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(57) Abrégé/Abstract:

According to the prior art, a super-cooled liquid medium, for example a super-cooled liquid nitrogen, is pumped through a sub-
cooler and is thereby cooled by the same medium that evaporates in the vacuum. This super-cooled nitrogen is then used as a
coolant for a consumer. If only a small amount of heat is emiited by the consumer to the nitrogen, the liquid medium can be guided
in the circuit, in which the sub-cooler is arranged. For compensating volume fluctuations, such a circuit requires a compensation
vessel which, however, is very expensive and can furthermore only be operated in the presence of a super-cooled medium when
either a part of the medium is heated using external energy, or an inert gas which boils at very low temperatures has to be used as
a pressure compensation medium. According to the invention, it is proposed that the supply container for the liquid medium is
integrated into the cooling circuit and is used as a compensation vessel. As a result, the use of a separate compensation vessel

can be dispensed with.

50 rue Victoria ¢ Place du Portage 1 ® Gatineau, (Québec) KI1AOC9 e www.opic.ic.gc.ca
50 Victoria Street e Place du Portage 1 ® Gatineau, Quebec

vl

noes < e Canada



10

15

20

CA 02917035 2015-12-29

WO 2015/600708 PCT/EP2014/062881

Abstract

According to the prior art, a super-cooled liquid
medium, for example a super-cooled liquid nitrogen, is
pumped through a sub-cooler and is thereby cooled by
the same medium that evaporates in the vacuum. This
super-cooled nitrogen 1s then used as a coolant for a
consumer. If only a small amount of heat is emiited by
the consumer to the nitrogen, the liquid medium can be
guided in the «circuit, in which the sub-cooler 1is
arranged. For compensating volume fluctuations, such a
circuit requires a compensation vessel which, however,
is very expensive and can furthermore only be operated
in the presence of a super-cooled medium when either a
part of the medium is heated using external energy, or
an inert gas which boils at very low temperatures has
to be used as a pressure compensation medium. According
to the invention, it is proposed that the supply
container for the liquid medium is integrated into the
cooling circuit and is used as a compensation vessel.
As a result, the use of a separate compensation vessel

can be dispensed with.
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Device for cooling a consumer with a super-cooled

liquid in a cooling circuit

The invention relates to a device for cooling a
consumer, having, assigned to the consumer, a cooling
circuit for circulating a cooling fluid, in which there
is provided a pump and a super-cooler, wherein the
super-cooler has: container which is  fluidically
connected, via a supply line equipped with an expansion
valve, to a storage tank for the cooling liquid and
which serves for accommodating a cooling bath; a gas
removal line, arranged on the container, for
discharging evaporated «c¢ooling 1liquid; and a heat
exchanger which, during proper use of the device, is
immersed in the cooling bath and is integrated into the

cooling circuit.

Low-boiling liquefied gases, such as for example liguid
nitrogen, liquid oxygen or liquefied noble gases, can
be kept liquid only by means of particularly good
insulation of the storage containers and of the pipes.
The slightest incident heat radiation or friction
heating can, depending on the boiling state, lead to
partial vaporization. The partial vaporization causes
boiling bubbles, which impair the intended cooling
action, to collect in the cooling circuit. In order to
counteract the partial vaporization, it 1s therefore
advisable to super-cool the liquid prior to supplying
it to a heat-producing consumer. “Super-cooling” is
understood in the context of the present invention as
the cooling of a liquid to a temperature below 1its
boiling temperature at the respective pressure. In the
case of high-boiling liquefied gases, such as for
example carbon dioxide or fluorinated hydrocarbons,
super-cooling is relatively simple to bring about. To
that end, the liguid coolant in the storage tank is
super-cooled by means of an electric cooling unit to

the point that, during recirculation in an annular pipe
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system, no partial vaporization takes place as a
consequence of incident heat radiation and friction
losses. The units required for this are however very
expensive to acquire and to operate, on account of

their high power requirements.

DE 2929709 Al describes a device for super-cooling a
liquid. The device consists of a thermally insulated
container in which there is accommodated a cooling bath
of a liquefied cryogenic coolant and in the head space
of which there is arranged a gas outlet valve. In the
cooling bath, there is arranged a heat exchanger, for
example a cooling coil, through which flows the liguid
to be super-cooled. In order to super-cool the liquid,
it is ensured that the pressure over the cooling bath
is lower than the pressure within the cooling coil.
Since although the cooling bath is in the beciling state
but its ©pressure 1is reduced with respect to the
pressure of the liquid to be super-cooled, its boiling
temperature is below the boiling temperature of the
liguid to be super-cooled, which liquid 1is thereby
super-cooled and within which gas bubbles that have
already formed are once again liquefied. The lower the
pressure over the cooling bath, the lower also is its
boiling temperature and the more effective 1is the

super-cooling of the liguid in the cooling coil.

Such a super-cooler can now be used to cool a consumer,
in that it 1is for example integrated into a cooling
circuit assigned to the consumer. The super-cooler
constantly supplies super-cooled cooling liquid to the
consumer. In the case of such a configuration, it is
possible to match the heat removed during super-cooling
of the coeling 1liquid to the heat input from the
consumer such that the cooling liquid does not reach
its boiling temperature even during heat contact with
the consumer, such that it 4is always in the liquid

state in the cooling circuit.
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In order to compensate for fluctuations in density or
volume, 1in particular also in the event of irregular
heat input, cooling circuits of this type should be
equipped with an equalizing vessel 1in which there is,
above a level of the «cooling 1liquid, a gas for
equalizing pressure. For example, EP 1 355 114 A2
describes a closed cooling circuit for cooling
components, such as for example high-temperature
superconducting cables, with a cryogenic liquid as cold
transfer medium, in which an equalizing vessel assigned
to the cooling circuit serves to maintain the cooling
circuit at an elevated operating pressure of for
example 2 bar to 20 bar, and to compensate for gas
suddenly forming 1in the closed circuit and leakage
losses. In that context, the equalizing vessel 1is
directly connected to the cooling circuit and is filled
with the same cryogenic liquid which also circulates in

the cooling circuit.

However, the equalizing container integrated into the
cooling circuit restricts the possibilities and in
particular the temperatures with which the cooling
circuit can be operated. In particular, in the case of
cooling circuits which work with super-cooled liguids,
pressure equalization by means of vaporized cooling
liguid is either impossible or difficult since ingress
of super-cooled liquid into the equalizing container
would condense the gaseous coolant therein and would
lower the pressure in the equalizing container to below
the operating pressure. One possible solution would be
to use a lower-boiling gas, for example helium, as the
pressure egualizing gas in the gas chamber of the
equalizing container or to provide, within the
equalizing container, a separating membrane between the
gas phase and the liguid phase. However, both of these
involve great expenditure in terms of construction and

maintenance.
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The invention 1is therefore based on the object of
creating a device for cooling a consumer using a super-
cooled cooling liquid in a cooling circuit, in which
pressure equalization in the cooling circuit is to be

brought about with simple means.

This object is achieved, in the case of a device of the
type and intended purpose mentioned in the
introduction, in that, during proper use of the device,
there branches off from the cooling circuit a flow-open
connection line which is fluidically connected to the
storage tank and/or or to the supply line leading to
the cooling bath of the super-cooler, upstream of the

expansion valve.

The device according to the invention thus comprises,
in a manner known initially per se, a cooling circuit
in which, 1in addition to the consumer, there 1is
provided a pump for conveying the cooling liquid (the
terms “cooling ligquid” and “liquid coolant” are used
synonymously in the following), and a super-cooler
arranged upstream of the consumer. The super-cooler
brings the cooling liquid to a temperature below its
boiling temperature at the respective pressure, the
super-cooling expediently being carried out to the
peint that the quantity of heat removed from the
cooling liguid during the super-cooling at least
compensates for the input of heat from the consumer,
the pump and any pipe losses. The super-cooler
comprises, integrated into the cooling circuit, a heat
exchanger through which flows the liquid coolant to be
super-cooled and which is accommodated in a cooling
bath. For its part, the cooling bath is accommodated in
a pressure-tight and gas-tight container and consists
of the same substance as the cooling liquid circulating
in the cooling circuit, but is at a lower temperature

than the latter. In order to achieve the low



10

15

20

25

30

35

CA 02917035 2015-12-29

WO 2015/000708 PCT/EP2014/062881

temperature of the cooling bath, the pressure of the
gas phase over the cooling bath is set accordingly via
a gas discharge, specifically to a value (referred to
in the following as “target pressure”) at which the
beiling temperature of the <cooling 1liguid in the
cooling bath is below the boiling temperature of the
cooling liquid in the cooling circuit. The temperature
difference between the coolant in the cooling circuit
is thus brought about essentially due to a pressure
difference between the cooling bath and the cooling
circuit. By virtue of the exchange of heat with the
cooling bath, the cooling liquid in the cooling circuit
is brought to a temperature below its boiling point
(referred to in the following as “target temperature”).
The difference between the boiling temperature in the
cooling circuit and the target temperature is in that
context determined essentially by the input of heat
from the consumer, the pump and the pipes of the
cooling <circuit, and can in particular also be
controlled in dependence on the heat input. In order to
compensate for the loss of cooling liquid in the
cooling bath, which takes place on account of the input
of heat at the heat exchanger, the pressure vessel
accommodating the cooling bath is fluidically connected
£o a storage tank for cooling liguid. The ligquid supply
line connecting the sump of the storage tank to the
cooling bath is equipped with an expansion valve which
ensures that the target pressure over the cooling bath
is not exceeded. As liquid coolant, use 1is preferably
made of a cryogenic liquefied gas, for example liquid

nitrogen or a liquefied noble gas.

In order to achieve, in the cooling circuit, a pressure
equalization necessary due to possible fluctuations in
density or wvolume, use 1s made, according to the
invention, of the storage tank itself. To that end, the
storage tank is fluidically connected to the cooling

circuit via a connection line which branches off from
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the liguid supply line upstream of the expansion valve
and which, during proper use of the device, is always
kept open to flow in both directions. In that context,
the connection line opens into the storage tank itself
or into the liquid supply line connecting the storage
tank to the cooling bath in the super-cooler, in any
case upstream of the expansion valve. In the event of a
fluctuation in density or volume, it is thus possible
for cooling liquid to flow from the storage tank into
the cooling circuit or vice versa without this having a
marked influence on the pressure ratics in the region
of the cooling bath. The actual pressure equalization
is brought about by the gas phase present over the
cooling liquid in the storage tank. In particular if a
large - in comparison to the volume of the cooling
circuit - volume of cooling liquid is maintained in the
storage tank, the quantity of cooling liquid in the
storage tank and 1its hydrostatic pressure prevents
super-cooled cooling liquid flowing via the connection
line into the sump of the storage tank from lowering
the temperature of the liguid coolant in the storage
tank to the point that the gas phase in the storage
tank collapses. The pressure in the storage container
can however be maintained at a predefined pressure,
possibly by means of a pressurization vaporizer, for
example an air vaporizer, connected to the storage
tank. A separate equalizing vessel 1s therefore not
necessary in the cooling circuit, thus also simplifying
the construction of the cooling device according to the
invention with respect to cooling circuits according to
the prior art, and avoiding the energy loss caused by

the heat input into the equalizing vessel.

In one advantageous embodiment of the invention, a
second super-cooler is arranged in the liquid supply
line, upstream of the expansion valve but downstream of
the mouth of the connection line into the liquid supply

line. The second super-cooler prevents more than only
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an insignificant part of the liquid coolant existing in
the gaseous state upon reaching the expansion valve,
which would impair the functionality of the expansion
valve and also influence the functionality of the first
super-cooler (referred to in the following as “main
super-cooler”). As second super-cocler, use 1is for
example made of an object in which a line transporting
the medium to be super-cooled is fed through a cooling
bath and is thermally connected thereto, the
temperature of the latter being lower than that of the
medium fed through the line.

Another advantageous embodiment of the invention
provides that a phase separator is provided in the
supply line, upstream of the expansion valve and
downstream of the branching-off point of the connection
line. As phase separator, use is for example made of a
container to which the medium to be separated is
supplied and in which the medium separates into a
liquid phase that collects at the bottom of the
container (and is subseguently passed on to the super-
cooler) and, above this, a gas phase (which 1is drawn
off and possibly supplied to another use). The phase
separator serves in particular to separate, from the
liquid, flash gas from the connection line into the
liquid supply line to the coéling bath of the main
super-cooler, and not to allow this gas to reach the
main super-cooler. The phase separator can moreover
also be used to pre-cool the coolant fed to the main
super-cooler. In this case, there is arranged, upstream
of the phase separator but downstream of the branching-
off point of the connection line, a further expansion
valve, and the phase separator 1is operated at a.
pressure below the pressure in the sump of the storage
tank, for example unpressurized (1 bar). The additional
super-cooler or the additional phase separator relieve
the main super-cooler and reduce the consumption of

coolant in particular if a particularly low cooling
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temperature 1is to be achieved by applying a vacuum
(p < 1 bar) to the cooling bath of the main super-

cooler.

The connection line c¢an in principle open into the
cooling circuit at any point of the latter, but it
preferably opens into the cooling circuit upstream of
the super-cooler in order to keep the temperature
influences of the super-cooler on the storage tank as
small as possible. In order to be able to particularly
effectively equalize any density fluctuations 1in the
region of the consumer, the connection line
particularly preferably opens into the cooling circuit

downstream of the consumer but upstream of the pump.

One advantageous development of the invention provides
that the gas removal line is equipped with a wvacuum
pump. In this manner, the target pressure in the
pressure container accommodating the cooling bath can
be reduced to a value below ambient pressure, that is
to say below 1 bar, and it is thus possible to achieve

an even lower temperature in the cooling bath.

Advantageously, the storage tank 1is equipped with a
pressurization vaporizer, for example an air vaporizer.

This maintains a constant pressure in the storage tank.

Another preferred embodiment of the invention is
characterized in that the temperature of the cooling
bath can be controlled by means of a measuring and
control device, in dependence on the heat input in the
cooling circuit. Thus, for example, the temperature of
the cooling liquid in the cooling circuit 1is detected
constantly or at predefined time intervals and the
determined values are fed to a «control unit and
compared to a setpoint value of the temperature. Then,
the pressure in the pressure container accommodating

the cocling bath is set by readjusting the expansion
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valve in the liquid supply and/or the vacuum pump at
the gas outlet.

The device according to the invention is particularly
suited to cooling a superconducting, 1in particular
high-temperature superconducting, component. In this
case, the consumer integrated into the cooling circuit
is therefore a superconducting component, for example a
superconducting cable or a superconducting magnet. In
order to achieve and maintain the superconducting
state, superconducting components of this type must be
kept at a low operating temperature of, depending on
the material and the load due to current and magnetic
flux, between close to zero and currently (in the case
of some high-temperature superconductors) approximately
140 K. In order to reach the operating temperature, the
superconducting component 1is cooled, for example by
means of liquid nitrogen, liquid helium or another
liquefied gas. During operation, however, the
superconducting components introduce nigh on no heat
into the coolant; they are therefore particularly well-
suited to cooling by means of a super-cooled liquid
circulating in a cooling circuit.

Another preferred embodiment of +the invention is
characterized in that the temperature of the cooling
bath can be controlled by means of a measuring and
control device (33), in dependence on the heat input in
the cooling circuit. Thus, for example, the temperature
of the cooling 1liquid in the cooling circuit 1is
detected constantly.

Example:

In a cooling circuit for cooling a consumer, for
example a superconducting cable, use is made as coolant
of liquid nitrogen which circulates in the cooling
circuit at a pressure of 8 to 10 bar. A super-cooler
arranged in the cooling circuit brings the nitrogen to
a temperature of -206°C. After passing through the
consumer and the pump, the nitrogen is at a
temperature, at the inlet of the super-cooler, of
-200°C. The heat corresponding to the temperature
difference is removed from the ligquid nitrogen in that
the pressure in the cooling bath of the super-cooler is
brought, by means of a vacuum pump, to a value of for

Date Regue/Date Received 2021-01-06



10

15

20

25

30

35

WO 2015/000708 PCT/EP2014/062881
- 10 -

example between 0.15 and 0.2 bar. The pressure in the
cooling circuit corresponds to the pressure at the sump
of the storage container, such that the storage
container according to the invention can be used as an

equalizing vessel.

Exemplary embodiments of the invention are illustrated

in schematic views of the drawings, in which:

Fig. 1 shows the circuit diagram of a device
according to the invention in a first
embodiment,

Fig. 2 shows the circuit diagram of =& device
according to the invention in a second
embodiment,

Fig. 3 shows  the circuit diagram of a device
according to the invention in third

embodiment.

In the following, parts of the embodiments shown that
have the same effect have 1in each case the same

reference number.

The device 1 shown in Fig. 1 comprises a cooling
circuit 2 for cooling a consumer (32), for
example a superconducting cable or magnet. The cooling
circuit 2 comprises a forward-flow 1line 3 for
supplying, to the consumer, a liquid coolant, in
particular a cryogenic coolant such as for example
liquid nitrogen, LNG or a liquefied noble gas, and a
return-flow line 4 for removing liquid coolant from the
consumer. The forward-flow line 3 and the return-flow
line 4 are fluidically connected to one another, and a
pump 5 conveys the liquid coolant within the cooling

circuit 2.

A super-cooler 6 is arranged in the forward-flow line,

downstream of the pump 5. The super-cooler 6 comprises

Date Regue/Date Received 2020-12-03
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a pressure container 7 in which there is accommodated a
cooling bath 8. The forward-flow line 3, fed through
the pressure container 7, enters the cooling bath 8
with a heat exchanger, for example a cooling coil 9. In
order to supply fresh ligquid coolant to the cooling
bath 8, a supply line 12, which is connected to the
sump of a storage tank 11, for example a standing tank,
opens into the pressure container 7. The pressure in
the storage tank 11 1is in that context held at a
predefined value by means of a tank pressure control
unit, for example using an air vaporizer 13. In the
supply line 12, there is arranged an expansion valve 14
by means of which it 1is possible to set a maximum
pressure in the supply line 12 downstream of the
expansicn valve 14. In an upper region - which during
proper use of the device 1 1is filled with gaseous
coolant - within the pressure container 7, there opens
a gas removal line 15 into which a vacuum pump 16 is
optionally integrated. The cooling circuit 2 and the
fittings fluidically connected to the storage tank 11
are not fluidically independent of one another but
rather are coupled to one another via a connection line
17 that, between a branching point 18 upstream of the
expansion valve and & branching point 19 upstream of
the pump 5, produces a flow connection between the

supply line 12 and the cooling circuit 2.

When the device 1 is in operation, the liquid coolant
flows through the cooling circuit 2. The pressure in
the cooling circuit 2 essentially corresponds to the
pressure at the bottom of the storage tank 11 and
therefore has a boiling temperature that is higher than
the boiling temperature of the coolant at the liguid
surface in the storage tank 11. The coolant is fed in
the super-cooled state to a consumer via the forward-
flow line 3, and the coolant heated by heat contact
with the consumer, and/or with pipe sections leading to

or from the consumer, flows, still in the liguid and
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preferably in the super-cooled state, away from the
consumer via the return-flow line 4 and 1is fed back

into the forward-flow line 3 by means of the pump 5.

In order to ensure that the coolant is in the liquid
state in the entire cooling circuit 2, the coolant in
the forward-flow line 3 is coocled by the super-cocler 6
to a predefined temperature of for example 5 K to 10 K
below its boiling temperature. The “predefined
temperature” is chosen such that the total heat input
in the cooling circuit 2 is insufficient - or at most
just sufficient - tc heat the super-cooled coolant to
its boiling temperature. To that end, the coolant in
the cooling bath 8 is brought to a lower pressure than
the coolant in the cooling circuit 2, such that the
boiling temperature at the pressure prevailing in the
pressure container 7 is below the predefined
temperature of the cocolant in the forward-flow line 3.
The required pressure i1s set at the expansion valve 14;
if necessary, the pressure can also be reduced to a
pressure of below 1 bar by using the vacuum pump 16.
The gas removed via the gas removal line 15 1is released
to the atmosphere or is supplied to another use. It is
also conceivable, within the scope of the invention,
that the pressure in the pressure container 7 1is
controlled in dependence on a measured temperature of

the coolant in the forward-flow line 3.

An equalizing volume 1is necessary 1in the case of
pressure fluctuations arising during operation of the
cooling circuit 2. In the case of the device 1, the
storage tank 11 serves as such an equalizing volume
since coolant can flow freely, via the connection line
19 which is open to flow in both directions during
operation ¢f the device 1, between the cooling circuit
2 and the storage tank 11. The pressurization vaporizer
13 provides any pressure buildup which may be required

in the storage tank 11. Therefore, the device 1 does
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not regquire a separate equalizing vessel assigned to
the cooling circuit 2. Since the branching-off point 18
in the supply line 12 1s arranged upstream of the
expansion valve 14, and the expansion valve 14 controls
to a predefined end pressure, pressure fluctuations
arising in the cooling circuit 2 do not lead to a
notable influence on the pressure ratios 1in the

container 7.

The device 20 shown in Fig. 2 differs from the device 1
only by an additional super-cooler 21 which 1s arranged
in the supply line 12, upstream of the expansion valve
14. The super-cooler 21 has a heat exchanger 22 that is
accommodated in a cooling bath 23. The cooling bath 23
is also supplied from the storage tank 11, with the
difference however that an expansion valve 24 ensures
that the pressure in the cooling bath 23 is lower than
in the line 12, and thus the temperature of the cooling
bath 23 is lower than the temperature of the coolant
flowing through the heat exchanger 22. Super-cooling
the coolant flowing through the supply line 12 prevents
a substantial part of the coolant reaching the
expansion valve 14 in the already vaporized state,
which would harm the functionality of the expansion
valve 14 and influence the performance of the super-

cooler 6.

In the device 25 shown in Fig. 3, there is located, in
the supply line 12, upstream of the expansion valve 14,
a phase separator 26 and, upstream of the latter, a
further expansion valve 27. The phase separator
comprises a vessel 28 in which gaseous coolant,
produced upstream of the phase separator 26 Dby
vaporization of ligquid coolant and/or introduced from
the cooling circuit 2 via the connection 1line 19,
collects in a gas phase 29 in the phase separator 26
while the coolant which has remained in the liquid

state forms a ligquid phase 30 in the phase separator
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26. The ligquid phase 30 is fluidically connected to the
super—~cooler 6 via that section of the supply line 12
downstream of the phase separator 26, while gas can be
removed from the gas phase 29 via a gas discharge 31
fluidically connected to the gas phase 29. The phase
separator 26 ensures, in a similar manner to the second
super-cooler 21 in device 20, that immediately upstream
of the expansion valve 14 there is no or only a small
quantity of gaseous coolant in the supply line 12, thus
avoiding disruption to the function of the expansion
valve 14; at the same time, it can be used to pre-cool
the coolant fed to the super-cooler 6 in that, during
operation, the gas phase 29 is held at a lower pressure

than the pressure at the bottom of the storage tank 11.
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Claims

1.

A device for cooling a consumer, having, assigned
to the consumer, a cooling circuit for circulating
a cooling fluid, in which there is provided a pump
and a super-cooler, wherein the super-cooler has: a
container which 1is fluidically connected, via a
supply line equipped with an expansion valve, to a
storage tank for the cooling fluid and which serves
for accommodating a cooling bath; a gas removal
line, arranged on the container, for discharging
evaporated cooling fluid; and a heat exchanger
which, during operation of the device, is immersed
in the cooling bath and is integrated into the
cooling circuit,

characterized in that,

during operation of the device, there branches off
from the cooling circuit a flow-open connection
line which is fluidically connected to the storage
tank and to the supply line leading to the cooling
bath of the super-cooler, upstream of the expansion

valve.

The device as claimed in claim 1, characterized in
that a second super-cooler 1s arranged 1in the
supply line, between a mouth of the flow-open

connection line and the expansion valve.

The device as claimed in claim 1 or 2,
characterized in that a phase separator is provided
in the supply line, wupstream of the expansion

valve.

The device as claimed in any one of claims 1 to 3,

characterized in that the flow-open connection

Date Regue/Date Received 2020-12-03
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line opens into the cooling circuit downstream of

the consumer but upstream of the pump.

5. The device as claimed in any one of claims 1 to 4,
5 characterized 1in that the gas removal line 1is

equipped with a vacuum pump.

6. The device as claimed in any one of claims 1 to 5,
characterized in that the storage tank is equipped

10 with a pressurization vaporizer.

7. The device as claimed in any one of claims 1 to 6,
characterized in that the temperature of the

cooling bath can be controlled by means of a

15 measuring and control device, 1in dependence on a

heat input in the cooling circuit.
8. The device as claimed in any one of claims 1 to 7,

characterized in that a superconducting component

20 is provided as the consumer.
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