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Abstract

A new concept of thermal design to optimize the operating temperature of high temperature superconductor (HTS) magnets is
presented, aiming simultaneously at small size and low energy consumption. The magnet systems considered here are refrigerated by
a closed-cycle cryocooler, and liquid cryogens may or may not be used as a cooling medium. For a specific magnet application, the
size of required HTS windings could be smaller at a lower temperature, by taking advantage of a greater critical current density of
HTS. As the temperature decreases, however, the power input to the cryocooler increases dramatically because of the heavy cooling
load and the poor refrigeration performance. Through a rigorous modeling and analysis incorporating the effect of magnet size into
the load calculation, it is demonstrated that there exists an optimum for the operating temperature to minimize the power required.
The optimal temperature is strongly dependent upon the magnitude of AC loss in the magnets and the assistance of heat inter-

ception.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

After the discovery of the high temperature super-
conductor (HTS), its successful fabrication into useful
conductors has promised a great technical advance in
numerous industrial areas, mainly because of the easy
and economical cooling with liquid nitrogen at around
77 K. The commercial application of many HTS mag-
nets, however, requires refrigeration at temperatures
below 77 K, in order to take advantage of a greater
critical current density of HTS and reduce considerably
the size and weight of the system. Power devices such as
HTS transformers, fault current limiters, motors, or
generators [1-4] are some examples.

The cryogenic cooling at temperatures below 77 K
can be conveniently achieved by employing a closed-
cycle cryocooler. Two typical configurations of the
cryocooled HTS magnet system are schematically shown
in Fig. 1. The magnet may be immersed in a bath of
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subcooled liquid nitrogen (or neon) continuously re-
frigerated by a cryocooler (Fig. 1a) or it may be directly
conduction-cooled without any liquid (Fig. 1b). As the
operating temperature of the magnet decreases, both the
refrigeration load of the magnet and the required power
per unit refrigeration at cryocooler increases dramati-
cally. The excessive energy consumption or the degraded
overall efficiency caused by a low temperature operation
could seriously affect its competitiveness with the exist-
ing technology. Thus, the optimization of the cooling
temperature aiming simultancously at compactness and
efficiency is one of the most critical issues in the com-
mercialization of the HTS power devices.

In spite of its significance, only a few studies have
been performed concerning the operating temperature
of HTS magnets. Recently, Iwakuma et al. [2] and Fu-
naki et al. [3] reported the feasibility of an HTS trans-
former in subcooled liquid nitrogen at round 65 K and
the measurement of the AC loss for Bi-2223 windings.
An economic analysis for the HTS power devices have
been presented by Oomen et al. [4] as a preliminary in-
vestigation to exploit the capital investment and the
operational cost for different sizes and operating tem-
peratures. Still these reports have neglected the basic
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Nomenclature
A surface area or cross-sectional area (m?) w power input to cryocooler (W)
d thickness of HTS tape (m) Greek symbols
f frequency of AC magnetic field (Hz) c emissivity
g gravitational acceleration (m/s?) o Stefan-Boltzmann constant (W/(m?K*)), or
! current (A) ield strength (N/m?)
Je critical current density of HTS (A/cm?) y &
k thermal conductivity (W/(m K)) Subscripts
L length of conductor or mechanical support ac AC loss
(m) H warm (room-temperature) vessel
Ly Lorentz number ((W Q)/m?) I heat interception
M mass of HTS magnet (kg) k conduction
0 heat transfer rate (W) L cold HTS magnet
S safety factor of mechanical support 1 current lead
T temperature (K) T radiation
14 volume of conductor (m?) s mechanical support
() ROOM TEMPERATURE CRYOCOOLER thermal characteristics of the magnet and the cryogenic
wrny | E refrigeration.
CURRENT An international collaborative research program di-
LEAD rected to cryogenic systems for HTS power transformers
CRAVITATIONAL is underway at the National High Magnetic Field Lab-
SUPPORT oratory. The project aims at the design of compact and
THERMAL . h
vACUTM N — CONDUCTIVE efficient cryogenic systems for both the Korean power
------- SHEET industry and shipboard application for the US Navy. As
a first step of these efforts, this paper presents a general
and systematic approach to the optimization of HTS
cooling temperature.
SUPERCONDUCTING i The concept of the proposed optimization is graphi-
| VESSEL cally shown in Fig. 2. Since this study is focused on the
thermodynamic aspects of cryogenic refrigeration, it is
pstlieion assumed that the temperature of HTS magnet windings
is spatially uniform, as being simply called the operating
___________________ temperature. When a specific application goal (e.g. 1
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Fig. 1. Schematic configurations of typical HTS magnet systems re-
frigerated by a cryocooler: (a) liquid-cooling, (b) conduction-cooling.

MVA transformer) is given, the operating temperature
of an HTS magnet can immediately affect the conductor
size, because the critical current density of HTS varies
with temperature. At the same time, the magnitude of
cooling load caused by the several thermal or thermo-
electric phenomena will be determined by both the
operating temperature and the size of conductor. The
refrigeration performance of a cryocooler being influ-
enced also by the temperature will finally determine the
power consumption in proportion to the magnitude of
the cooling load. From the viewpoint of steady opera-
tion, the optimal cooling temperature should be found
to minimize the power consumption, which is the main
objective of the proposed investigation. Detailed issues
on the winding design such as the effect of peak magnet
field are beyond the scope of this thermodynamic opti-
mization. A more practical and economic optimization
might include the capital cost and the value of the
compactness (indicated by dotted lines) in addition to
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Fig. 2. Procedure to optimize the operating temperature for compactness and efficiency (solid lines indicate the present investigation).

the energy cost, but it will be also left for individual
applications.

2. Cooling loads with magnet size

In the HTS magnet systems shown in Fig. 1, the
cryogenic cooling requirements are continuously gener-
ated by four different physical mechanisms; thermal
conduction through mechanical supports, thermal ra-
diation, heat through current leads, and AC loss in HTS
magnets. This section describes the models for the
cooling load calculation that includes the quantitative
effect of the operating temperature on the magnet size.

In practical design, it is not easy to determine the
reduction in the size of an HTS magnet when the op-
erating temperature is lowered to a particular level. It is
generally true, however, that the amount of required
HTS windings for a specified magnet goal is inversely
proportional to the critical current density at the oper-
ating temperature, J.(T), if the operating current density
is designed at a certain fraction (e.g. 50%) of J. at the
temperature and other variables are kept constant. In
the following cooling load calculations, we may well
take a simple model that the magnet size is inversely
proportional to J.(7) of HTS.

2.1. Support conduction

The heat conduction through a mechanical support
with constant cross-sectional area, A4, is determined as

Ty
o) =21 / k(T)dT (1)
Ls L

where k(T) is the temperature-dependent thermal con-
ductivity and L; is the length of the support. It should be
noted in Eq. (1) that the magnet temperature, 71, ap-
pears not only at the lower limit of integration but also
in the cross-sectional area, because the supports of a
lighter weight magnet would have a smaller cross-sec-
tional area.

It follows that the cross-sectional area of the support
can be proportional to the magnet mass, M, as
ay(r) = s MU 2

Oy

if the mechanical safety factor, S, is given as a constant
and the yield strength of the support material, oy, does
not vary significantly over the temperature range. Since
the mass of the HTS magnet is inversely proportional to
J.(T1) as assumed above, the temperature-dependence of
the magnet mass can be expressed in terms of the ref-
erence values at liquid nitrogen temperature or 77 K.

Jo(77 K) 5

M(T) = M(TT K)= 5

A careful comparison is advised here between the
mathematical involvement of the operating temperature
in Egs. (1)~(3) and the graphical illustration in Fig. 2.
We expect clearly that as 71 decreases, the temperature
span in the integration in Eq. (1) increases, but the re-
quired cross-sectional area decreases because J.(7) in-
creases.
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2.2. Radiation

The radiation heat transfer to a body at cryogenic
temperature, 7;, from the enclosed surfaces at room
temperature, 7y, can be approximately given by

o(T4{ - T} o(T{ - T}
Qr(TL) _ ( H L) ~ (1 H II:? (4)
1 I—eL _’_L + 1—ey —_— —ti
AL(TL) \ e FLn opdy  GALL) e

since the view (or shape) factor from the cold to the
warm surfaces, Fyy, is very close to unity [5]. 4y and Ay
denote the external surface area of the cold body and the
internal area of the room-temperature surface, respec-
tively, and &’s are the emissivity of the surfaces. In Eq.
(4), the magnet temperature, 7;, is involved explicitly in
the numerator and implicitly in 4, of the denominator.
The temperature-dependence of the external surface
area of the cold body, 41 (71), will be even more com-
plicated in practice, because it is associated with the
detailed design of the HTS windings and the cooling
options. It is assumed in this load calculation model that
the volume of a cold body is proportional to the magnet
size and the external surface area of the cold body has
the two-third power of its volume from a dimensional
consideration for similar shapes. Therefore, the tem-
perature-dependence of A1 is expressed also in terms of
the reference values at liquid nitrogen temperature.

MWKWM )

AL(TL) AL(77 K)|: JC(TL)
The mathematical involvement of 71 in Egs. (4) and (5)
should be noted again with the graphical illustration in
Fig. 2. As Ty decreases, both the numerator and the
denominator of Eq. (4) increases, which means that the
radiation per unit area increases but the external surface
area of the magnet should decrease.

2.3. Current leads

Current leads are the major source of thermal load in
all HTS magnets for power applications. The load is
heat transfer to the cold end of the leads and may be
different to a certain extent by the lead materials and the
cooling methods. When the material is a metal obeying
the Wiedemann—Franz Law and no boil-off gas is used
for cooling as shown in Fig. 1, the size of the leads can
be optimized such that the minimum cooling load per
lead may be a function of the operating current, /, and
the two end temperatures only [6,7].

O(TL) = I/ Lo(Tj; = T}) (6)

where L, is the Lorentz number, 2.45 x 108 (W Q)/K?.
The load due to current leads is directly dependent on
the operating temperature of the HTS magnet, 7;, but

independent of the magnet size itself as indicated in
Fig. 2.

2.4. AC loss

Alternating magnetic fields and transport currents
cause dissipation and this energy dissipation is called
AC loss. The critical-state model [4] predicts that for a
rectangular tape with field parallel to the flat surface the
AC loss per unit volume of conductor depends on the
applied field (B), the frequency of magnetic field change
(f), and the thickness of the HTS tape (d). Since the AC
loss per unit volume is proportional to the critical cur-
rent density in the model when the magnetic field is
greater than the penetration field, the amount of total
AC loss is expected to be principally temperature-inde-
pendent. Therefore, the AC loss can be expressed as

OulTi) = Bfd - V(Tu)(T) = BfdLl (7)

where L is the length of conductor. Eq. (7) is valid when
the HTS tape is oriented parallel to the magnetic field or
the self-field is dominant in the magnet. Fig. 2 also in-
dicates that the AC loss is determined in general by the
critical current density and the conductor volume, being
influenced by the operating temperature. From the
thermodynamic point of view, the AC loss should be
distinguished from other three loads because it is a
dissipation at 7y and has nothing to do with the tem-
perature difference between Ty and T7.

3. Power consumption at cryocooler

All the cooling loads described above should be re-
moved by a cryocooler in order to maintain a steady
state at the operating temperature. Fig. 3 shows sche-
matically the energy balance at the HTS magnet for
single-stage or two-stage cooling. The power consumed
at cryocooler is the object function to be minimized in
this optimization. The power requirement is now esti-
mated from the cooling loads, Q;, and the cryocooler
performance, which should be characterized by the
power input per unit refrigeration, W/Q,, as indicated
in Fig. 2.

3.1. Single-stage cooling

In general, the power per unit refrigeration of a sin-
gle-stage cryocooler that absorbs heat at 7p and rejects
heat at room temperature, Ty, can be expressed as

w 1 Ti
(o (8)
0. FOM_\T.
where FOM| is the figure of merit [§8] or Carnot effi-
ciency of the cryocooler. The term, Ty /7y — 1, in Eq. (8)
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Fig. 3. Energy balance at HTS magnet system: (a) single-stage cooling, (b) two-stage cooling.

is the minimum power per unit refrigeration that can be
obtained when FOM_ = 1 or every process is reversible.
The power required for single-stage cooling can be
generally expressed as a complicated function of 77.

W) = ron (% - 1) 0u(TL) + 0(T)

+ QI(TL) + Qac(TL)] (9)
where Q’s are determined by Egs. (1), (4), (6) and (7).

3.2. Two-stage cooling

An effective method to save the input power for the
refrigeration is the heat intercept. In order to reduce the
heat leak to the magnet at 7y, heat can be partly re-
moved at an intermediate temperature, 77, from the
mechanical supports and the current leads, and a radi-
ation shield cooled at the same temperature, 7j, can be
placed in vacuum. In the energy balance shown in Fig.
3(b), the subscripts 1 and 2 of Q’s denote the heat leaks
from T; to Ty and from Ty to Tj, respectively. As a result
of the heat intercept, two cooling loads are assigned at
two different temperatures; Q; at 7y and Qp at 7p. The
two-stage refrigeration may be performed with two
different units of single-stage cryocooler or a two-stage
cryocooler. When a two-stage cooler is used, the esti-

mates of the actual power input could be rather com-
plicated, because the refrigeration at the two stages are
coupled each other. For the purpose of thermodynamic
design, we assume here that the total power is simply the
sum of power for the heat intercept, #{, and the power
for the refrigeration of magnet, 7.

W(Ti, ) = Wi(Ty, TL) + WA(Ti, ) (10)

The cooling load at the magnet temperature, 71, due
to support conduction, radiation, and current leads, can
be simply determined with replacing 7y by 77 in Egs. (1),
(4) and (6), respectively. The power required for the load
at T is expressed as

WL(TTh) = ﬁ (% - 1) 00 (T L) + On (T, T)

+ On(Th, TL) + Ouc(T1)] (11)

The first three cooling loads in Eq. (11) are less than
those in single-stage cooling, since 77 is smaller than Ty,
but the AC loss is the same, since it is independent of the
heat intercept. Similarly, the heat leaks from the room-
temperature to the intercept stage due to support con-
duction, radiation, and current leads, are determined by
replacing Ty by 77 in Egs. (1), (4) and (6), respectively.
The heat intercept at 77 should be the difference between
0>’s and QOy’s.
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1

Wi(Th, 1) = FOM, <TTI: - 1){[ka(TI) = Ou(Ti, To)]

+[0n(Th) = On (T, Tu)] + Ou(Th)} (12)

The last term in Eq. (12) does not include the heat
through the leads from 7; to 71, because the axial tem-
perature gradient at the warm end should be zero for all
optimized metallic leads [6,7].

4. Results and discussion

The objective of this optimization is to determine the
operating temperature of an HTS magnet that requires
the minimum power consumption for cryogenic refrig-
eration. While the modeling and analysis procedure
presented in previous sections may be applicable to any
cryocooled HTS magnets, a specific situation is consid-
ered here for the purpose of quantitative discussion.
Table 1 is an example of selected specifications for a 1
MVA single-phase HTS transformer magnet [2]. The
temperature-dependent variables given in Table 1 are
the reference values at liquid nitrogen temperature, 77
K.

The most common HTS conductor in power appli-
cations is Bi-2223/Ag tape. The critical current density,
Jo(T), of Bi-2223 is represented within acceptable accu-
racy as a function of temperature [1]:

Jo(TL) Jc0<1 %)M (13)

where Jy is the critical current density at 0 K. The ratio
of J.(T) to its value at 77 K is expressed as

Je(T) ( _1T0_L4)L4 — 661 <1 TL>14 (14)

1.4 —
J(TTK) (11— 1) 104

The functional relation of Eq. (13) is now used to cal-
culate the cooling load including the magnet size in Egs.
(3) and (5). Wolsky [1] predicts the superconducting tape
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Fig. 4. Sum of power consumptions contributed by each cooling load
as a function of operating temperature for single-stage cooling.

whose AC loss is 0.25 W/(kA m) will be developed. We
take the AC loss in this analysis simply as

Qac(TL) = (0.25 x 1073)LI (15)

This value is simply an optimistic expectation for typical
power applications, but could be approximately true
from Eq. (7) when B (parallel field) = 0.05 T, /' = 50
Hz, d (effective thickness) = 0.1 mm, as in typical case
of HTS transformer windings.

Fig. 4 shows the power consumption calculated with
Eq. (9) as a function of operating temperature for single-
stage cooling. The sum of the power consumption is
subdivided into the four portions, indicating the con-
tributions of individual cooling load. Over a wide tem-
perature range, the AC loss and the radiation are
dominant in the contributions. In the calculation, the
FOM of cryocooler has been 1 or the so-called Carnot
limit has been assumed, to demonstrate the thermody-
namic nature of the optimization. The effect of actual
cryocooler performance will be briefly discussed later.

Table 1
Specifications of HTS magnet system at 77 K for sample calculation
HTS windings (Bi-2223/Ag) Current (primary/secondary) 1 45.5 A/145 A
Mass at 77 K M (77 K) 282 kg
External surface area at 77 K Ap (77 K) 4.2 m?
Emissivity (polished Ag) eL 0.02
Mechanical support (Stainless steel) Length L 0.3 m
Yield strength ay 207 x 10° Pa
Safety factor S 20
Radiation shield* (Aluminum) Surface area at 77 K Ar (77 K) 5.5 m?
Emissivity eR 0.1
Cryostat (GFRP) Internal surface area An 6.9 m?
Emissivity eH 0.88
Room temperature Tu 300 K

#Only for two-stage cooling.
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As Ty, decreases to below 30 K, the power consump-
tion increases dramatically, since both the cooling load
and the power per unit refrigeration increase. On the
other hand, as 7Ty increases toward 104 K (the critical
temperature of HTS), J.(T) of the HTS conductor
shrinks and a greater size of magnet should be needed
for the specified application goal. A greater cooling load
due to conduction and radiation would result in the
growth of total power at higher temperatures near 104
K. There exists a unique optimum for the operating
temperature to minimize the power consumption. Since
the optimization of the operating temperature has quite
different features depending upon the existence of the
AC loss, DC and AC magnets will be discussed sepa-
rately.

In case of the heat intercept or the two-stage cooling,
the total input power is a function of not only the
magnet temperature, 7;, but also the intercept temper-
ature, T7, as indicated in Eq. (9). Fig. 5 shows the power
calculated with Eq. (10) as a function of 7; for the DC
magnet, when 7} is fixed at 20 K. There exists an ob-
vious minimum power of 135 W around at 71 = 170 K.
It should be observed carefully that W vanishes as Tj
approaches asymptotically to Ty, and W vanishes as Tj
approaches asymptotically to 7;. Since the two-stage-
cooling turns out to be a single-stage in both extreme
cases, the total power must have a minimum between
the two end temperatures. Once the intercept tempera-
ture is designed at the optimum, the total power for two-
stage cooling can be considered as a function of 7T; only
as discussed below.

4.1. DC magnets

In DC magnets where the AC loss does not exist in the
cooling load, the required power has a local minimum of

600
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300 -

200

Power Consumption, W [W]

100 -

0 50 100 150 200 250 300
Intercept Temperature, TI [K]

Fig. 5. Power consumption as a function of intercept temperature
when Ty, = 20 K for two-stage cooling.
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Fig. 6. Power consumption for DC magnet (intercept temperature
optimized for two-stage cooling).

151 W approximately at 7 = 69 K as indicated by sin-
gle-stage in Fig. 6. One of the most significant facts in a
DC magnet is that the curve for the power consumption
is very flat over a wide temperature range between 50 and
80 K around the optimum. This implies that an operating
temperature well below the optimum would result in only
a small increase in the cost of steady operation but a
great reduction in size and cost of magnet. In other
words, the optimum of 71 will shift further down if the
capital investment and the economic merits of com-
pactness are involved as indicated in Fig. 2.

In practice, the FOM of a cryocooler varies with 7, to
a certain extent, but depends more significantly upon the
thermodynamic cycle and the refrigeration capacity.
Most of the contemporary cryocoolers have the values
between 0.1 and 0.3 in the interested temperature range,
thus the actual power for the cryocooler is expected to
vary from 500 W up to 1.5 kW at the optimal condition.

The two-stage cooling with the optimized heat inter-
cept is also compared in Fig. 6 with the single-stage
cooling. The optimum of 7 with two-stage cooling is
around 62 K (nearly the freezing temperature of nitro-
gen) and the minimum power can be decreased to 85 W.
An obvious advantage of the two-stage cooling is,
however, justified only at temperatures lower than 30 K,
since the power saving is substantial.

4.2. AC magnets

Most of the magnets in power application are AC
magnets and have significant amount of AC loss. Fig. 7
shows the required power for the cooling load including
the AC loss in the same situation as above. Because of
the additional load, the minimum required power is
raised to 229 W and the corresponding optimal 7; is as
high as 77 K (nearly the normal boiling temperature of
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Fig. 7. Power consumption for AC magnet (intercept temperature
optimized for two-stage cooling).

nitrogen). The reason for the higher value of optimal 7
is that the refrigeration of the AC loss has a greater
impact at lower temperatures. In the optimum temper-
ature, the actual power consumption would be 760 W to
2.3 kW with commercially available cryocoolers, FOM
of which has a value between 0.1 and 0.3.

It is still true for AC magnets that the optimal op-
erating temperature in practice becomes lower than the
calculated value, if the capital investments and the
economic merits of compactness are considered in ad-
dition to the operational costs at steady state. However,
the curve shape around the local minimum for AC
magnets is not so flat as that of DC magnets, which
means that the operating temperature of AC magnets
should not be so low as that of DC magnets with the
same economic factors.

Another remarkable feature in Fig. 7 is that the power
saving by two-stage cooling is only a small amount even
for very low temperature operation of HTS magnets. It is
should be emphasized again that the AC loss is the dis-
sipation at cryogenic temperatures which must accept a
heavy penalty of thermodynamic irreversibility, while the
other cooling load is a heat leak from the room tem-
perature that can be intercepted before reaching the
cryogenic temperatures. Therefore, no heat intercept or
the two-stage cooling is recommended even when the
HTS magnet is operated at temperatures below 30 K, if
the AC loss is dominant in the cooling load.

5. Conclusions
A comprehensive thermal design is performed in

pursuit of compactness and high efficiency in the cooling
of HTS magnets. The optimum operating temperature is

sought to minimize the power consumption in steady
operation, by taking into account the critical properties
of HTS affecting the magnet size, the cooling load esti-
mate, and the basic refrigeration characteristics of
cryocooler. For a specified application goal, the HTS
magnet could be best refrigerated at temperatures be-
tween 62 and 77 K, depending upon the magnitude of
AC loss and the assistance of heat intercept. The pre-
sented optimum in the operating temperature for AC
magnets may vary to a large extent with the amount of
AC loss, as it is crucially affected by the magnetic field.
It is also concluded that the operating temperature
could be determined at considerably lower level, if the
capital investments and the costs associated with in-
stallation space or transportation of the compact HTS
magnets are added to the operational cost. The pre-
sented optimization will be immediately applied to the
basic design of an efficient cooling system for HTS
power devices.
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