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(67)  The invention relates to a device for cooling a
high temperature superconductor, which device compris-
es a cryocooler using a first heat exchanging medium to
cool a second heat exchanging medium to cryogenic
temperatures, a heat exchanger having a first channel
and a second channel in heat exchanging contact with
each other, wherein the first heat exchanging medium
flows through the first channel, wherein a third heat ex-

Device for cooling a high temperature superconductor

changing medium flows through the second channel and
wherein the temperature of the third heat exchanging me-
dium is lower than the temperature of the first heat ex-
changing medium.

The invention further relates to a cryostat of said su-
perconductor using magnetic suspension for spacing re-
flective layers of multi-layered thermal insulation.
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Description

[0001] The invention relates to a device for cooling a
high temperature superconductor, which device compris-
es a cryocooler using a first heat exchanging medium to
cool a second heat exchanging medium to cryogenic
temperatures.

[0002] Such a device can be used for cooling of any
high temperature superconductor (HTS) power device
(such as cable, generator, motor, fault current limiter, or
magnet, such as maglev suspension, including that for
evacuated tube transport).

[0003] Cryogenic temperatures are typically consid-
ered temperatures below -150°C.

[0004] The cooling system of HTS power devices is a
known obstacle on the way to their broader use. The
current state of the art is such that due to relatively high
cooling system cost (e.g., cryostat and refrigerator) a
HTS cable (e.g., for 150 kV and below, even when to
assume a zero cost for electrically insulated supercon-
ductor core) is more expensive than a conventional
cross-linked polyethylene (XLPE) cable for the same
power capacity. This prevents their use in electric power
networks and for this reason only niche application of
HTS power cables exist.

[0005] Cryostats and cooling devices for liquid nitrogen
are known for many years and it is rather difficult to im-
prove their efficiency and to reduce their cost substan-
tially within a traditional approach.

[0006] One straightforward option to provide cooling
of HTS cable cost-effectively is to buy cheaper LN2 (that
is produced by e.g. an air separation plant using waste
cold of LNG at the import LNG terminal). However, build-
ing such a (relatively large) plant requires a substantial
investment that can only be justified when there is for
example an adequate demand for cooling (e.g., of many
HTS power cables). Such demand is indeed expected in
the future. At present, this demand is hindered by rela-
tively high costs of cryostats and cooling.

[0007] It is an object of the invention to reduce the
above mentioned disadvantages.

[0008] This object is achieved with a device according
to the preamble, which is characterized by a heat ex-
changer having a first channel and a second channel in
heat exchanging contact with the first channel, wherein
the first heat exchanging medium flows through the first
channel, wherein a third heat exchanging medium flows
through the second channel and wherein the temperature
of the third heat exchanging medium is lower than the
temperature of the first heat exchanging medium.
[0009] Preferable, the third heat exchanging medium
is liquid natural gas (LNG).

[0010] Theinvention allows using the cold of LNG (oth-
erwise often wasted in regasification process) for efficient
cooling of a HTS power cable or other HTS device. As a
result, so-called cooling penalty factor (the number of
Watts needed to remove 1 Watt at lower temperature)
can be reduced e.g., from 14 to 8 as will be shown in the
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example below. Atthe same time, LNG is re-gasified and
returned to the natural gas distribution network, which
creates additional income.

[0011] Asaresultoftheinvention, the initialinvestment
costs into the cooling system of a HTS device, such as
a cable, reduces, remains the same or slightly increase,
but maintenance costs substantially decrease leading to
faster return of the investment and to lower lifetime costs.
Furthermore, regasification device costs less, is simpler,
more compact and efficient; refrigerator costs less, is
simpler, more compact and efficient.

[0012] Ina preferred embodimentofthe device accord-
ing to the invention the third heat exchanging medium
changes phase from liquid to gas when flowing through
the second channel and wherein the gaseous third heat
exchanging medium is compressed to be fed to a gas
distribution system.

[0013] When LNG is used in the device according to
the invention, the LNG will change phase in the heat ex-
changer to gas phase. Although the natural gas can be
flared, it could also be compressed and fed to a natural
gasdistribution system, such thathouseholds orfactories
can use it.

[0014] A further preferred embodiment of the device
further comprises a first storage vessel for storing the
second heat exchanging medium at cryogenic tempera-
ture. Typically, the production of the cryocooler is not in
synchronization with the demand for the second medium
at cryogenic temperature. Therefore, the first storage
vessel provides a buffer to take the differences between
supply and demand of the second medium at cryogenic
temperature.

[0015] Yet another embodiment of the device accord-
ing to the invention further comprises a second storage
vessel for storing the third heat exchanging medium and
wherein the first storage vessel is arranged inside of the
second storage vessel.

[0016] By arranging the first storage vessel inside of
the second storage vessel, the heat exchange of the first
vessel is reduced, such that the second medium is kept
better at the low cryogenic temperature.

[0017] In a preferred embodiment the cryocooler is a
Brayton cryocooler.

[0018] Further preferred is when the first channel of
the heat exchanger is arranged directly downstream of
the compressor of the Brayton cryocooler.

[0019] Still a further preferred embodiment of the de-
vice according to the invention further comprises a high
temperature superconductor device with aninlet and out-
let for cooling medium, wherein the second heat ex-
changing medium is fed to the inlet of the high tempera-
ture superconductor device.

[0020] Theinvention also relates to a cryostat of a high
temperature superconductor device for use with the de-
vice according to the invention, comprising two concen-
trically arranged stainless steel tubes, a multi-layered
thermalinsulation blanket arranged between the two con-
centrically arranged stainless steel tubes and a plurality
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of magnetic suspensions for spacing of the multi-layered
thermal insulation blanket and suspending the inner
stainless steel tube inside the outer stainless steel tube
and for spacing inner reflective layers of uLTI.

[0021] Preferably, the multi-layered thermal insulation
blanket comprises an inner, outer and at least one re-
flective layer spaced from each by repulsive force of ar-
rays, strips, dots, islands or layers of permanent magnets
[0022] In a further embodiment of the cryostat accord-
ing to the invention, the permanent magnets in the pre-
ferred direction of the heat flow are aligned with low ther-
mal conductivity pins attached to the inner layer of the
blanket

[0023] In yet another embodiment of the cryostat ac-
cording to the invention, permanent magnets in the pre-
ferred direction of the heat flow are aligned with each
other using tension of the layers.

[0024] By using magnetic suspensions no physical
contact is present to keep the inner tube spaced from the
outer tube. This contributes to a better insulation.

Example

[0025] For example, a state of the art three phase AC
150 kV, 2.5 kA, 6 km long HTS power cable has the fol-
lowing characteristics: cold dielectric design, three phas-
es in one cryostat, total losses in kW/km: 1 (at no load)
and 1.5 (full load). These include: a cryostat 0.5; three
electrically insulated HTS cores (0.3 and 0.6 at zero and
full currents) a shield (0.2 and 0.3 at zero and full cur-
rents); current leads (0.01 and 0.1 at zero and full cur-
rents), etc. With some redundancy such cable needs 10
kW cooling capacity available 365 days/year. Such sys-
tems are commercially available, cost around 7 M€ (cry-
ostat: 4; refrigerator: 3; note that lifetime of a refrigerator
is 20 years, therefore 3x costs of refrigerator are included
in order to provide a 40 years long lifetime with required
redundancy) and consume electricity for about 90
k€lyear.

[0026] To compare, a 150 kV 2.5 kA, 6 km long con-
nection made of conventional XLPE cables (two flat bur-
ied cables per phase, each cable has 2500 mm2 copper
conductor) has an initial investment costs of 7 M€ and
losses of 532 kW, which costs 275 k€/year, therefore the
40 year long lifetime costs are: 10 M€ (discounted to to-
day’s prices at 6% rate). When conventional XLPE cables
are replaced with HTS cables in such connection, the
savings on the cable losses amount: 275-90 =185
k€/year. Therefore, on itself, for the considered HTS pow-
er cable system with a traditional cooling system, the
expected lifetime costs are: 8 M€ (with 2 M€ saved on
the losses). When the present invention is used instead,
no economic losses exists, instead atotalincomeis: 1074
k€lyear (275 + 799) and a total initial investment is 8 M€:
7 for the cooling system, the costs can be even lower,
due to the more compact refrigerator as explained below)
and 1 for the regasification and optional storage system).
The 10 year lifetime costs in the proposed combined cool-
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ing and regasification system are: 0 that is the initial in-
vestment costs in the system are fully recovered after 10
years of operation. The 40 year long lifetime costs are:
-8 M€ or better, in other words during the lifetime such
system pays back at least two times the initial investment
in it (all lifetime costs are discounted at 6% to today’s
price). This feature makes it economically attractive to
scale up application of HTS power devices.

[0027] These and other features are further explained
in conjunction with the accompanying drawings.

Figure 1 shows a diagram of Turbo-Brayton cryo-
cooler according to the prior art.

Figure 2 shows the T-S diagram of the prior art Bray-
ton cycle for the first heat exchanging medium
Figure 3 shows schematically an embodiment of the
device according to the invention.

Figure 4 shows schematically a storage tank for LNG
for the device of figure 3

Figure 5 shows schematically the compression of
gaseous natural gas to be fed to a gas distribution
network.

Figure 6 shows the T-S diagram of the device ac-
cording to the invention with a Brayton cycle for the
first heat exchanging medium

Figures 7 and 8 shows schematically an embodiment
of a multilayer thermal vacuum insulation with mag-
netic suspension inside a cryostat of a high temper-
ature superconductor device according to the inven-
tion.

[0028] The prior art Turbo-Brayton cryocooler is ex-
plained with regard to figure 1. The cryocooler has for
example an electrical input power of 141 kW and cooling
capacity of 10 kW at 65-72 K, therefore cooling penalty
is 14.1.

[0029] Figure 2 shows the T-S diagram of the prior art
Brayton cycle of figure 1 using the properties listed in
Table 1.

[0030] Inthe prior artrefrigeration cycle (figs. 1, 2; table
1) electric input power is 141 kW, which at the electricity
price of 60 €/ MWh is 74 k€/yr, plus there are some costs
associated with the water for after-cooler (neglected
here).

[0031] Alternatively, to produce the same cooling pow-
er, 30 ton/wk of liquid nitrogen (LN2) can be purchased
(for 110 k€/yr) using e.g., similar cooling cycle as e.g., in
the Ampacity HTS cable project. There the cooling sys-
tem uses a regular supply of LN2 (and release of N2 gas
to the atmosphere, which will become a problem for wider
use, especially in densely populated areas) for its oper-
ation. In this 1 km long HTS cable project cooling agent
is produced elsewhere and supplied as a service. Ac-
cording to Nexans, the cooling system is designed for 4
kW capacity at 67 K, including terminations (6 current
leads, overall 0.7 kW at 2.3 kA), they could additionally
be cooled with LN2 vapor produced in the precooling unit.
[0032] An embodiment of the device according to the
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invention is shown schematically in figures 3.

[0033] For the refrigeration and liquefaction and for
cooling of HTS device any known cycles and any appro-
priate agents can be used (e.g.. N2, He, Ne, Ar, 02, etc.,
or any appropriate mixture of these in gas, liquid, super-
critical and/or solid state). For the example shown in fig-
ure 3 we assume that the HTS device is a cable that is
cooled with compressed and sub-cooled N2, agent used
for refrigeration is He (first heat exchanging medium), for
liquefaction is nitrogen N2 (second heat exchanging me-
dium) and for regasification is methane (representing lig-
uefied natural gas, third heat exchanging medium). For
regasification liquefied natural gas is commonly used,
but any other appropriate mixture of hydro-carbonates is
includedinthe proposed invention. Furthermore, any oth-
er appropriate combination of cooling agents, cooling cy-
cles can be used by a person versed in the art.

[0034] Considering an open loop LNG re-gasification
process and devices, then every week at least 77 ton of
LNG arrives e.g., by ship or track and is stored in a tank,
see figure 4.

[0035] From the storage tank LNG is supplied to the
heat exchanger HX3 at e.g., atmospheric pressure of 1
bar, where it evaporates (process 9-10) and cools the
refrigeration agent. Natural gas vapor after HX3 (point
10) is compressed to e.g., 40 bar (point 11, see fig. 3,
right and Table 3) and returned to e.g., natural gas dis-
tribution network.

[0036] With the example shown in figures 3, 4 and 5
and using the data of tables 2 and 3, a pressure and
temperature of LNG in the after-cooler HX3 of 1 bar and
111.5 K (point 9), however any other combination in the
proposed invention is possible, e.g., 0.1 bar and 92 K.
[0037] Figure 4 schematically shows the LNG storage
tank, heat exchanger HX3, LN2 storage tank placed in-
side the LNG (in order to reduce heating or loss of LN2
during storage time), additional precooling of cold com-
pressed gas used for cooling of HTS device (e.g., nitro-
gen, neon, other gas or their mix).

[0038] Figure 5 schematically shows an example of
the preferred embodiment to convert natural gas coming
out of the heat exchanger HX3 from a cold vapor (e.g.,
0.1 MPa, 111.7 K) into a gas suitable for a distribution
network (e.g., 4.2 MPa, 300 K, see table 3), which is done
here by a cold natural gas compressor, without a need
for additional heat exchanger.

[0039] Assuming closed loop refrigeration process and
devices, then figure 6 shows the T-S diagram of the de-
vice according to the invention with a Brayton cycle for
the first heat exchanging medium (helium in this exam-
ple)

[0040] Cold return He gas after the expander (point 5
ate.g., 5.8 bar and 61.4 K, Table 2, fig. 2) warms up at
almost constant pressure in the heat exchanger HX1
(process 5-6, Table 2 , figs. 2 and 4), where it cools down
the return flow of N2 from HTS cable and in HX2 (process
6-1), where it cools down the return He flow from the
after-cooler HX3; is compressed in the Compressor (to
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e.g., 12.2 bar) and cooled in the after-cooler HX3 (to e.g.,
115 K in the process: 1-2a-2b-2¢-3). The compressed
flow is cooled by the return flow in HX2 (process 3-4) and
is expanded in the expander (process 4-5).

Liquefaction process and the devices

[0041] The corresponding optional liquefaction proc-
ess and devices can be arranged in any way known to a
person versed in the art. The excessive cooling capacity
of the refrigerator is used to make liquid nitrogen LN2
(e.g., during the hours of low electricity tariff) that is stored
in a tank, see fig. 3, left. During the high tariff hours the
refrigerator works at reduced capacity thus consuming
less electricity and the stored LN2 is used for cooling
HTS cable directly or indirectly.

[0042] Inthe proposed invention due to the use of cold
compressor only 54 kW of input power is needed (to pro-
duce 10 kW cooling capacity, as compared to 141 kW
input of the prototype cycle), of which 25 kW can be cov-
ered by the expander work. In order to after-cool gas after
cold compressors, one purchases LNG for 643 k€/yr (77
ton/wk at the price of 160 €/ton). LNG boils in the after-
cooler HX3 (e.g., at 1 bar and 111.5 K) its vapor is then
compressed with a cold compressor to e.g., 40 bar and
room temperature (e.g., 300 K, fig. 5, table 3), the com-
pressor consumes 46 kW. The total consumed power is
of the system is therefore: 75 kW = 54-25+46, or 53% of
that for the prototype cycle and the cooling penalty is
therefore reduced from 14.1 (prototype) to 7.5 (proposed
invention). Furthermore, produced natural gas (e.g., at
40 bar and 300 K) is returned e.g., to the gas distribution
network for 1508 k€/yr (at 0.3 €/m3, bio-gas can be sold
even at 0.4 €/m3). As a result of this regasification proc-
ess, anincome of 799 k€/yr is generated. When needed,
electricity cogeneration [5] can be added as well, but not
considered here. The whole process can be realized by
any means known to a person versed in the art, one ex-
ample is a floating regasification unit modified according
to this invention. When bio-LNGis used as aninput, clean
(non-fossil) natural gas and clean electricity are produced
resulting in even higher income from regasification.
[0043] When relevant, (optional) efficient storage of
electricity is organized as follows. Storage tank for LNG
(e.g., 80 ton) is needed anyway in order to provide suf-
ficient reserve of the proposed system operation (e.g.,
one week) and thus reliability of the cooling system for
HTS device, e.g., cable.

[0044] For the most efficient storage and saving of
electricity, a liquid N2 tank (e.g., 5-10 ton) can be added
and placed e.g., inside of LNG tank in order to reduce
the heat leaks, see explained in fig. 4 (other option could
be e.g., cooling of thermal shield around the LN2 tank
with LNG). In this case a cold of LNG is used to intercept
most of the heat leak to the stored liquid nitrogen. During
e.g., low electricity tariff hours the system stores LN2 and
consumes more electricity than required for 10 kW cool-
ing capacity needed for HTS device, and during high elec-
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tricity tariff hours the system uses less electricity (for the
refrigeration) and instead uses stored LN2 to provide the
cooling capacity of 10 kW (in this period nitrogen flow
from HTS device is at least partly sub-cooled in the LN2
bath of fig. 4 and not by the refrigerator) and therefore
stores and saves electricity very efficiently (almost 100%
efficient in e.g., storing and saving of ~250 kWh in a 24
hour cycle). Furthermore, in addition to the described in-
ternal processing and in order to increase flexibility of the
proposed system, LN2 and LNG can be traded both
ways: supplied from external sources and provided to
external consumers.

[0045] Figures 7 and 8 shows schematically an em-
bodiment of a multilayer thermal vacuum insulation with
magnetic suspension inside a cryostat of a high temper-
ature superconductor device according to the invention.
[0046] A prior art cryostat of a HTS cable is made of
two concentric stainless steel tubes or shells (that are
usually corrugated for flexibility), a space in between con-
tains multilayer thermal insulation (MLI) in vacuum (typ-
ically at the level 10-5 Torr or better). Such cryostat is
commercially available, provides a heat leak of about
1W/m and costs around 0.5-0.7 M€/km, which on itself
is comparable to the costs of typical XLPE cable, see
above. Most of the thermal barrier for the heat leak is
provided by MLI and recent attempts to improve its prop-
erties include e.g., introduction of lumped (instead of uni-
formly distributed) interlayer spacers [10-12].

[0047] Attempts to reduce cryostat cost are targeting
0.1-0.2 M€/km, foreseen options include e.g., replace-
ment of outer cryostat shell made of stainless steel with
polymer, such as polyethylene [10], etc.

[0048] Known arrangement uses LNG to thermally
shield a superconducting cable placed inside. For exam-
ple knownfrom US20140051582. However, this arrange-
ment is more complex and has safety issues due to pos-
sible interactions between LNG and superconducting ca-
ble (e.g., a spark in the cable ignites a fire in LNG vapor,
e.g., a lighting attracted by a cable ignites LNG vapor,
etc.).

[0049] Outer wall of a cryostat is made of any appro-
priate material: metal (e.g., stainless steel, e. g. magnetic
or non-magnetic), concrete (e.g., ductal or quantz), plas-
tic or their combination. Protective layer (e.g., line X can
be used as well).

[0050] To ensure low friction of coolant inside the cry-
ostat, along the length cryostat is made semi-flexible, a
combination of longer rigid and shorter corrugated tubes
(or bellows).

[0051] Furthermore, cryostat can have a tubular or oth-
er cross-section, or their mix (e.g., inner wall tubular, out-
er wall trapezium).

[0052] In such cryostat most of the thermal barrier is
due to the multilayer thermal insulation that prevents the
heat leak by radiation, thermal conductivity of solids and
(convection) of gases. Furthermore, it is known that at
around 300 K radiation dominates, while at around 70 K
thermal conductivity prevails [10]. In the proposed inven-
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tion in order to arrive at the record low heat leaks through
cryostatwalls (e.g., 0.2 W/m), the radiationis suppressed
to the desired level by known means (e.g., number of
reflective layers, better reflectivity, variable distance be-
tweenreflective layers), the thermal conductivity of gases
is suppressed by removing (most of) fiber spacers and
selecting low outgassing materials, while the thermal
conductivity of solids is suppressed by removing most of
mechanical spacers that are replaced with magnetic sus-
pension.

[0053] Most efficient Multilayer thermal insulation (pL-
Tl) is used to reduce heat influx from the room temper-
ature (300 K) to 70 K zone. This includes classical, or
self-pumped, or integral, or NICS MLI. A disadvantage
of integral and NICS MLlI is that density of layers is lower
and the insulation blankets are much thicker as com-
pared to conventional pLTI.

[0054] Integrated MLI is known where separate radia-
tion shields are spaced with an array of posts in particular
interconnected to radiation shields or sheets comprising
the MLI layers (see e.g.: US8234835) and in addition the
posts in each layer can be connected to each other with
support arms or beams. A particular disadvantage of this
solution is that the said posts are interconnected to each
other in the preferential direction of the heat flux and be-
cause they have to transfer mechanical load in the same
direction, the contact resistance cannot be made suffi-
ciently low.

[0055] The remaining solid state posts are made of ma-
terial with high compressive strength, low thermal con-
ductivity and low outgassing and have a function to pro-
vide mechanical strength to the MLI blanket. For in-
stance, in order to withstand a uniform pressure of 2 bar=
2kgf/cm2, such an array of posts can be introduced with
acertain density. For instance, stainless steel has a com-
pressive strength of 200 MPA, in other words one stain-
less steel post (per 1cm2 of blanket) with a cross-section
of 0.2 mm2 can in principle hold a uniform pressure of 2
bar applied to the blanket. However, a solid state heat
flux of such post (in the temperature range 300 K to 70
K) is about 0.3 W (assuming the post is 1 mm long) and
for 1m2 array of such posts a heat flux is 3000 W/m2,
(which is 30,000 times higher as compared to the target
of 0.1 W/m2). Thus it is rather impossible to provide the
required mechanical strength of MLI using solid state
posts. On the other hand, two permanent magnets PM
(each 3 mm thick, 5 mm in diameter: 0.18 cm2area) cre-
ate a pressure of 5 kgf/cm2, in other words PM density
of 0.2 PM/cm2 is in principle sufficient to counteract at-
mospheric pressure of 1 kgf/cm2 without a post. Further-
more, a stable suspension and thus counteraction to at-
mospheric pressure is created with a PM-ReBCO pair,
e.g. with ReBCO superconductor attached to the inner
cryostat wall.

[0056] Furthermore, to ensure that all NdFeB dots (is-
lands, nodes) are firmly position against each otherin an
ordered array, in every layer a net can be added made
of any appropriate material, e.g. glass fibers or activated
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carbon fibers with NdFeB dots positioned in the nodes
of the net. Edges of the net are fixed to the edges of MLI
using one of the known ways (e.g. as in coolcat insula-
tion). Another way to ensure magnetic dots remain firmly
positioned against each other is by adding pins in the
preferential direction of the heat flux, said pins do not
carry mechanical load and only align said magnetic dots
against each other in a column.

[0057] A typical HTS power cable phase (a former, Cu
conductor, HTS core, electrical insulation, electric and
magnetic shields, liquid nitrogen, etc.) without a cryostat
weights 10-20 kg/m. Three phases (without a cryostat)
weight less than 50 kg/m. A typical diameter of three
phases is 0.2 m. Therefore a pressure on the cryostat
wall due to the cable weight (acting on 1/3 of the cryostat
inner wall surface) is about 3 kN/m2 (kPa). This pressure
can be created by 50/m2 pairs of PM-REBCO (e.g., Nd-
FeB PM diameter 20 mm, 5 mm height, REBCO similar
dimensions, each creating a suspension force of 6 kg).
The expected cost is 0.1M€/km (estimated from the ET3
data, where 10 x heavier loads are suspended and the
cost is 1TM€/km), which is acceptable, considering the
total cost of a cryostat with the heat influx of 1W/m is
0.5-0.7 M€/km.

[0058] Mechanical spacers have a function of transfer-
ring mechanical load between inner and outer cryostat
walls.

[0059] The proposed Multi-Layer Thermal Insulation
(nLTl)aims to achieve record low heatleaks approaching
the radiation limit (such as 0.2 W/m2, in the temperature
range between 65 and 300 K, with 10 reflective layers
and emissivity of 0.02). It consists of sufficient number
(e.g., 10) of reflective layers 2 with low emissivity (e.g.,
0.02), such as Al foil or any other with comparable or
superior properties: emissivity, outgassing, strength,
thermal properties, costs, etc., allowing heating up to
e.g., 500 K under vacuum in order to remove residual
gasses, such as e.qg., a thin copper foil or a polymer film
on both sides covered with a few um thick high reflective
Al, Ag, or Au, etc. layers. In the state of the art MLI a fine
fiber glass paper is used as a distributed spacer of re-
flective layers. It is known however, that such spacer of-
ten prevents removal of residual gases and degrades
thermal conductivity of MLI. In order to remove the gases,
such paper can be loaded with activated carbon particles
orfibers. Furthermore, since thermal conductivity of glass
fiber paper depends on thermal contact resistance be-
tween the fibers, thermal conductivity of such MLI in-
creases with mechanical load. To solve this problem, ar-
rays of special lumped interlayer spacers able to carry
mechanical load of MLI are used. However, they gener-
ally decrease layer density and increase the thickness
of MLI blanket, which limits their applications. In the pro-
posed invention, we replace most of such spacers with
the proposed interlayer spacer using magnetic levitation
(suspension) of permanent magnets.

[0060] The proposed interlayer spacer transmits me-
chanical load using repulsion forces between stationary
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permanent magnets. A column of e.g., ring-shaped per-
manent magnet clips 4 of one spacer, see fig. 7. is ar-
ranged in such a way that two clips with a reflective layer
in between have the same direction of magnetization and
therefore attract each other, while clips from two adjacent
reflective layers repel each other. To circumvent the
Earnshaw’s theorem, a pin attached e.g., to the inner-
most LTI layer is used. Such pin does not transmit me-
chanical load through pLTI, therefore it has smaller ther-
mal conductance as compared to any other lumped spac-
er that does.

[0061] Thee.g., 10 mmlong and 1 mm outer diameter
pins (e.g., a thin-wall tube made of material with good
mechanical strength, non-magnetic, low thermal, low
electrical conductivities and good vacuum outgassing
properties, such as Kevlar, polyimide, nylon, or even
stainless steel) are used to mutually align the permanent
magnet clips 4 against each other and to limit their pos-
sible movements preferentially to one degree of freedom
(along the pin, which is vertical direction in the figure 7).
In the circumferential direction the ends of outer (inner)
layer are locked. The pins also provide structural integrity
so that layers of wLTI can move in respect to each other
only inone direction. The pins themselves do not transmit
mechanical load through LTI, this is done by the mag-
netic forces. This is why each such pin has a smaller
cross-section as compared to any mechanical support
pin. Innermost and outermostlayers of u LTI can be made
for instance of thin foil (e.g., 50 wm stainless steel or
copper with Al layer deposited on both sides). The pins
are attached to the inner surface of the innermost layer
in any way appropriate. The about 10 um thick inner re-
flective LTI layers are made of e.g., Al foil, or polymer
film (or Cu-foil) covered on both sides with Al, or Ag, or
Au layers.

[0062] Figure 7 shows: interior arrangement of the pro-
posed pLTI: 11 - innermost layer; 12- inner reflective lay-
ers, only one is shown for simplicity; 13- outermost layer;
14-permanent magnet clips, only one set is shown; 15 -
alignment pin, only one is shown for simplicity.

[0063] Figure 8 shows: magnetic levitation of MLI blan-
ket inside a cryostat, 21- inner cryostat wall; 22- super-
conductor (e.g., YBCO) attached to it; 23- permanent
magnet attached to the pLTI blanket 24; 25- pin with a
limiting cup; 26 - outer cryostat wall.

Claims

1. Device for cooling a high temperature superconduc-
tor, which device comprises a cryocooler using a first
heat exchanging medium to cool a second heat ex-
changing medium to cryogenic temperatures, char-
acterized by a heat exchanger having afirst channel
and a second channel in heat exchanging contact
with the first channel, wherein the first heat exchang-
ing medium flows through the first channel, wherein
a third heat exchanging medium flows through the
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second channel and wherein the temperature of the
third heat exchanging medium is lower than the tem-
perature of the first heat exchanging medium.

Device according to claim 1, wherein the third heat
exchanging medium is liquid natural gas.

Device according to claim 2, wherein the third heat
exchanging medium changes phase from liquid to
gas when flowing through the second channel and
wherein the gaseous third heat exchanging medium
is compressed to be fed to a gas distribution system.

Device according to any of the preceding claims, fur-
ther comprising a first storage vessel for storing the
second heat exchanging medium at cryogenic tem-
perature.

Device according to claim 4, further comprising a
second storage vessel for storing the third heat ex-
changing medium and wherein the first storage ves-
sel is arranged inside of the second storage vessel.

Device according to any of the preceding claims,
wherein the cryocooler is a Brayton, Stirling or pulse
tube cryocooler.

Device according to claim 6, wherein the first channel
of the heat exchanger is arranged directly down-
stream of the compressor of the Brayton, Stirling or
pulse tube cryocooler.

Device according to any of the preceding claims, fur-
ther comprising a high temperature superconductor
device with an inlet and outlet for cooling medium,
wherein the second heat exchanging medium is fed
to the inlet of the high temperature superconductor
device.

Cryostat of a high temperature superconductor de-
vice for use with the device of claim 8, comprising
two concentrically arranged stainless steel tubes, a
multi-layered thermal insulation blanket arranged
between the two concentrically arranged stainless
steel tubes and a plurality of magnetic suspensions
for spacing of the multi-layered thermal insulation
blanket and suspending the inner stainless steel tube
inside the outer stainless steel tube.

Cryostat according to claim 9, wherein the multi-lay-
ered thermal insulation blanket comprises an inner,
outer and at least one reflective layer spaced from
each by repulsive force of arrays, strips, dots, islands
or layers of permanent magnets

Cryostat according to claim 10 wherein the perma-
nent magnets in the preferred direction of the heat
flow are aligned with low thermal conductivity pins

10

15

20

25

30

35

40

45

50

55

12.

attached to the inner layer of the blanket

Cryostat according to claim 11 wherein permanent
magnets in the preferred direction of the heat flow
are aligned with each other using tension of the lay-
ers.
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Table 1.
Helium gas, 0.2091 kg/s
point [P, MPa| T, K | H, J/g|S,J/gK
1 0.5 [295.0| 1540 | 246
2a 0.8 [374.0] 1951 | 24.9
2b 0.8 [300.0| 1567 | 23.7
2C 1.3 |380.4 | 1986 | 24.0
3 1.2 |300.0 | 1568 | 22.8
4 1.2 | 75.8 | 402 | 15.7
5 06 |614 | 325 | 16.2
6 06 |705 | 373 | 16.9
Table 2.
Helium gas, 0.2091 kg/s
point |P, MPa| T, K |H, J/g|S,J/gK
1 0.55 1112.0 | 588.5| 19.4
2a | 0.80 1145.0|761.2] 19.9
2b | 0.79 |115.0 | 605.2| 18.8
2c 1.22 |1145.01762.6| 19.1
3 1.21 1115.0 | 606.4| 17.9
4 1.19 | 75.8 1 402.0| 15.7
5 0.58 | 61.4 |325.3| 16.2
6 0.56 | 70.5 |372.8| 16.9
Table 3.
Methane, G kg/s = 0.127492
P,MPa| T,K | H,J/ig|S, Jigk
9 0.10 | 111.5 -0.6 0.0
10 010 | 1117 | 510.8 | 4.6
11 420 | 300.0 | 8735 | 4.7

Fig. 9
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