductor 
dramatically increase as well, which could bring more difficulty in 
fabrication for the reliable joint and uniform current density. In addi-
tion, the thermal stability could be worse with higher TJ, as discussed 
above. Among the design data in Table 2, it may be suggested to select a 
relatively high TJ for 10 kA and a relatively low TJ for 30 kA, as indicated 
by gray background. It is noticeable that the Ch number is around 13 in 
the three cases of suggested design. 

4. Conclusions 

A comprehensive thermodynamic optimization is presented for gas- 
cooled binary current leads with REBCO tapes, aiming at the upcoming 
application to high-field HTS magnets at 20 K. The temperature distri-
butions of Cu conductor and cooling He gas are rigorously calculated 
with the temperature-dependent properties and estimated convection 
heat transfer with spiral fin. From the results of numerical analysis, the 
work requirement for refrigeration is calculated for various values of 
design parameters. It is proven that there exist optimal conditions for the 
cooling gas (temperature and flow rate) and the dimensional size of 
conductors to minimize the refrigeration work. The key parameter in the 
design is the joint temperature between REBCO and Cu, which should be 
selected in the range of 50–80 K, taking into consideration the efficiency 
of refrigeration and other practical factors such as manufacturability 
and operational stability. Even though there are a number of important 
technical issues in designing the gas-cooled leads with REBCO tapes for 
10–30 kA application, this optimization could be a theoretical basis for 
the dimensional size and cooling gas conditions. 
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