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Cryogenic Adsorption Refrigerator

Technical Field

The present invention relates to cryogenic adsorption refrigerators for cooling thermal

loads.

Background

Cryogenic adsorption refrigerators (also known as adsorption or sorption coolers) are
a type of evaporative cooler. They are frequently used for cooling certain types of
scientific and commercial equipment such as astronomical telescope sensors, far-
infrared imaging cameras and quantum computer chips to extremely low

temperatures (typically lower than 1K).

Adsorption refrigerators are one of a limited number of devices that can reach
temperatures below 4.2K, which is the boiling point of Helium-4 (*He, the common
isotope of helium) at normal atmospheric pressure. Alternative devices that can
reach temperatures below 4.2K include mechanical coolers that rely upon the
expansion of gaseous helium (e.g. Gifford McMahon, Pulse Tube, Stirling or Joule-
Thomson), dilution refrigerators, adiabatic demagnetisation refrigerators and

Pomeranchuk cooling devices.

Adsorption refrigerators use the latent heat of evaporation of a liquid to produce a
cooling effect. Adsorption refrigerators are simple, compact and low power. They can
cool to temperatures of around 800mK using only “He as the coolant, and to
temperatures of around 200mK using 3He as the coolant (the light isotope of helium).
Adsorption refrigerators are preferred over other types of cooling devices such as
mechanical cooling devices in certain applications because they are simple to use,
can reach extremely low temperatures, contain no moving parts (making them

vibrationless) and do not require a magnetic field to operate.

In a typical adsorption refrigerator, an adsorbent material, such as activated charcoal
or a mineral zeolite, is located in a first chamber. A liquid coolant, such as *He or
3He, is located in a second “evaporation” chamber, which acts as a liquid reservoir.

The first and second chambers are fluidly connected via a fluid flow conduit. The
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adsorbent material in the first chamber is used to drive evaporation of the liquid
coolant in the second chamber (via the fluid flow conduit) by adsorbing the vapour
produced as the coolant evaporates and thereby reducing the vapour pressure in the
evaporation chamber. As the liquid coolant evaporates, the vapour carries away
energy equal to the latent heat of evaporation. This energy loss causes a cooling of
the remaining liquid coolant present in the evaporation chamber. The evaporation

chamber is thermally connected to a thermal load to be cooled.

One type of adsorption refrigerator is a single-shot adsorption refrigerator. Single-
shot adsorption refrigerators do not provide continuous cooling but instead operate
on aregenerative cycle whereby a short regeneration phase is required periodically.
The refrigeration phase then lasts for a longer but limited time before another
regenerative phase is required. After operating in a cooling mode for a period of
time, all of the coolant is adsorbed by the adsorbent material and no coolant remains
in the evaporation chamber. Before being used again, the device must be
regenerated by heating the adsorbent material so that the coolant is desorbed from
the adsorbent material and coolant must be condensed so it can be returned to the
evaporation chamber as a liquid. The device must also be pre-cooled to a
temperature at which the device can begin to operate effectively (typically below
around 5K).

As noted above, a coolant commonly used in adsorption refrigerators is “He. It is
known that liquid “He becomes superfluid when cooled to a temperature below its
“lambda point” of approximately 2.17K. In its superfluid state, “He is known to form a

superfluid film that creeps up the walls of a vessel in which it is contained.

When used as a coolant in an adsorption refrigerator, during operation the
temperature of “He in the evaporation chamber will typically reduce to below the
lambda point. Once below the lambda point, the superfluid “He forms a superfluid
film that creeps up the sides of the evaporation chamber and flows through the outlet
of the evaporation chamber down the tube connecting the evaporation chamber with

the adsorption pump.
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This loss of “He coolant from the evaporation chamber is undesirable because it
reduces the length of time that the adsorption refrigerator can operate in a cooling
mode for (known as the “hold time” or “run time” of the device). This is because
coolant that escapes from the evaporation chamber as a superfluid does not
evaporate in the evaporation chamber and therefore does not cool the evaporation
chamber. Coolant is effectively being lost from the evaporation chamber before it can

provide any useful cooling.

To try to address this problem of superfluid “He coolant flowing out of the
evaporation chamber, it is known to provide a plate comprising a narrow aperture in
the fluid flow conduit connecting the evaporation chamber with the adsorption pump.
The plate is located at the entrance of the fluid flow conduit where the fluid flow
conduit connects with the evaporation chamber or along the length of the fluid flow
conduit between the evaporation chamber and the adsorption pump. The narrow
aperture is shaped and sized so that it still allows sufficient flow of gaseous coolant
from the evaporation chamber to the adsorption pump while reducing the rate at

which superfluid *He can flow out of the evaporation chamber.

Such an arrangement is disclosed in Lau et al (2008), “Experimental tests and
modelling of the optimal orifice size for a closed cycle 4He sorption refrigerator”,
Cryogenics (46). Advantageously, providing a plate including a narrow aperture at
the entrance of the fluid flow conduit or along the length of the fluid flow conduit can
increase the hold time of the device by reducing the rate of flow of superfluid “He out
of the evaporation chamber. However, this arrangement can have several

disadvantages.

First, it can take a significant amount of time (in some cases several days) to pre-
cool the device from room temperature (approximately 300K) to a temperature at

which the device can begin to operate effectively (typically approximately 5K).

Further, the narrow aperture increases the velocity of gaseous coolant flowing
through it and into the fluid flow conduit. The high velocity gaseous coolant can
potentially induce oscillations in the column of gas present in the fluid flow conduit.

This is undesirable because it can increase heat transfer through the column of gas,
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producing an additional heat load on the evaporation chamber which reduces the

performance of the device.

Still further, as well as reducing the flow of superfluid coolant, the narrow aperture
also reduces the flow rate of gaseous coolant from the evaporation chamber, thereby
reducing the overall cooling capacity of the device. In fact, the narrow aperture
reduces the flow rate of gaseous coolant even when the device is operating at
temperatures above the lambda point, where there is no need to reduce the flow of
superfluid film from the evaporation chamber because the coolant is not cold enough

to be in a superfluid state.

It would be desirable to provide a cryogenic adsorption refrigerator that can obviate

or mitigate some or all of the above-described disadvantages.
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Summary of the Invention

In accordance with a first aspect of the invention there is provided a cryogenic
adsorption refrigerator for cooling a thermal load. The cryogenic adsorption
refrigerator comprises: an adsorption pump comprising a chamber containing an
adsorbent material; an evaporator arranged to contain coolant; and one or more fluid
flow conduits. The evaporator comprises a first evaporation chamber and a second
evaporation chamber. The first evaporation chamber is fluidly connected with the
adsorption pump via the one or more fluid flow conduits such that gaseous coolant
can flow from the first evaporation chamber to the adsorption pump. The first
evaporation chamber and the second evaporation chamber are fluidly connected via
a flow control aperture arranged to reduce the flow of superfluid coolant from the

second evaporation chamber to the first evaporation chamber.

Optionally, the first evaporation chamber and the second evaporation chamber are

separated by a wall, and the flow control aperture is provided within the wall.

Optionally, the wall is provided by a plate positioned within the evaporator between

the first evaporation chamber and the second evaporation chamber.

Optionally, the first evaporation chamber has a depth of approximately 3mm

between the wall and at least one of the one or more fluid flow conduits.

Optionally, the wall comprises a further annular wall that encloses the flow control

aperture and extends into the second evaporation chamber

Optionally, at least part of the flow control aperture is tapered such that it reduces in

diameter in the direction of the second evaporation chamber.

Optionally, the flow control aperture comprises an inner edge that is electropolished

or an atomically sharp knife-edge.

Optionally, the flow control aperture has a diameter of between approximately

0.2mm and 2.5mm.
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Optionally, the flow control aperture is located such that in use it is not vertically

aligned with the one or more fluid flow conduits.

Optionally, the cryogenic adsorption refrigerator comprises two or more fluid flow

conduits.

Optionally, in use the first evaporation chamber is an upper evaporation chamber

and the second evaporation chamber is a lower evaporation chamber.

Optionally, the first evaporation chamber, the second evaporation chamber and the
flow control aperture are arranged such that in use during a regeneration cycle liquid
coolant falls by gravity from the first evaporation chamber to the second evaporation

chamber via the flow control aperture.

Optionally, the one or more fluid flow conduits directly fluidly connect the first

evaporation chamber with the adsorption pump.

Optionally, the device comprises a further chamber arranged to intercept fluid
travelling between the first evaporation chamber and the adsorption pump, and
wherein the one or more fluid flow conduits fluidly connect the first evaporation

chamber with the further chamber.

Optionally, the device further comprises one or more further fluid flow conduits fluidly

connecting the further chamber with the adsorption pump.

Optionally, the further chamber defines an annular cavity.

Optionally, a mesh is located within the annular cavity.

Optionally, the one or more fluid flow conduits that fluidly connect the first
evaporation chamber with the further chamber have a smaller diameter than the one

or more further fluid flow conduits that fluidly connect the further chamber with the

adsorption pump.
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Optionally, the number of fluid flow conduits fluidly connecting the first evaporation
chamber with the further chamber is different to the number of further fluid flow

conduits fluidly connecting the further chamber with the adsorption pump.

Optionally, a porous material is provided within the first evaporation chamber and the

second evaporation chamber.

Optionally, the one or more fluid flow conduits extend into the first evaporation

chamber.

Optionally, the coolant is “He.

Optionally, the cryogenic adsorption refrigerator is a single-shot refrigerator.

Advantageously, in accordance with embodiments of the invention it has been
determined that splitting the evaporator of an adsorption refrigerator into first and
second evaporation chambers and locating a flow control aperture between the first
and second evaporation chambers rather than in the fluid flow conduit that connects
the evaporator with the adsorption pump can maintain the advantages of reducing
the flow of superfluid coolant from the evaporator while reducing the time needed to
pre-cool device to its operating temperature and improving the thermal performance

of the device.

In particular, embodiments of the invention provide a cryogenic adsorption
refrigerator that comprises an evaporator that includes first and second evaporation
chambers separated by a flow control aperture, the first evaporation chamber being
fluidly connected to the adsorption pump via one or more fluid flow conduits (also
referred to herein as tubes). The flow control aperture is arranged to reduce (also
referred to herein as restrict) the flow of superfluid coolant from the second
evaporation chamber to the first evaporation chamber. Advantageously, the first
evaporation chamber provides a volume within the evaporator that can more easily
exchange heat energy (e.g., by convection of coolant) with the adsorption pump
because there is no flow control aperture restricting the flow of coolant in the path

between the first evaporation chamber and the adsorption pump. This can reduce
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the time needed to pre-cool device to its operating temperature (typically below

approximately 5K) prior to use.

Advantageously, in embodiments where two or more fluid flow conduits are provided
fluidly connecting the first evaporation chamber with the adsorption pump, this can
further reduce the time needed to pre-cool the device to its operating temperature by
allowing coolant to flow between the first evaporation chamber and the adsorption
pump in a convective loop through two or more of the fluid flow conduits.
Advantageously, compared with conventional arrangements, this can reduce the
time needed to pre-cool device from room temperature to its operating temperature
from several days to several hours.

Additionally, locating the flow control aperture between first and second evaporation
chambers rather than at the entrance of the fluid flow conduit is advantageous
because it can result in reduced pressure oscillations of gaseous coolant in the fluid
flow conduit caused by the increased velocity of coolant passing through the flow
control aperture. The location of the flow control aperture away from the entrance of
the fluid flow conduit can allow pressure oscillations to dissipate within the first
evaporation chamber. This can improve the overall performance of device by
reducing heat transfer through the column of gaseous coolant present in the fluid

flow conduit.

Additionally, while the majority of coolant will typically be located in the second
evaporation chamber when the device is operating in a cooling mode, in certain
embodiments, when the device begins to operate in a cooling mode, a small amount
of liquid coolant can remain in the first evaporation chamber. This is advantageous
because the coolant that remains in the first evaporation chamber can evaporate
during the initial cooling stage. The rate of flow of gaseous coolant from the first
evaporation chamber to the adsorption pump is not restricted by the flow control
aperture. Advantageously, since the cooling capacity is limited by the rate of flow of
evaporated coolant out of the evaporator, this means that in the initial cooling stage
when coolant is evaporating from the first evaporation chamber, the device can have

a higher cooling capacity. Typically, the temperature of the coolant will not be below
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the lambda point in the initial cooling phase so the problem of superfluid coolant

forming a film that climbs out of the first evaporation chamber is not present.

Various further features and aspects of the invention are defined in the claims.
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Brief Description of the Drawings

Embodiments of the present invention will now be described by way of example only
with reference to the accompanying drawings where like parts are provided with

corresponding reference numerals and in which:

Figure 1 is a simplified schematic diagram of a cryogenic adsorption refrigerator in

accordance with certain embodiments of the invention;

Figures 2A-2E show the cryogenic adsorption refrigerator of Figure 1 in use during a

cooling cycle and during a regeneration cycle;

Figure 3 is a simplified schematic diagram of an evaporator in accordance with certain

embodiments of the invention;

Figures 4A-4D show different views of the wall of the evaporator of Figure 3;

Figure 5 is a simplified diagram of a cryogenic adsorption refrigerator system in
accordance with certain embodiments of the invention that includes the evaporator of

Figure 3;

Figure 6 is a simplified schematic diagram of the further chamber of the cryogenic

adsorption refrigerator of Figure 5; and

Figure 7 is a simplified schematic diagram of a cryogenic adsorption refrigerator in

accordance with certain embodiments of the invention.



10

16

20

25

30

WO 2023/099892 PCT/GB2022/053037
11

Detailed Description

Figure 1 is a simplified schematic diagram of a cryogenic adsorption refrigerator 100
in accordance with certain embodiments of the invention. The cryogenic adsorption
refrigerator 100 comprises an adsorption pump 101, an evaporator 102, a first fluid

flow conduit 103a and a second fluid flow conduit 103b.

The cryogenic adsorption refrigerator 100 can be used to cool a thermal load such as
an item of scientific equipment or a further refrigeration stage of a multi-stage cooling
system to extremely low temperatures (for example temperatures of less than 5K). A
thermal load to be cooled is thermally connected to the evaporator 102. The term

cryogenic is used herein to refer to temperatures of less than 120K (—153°C).

Adsorption refrigerators are also known as adsorption or sorption coolers or fridges.

The cryogenic adsorption refrigerator 100 is a single-shot refrigerator. A fixed amount
of coolant is sealed during assembly within the space within the device 100 provided
by the adsorption pump 101, evaporator 102 and fluid flow conduits 103a 103b. This
means that the device 100 can operate for a finite period of time before no coolant
remains in the evaporator 102, at which point it must be regenerated (also known as

“re-cycling”) before it can be used to provide cooling again.

The adsorption pump 101 comprises a pump chamber 104. The pump chamber 104
is an enclosed volume that contains an adsorbent material 105. In this embodiment
the adsorbent material 105 is activated charcoal. However, it will be understood that
other suitable types of adsorbent material such as mineral zeolite can be used. As will
be understood, in contrast with absorption, adsorption is a surface process which

involves the adhesion of molecules onto the surface of a porous solid material.

In contrast with conventional adsorption refrigerators which include a single
evaporation chamber, the evaporator 102 comprises two evaporation chambers
provided by a first evaporation chamber 106 and a second evaporation chamber 107.
In the context of adsorption refrigerators, an evaporation chamber is also known as an

evaporation pot, cold pot, cold stage or cold head.
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The first evaporation chamber 106 is fluidly connected to the pump chamber 104 via
both the first fluid flow conduit 103a and the second fluid flow conduit 103b. Fluid flow
conduits are also referred to herein as tubes. The first fluid flow conduit 103a and the
second fluid flow conduit 103b enable fluid to flow between the first evaporation
chamber 106 and the adsorption pump 101. The first fluid flow conduit 103a and

second fluid flow conduit 103b can be provided by lengths of stainless-steel tube.

The first evaporation chamber 106 and second evaporation chamber 107 each provide
an enclosed volume that contains liquid and/or gaseous coolant during operation of
the device 100.

During use, the first fluid flow conduit 103a and the second fluid flow conduit 103b
direct gaseous coolant from the first evaporation chamber 106 to the pump chamber
104 so that it can be adsorbed by the adsorbent material 105. The first fluid flow
conduit 103a and second fluid flow conduit 103b also direct liquid coolant from the
pump chamber 104 back into the first evaporation chamber 106 when the device is

being “regenerated”.

The evaporator 102 comprises a wall 108 that separates the first evaporation chamber
106 and the second evaporation chamber 107. The wall 108 is also referred to as a
septum. In certain embodiments, the first evaporation chamber has a depth of
approximately 3mm between the wall 108 and at least one of the one or more fluid
flow conduits 103a 103b.

In certain embodiments, the first evaporation chamber 106 and second evaporation
chamber 107 are formed by introducing a plate comprising a suitable flow control
aperture into a single larger evaporation chamber to create two sub-chambers. In such
embodiments, the wall 108 is defined by the plate and forms a base wall of the first
evaporation chamber 106 and a top wall of the second evaporation chamber 107.
Alternatively, in other embodiments the first evaporation chamber 106 and second
evaporation chamber 107 can be provided by separate chambers that are fluidly

connected via a suitable flow control aperture.
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The first evaporation chamber 106 and the second evaporation chamber 107 are
fluidly connected via an aperture 109. The aperture 109 is a flow control aperture in
that it is used to control the flow of coolant between the two chambers. In particular,
the aperture 109 is sized and shaped so that it substantially restricts the flow of
superfluid coolant from the second evaporation chamber 107 to the first evaporation
chamber 106 while allowing gaseous coolant that has evaporated in the second
evaporation chamber 107 to pass from the second evaporation chamber 107 to the
first evaporation chamber 106 as described in more detail herein and in particular with
reference to Figures 2A-2E. Suitable arrangements for the aperture 109 are described

in more detail herein and in particular with reference to Figure 3.

The aperture 109 typically has a circular cross-section.

In certain embodiments, the aperture 109 has a diameter of approximately 0.35mm.

In certain embodiments, the aperture 109 has a diameter of between 0.2mm and

2.5mm.

In certain embodiments, the aperture 109 comprises an inner edge that is
electropolished or that is an atomically sharp knife-edge. Advantageously, decreasing
the surface roughness of the aperture 109 in this way can decrease the effective
circumference of the aperture 109 and thereby reduce the superfluid film flow rate
through the aperture 109. Further, a knife-edge aperture also causes a local thinning
of the superfluid film as it traverses the knife-edge, thereby further reducing the

superfluid film flow rate.

When the cryogenic adsorption refrigerator 100 is positioned for use in the orientation
shown in Figure 1, the first evaporation chamber 106 is an upper chamber and the
second evaporation chamber 107 is a lower chamber. That is, the first evaporation
chamber 106 is located above the second evaporation chamber 107 relative to the

base of the cryogenic adsorption refrigerator 100.
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The cryogenic adsorption refrigerator 100 typically includes additional components to
those shown in Figure 1 as will be understood by the skilled person. For example,
typically the entire cryogenic adsorption refrigerator 100 is contained within a vacuum
chamber to improve the thermal performance of the device. One or more pre-cooling
refrigerators and one or more heaters can also be provided for selectively heating and

cooling parts of the device.

In the embodiment shown in Figure 1, the cryogenic adsorption refrigerator 100 has
two fluid flow conduits 103a 103b connecting the evaporator 102 with the adsorption
pump 101. However, in other embodiments, one evaporation tube, or three or more

evaporation tubes can be provided.

The cryogenic adsorption refrigerator 100 of Figure 1 will now be described in use with

reference to Figures 2A-2E.

Figures 2A-2E show the cryogenic adsorption refrigerator 100 of Figure 1 in use during
a cooling cycle and during a regeneration cycle. For clarity, some reference signs have

been omitted from Figures 2A-2E.

Figure 2A shows the cryogenic adsorption refrigerator 100 at the start of a cooling
cycle. The cryogenic adsorption refrigerator 100 has been pre-cooled to an initial

temperature. Typically, the initial temperature is between approximately 3K and 5K.

The evaporator 102 is connected to a thermal load 200.

Coolant 201 (“He) is present within the evaporator 102. In certain embodiments, as
shown in Figure 2A, the amount of coolant in the device 100 is such that at the start
of a cooling cycle the volume of liquid coolant in the evaporator 102 exceeds the
volume of the second evaporation chamber 107 such that both the first evaporation

chamber 106 and the second evaporation chamber 107 contain liquid coolant.

Coolant 201 in the first evaporation chamber 106 beings to evaporate. The gaseous
coolant flows down the first and second fluid flow conduits 103a 103b towards the

adsorption pump chamber 104, where it is adsorbed by the adsorbent material present
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within the chamber 104. This process continues. The evaporation of coolant 201 from
the first evaporation chamber 106 reduces the temperature of the evaporator 102 by

the process of evaporative cooling.

Subsequently, as shown in Figure 2B, after a period of operation, liquid coolant that

was present within the first evaporation chamber 106 has evaporated.

Coolant 201 in the second evaporation chamber 107 evaporates. The evaporated
(gaseous) coolant passes through the flow control aperture 109 into the first
evaporation chamber 106. The evaporated coolant then flows down the first and
second fluid flow conduits 103a 103b towards the adsorption pump chamber 104 and

is adsorbed by the adsorbent material as described above.

Typically, as this process continues, the evaporation of coolant reduces the
temperature of the coolant 201 that remains in the second evaporation chamber 107
to below the coolant's superfluid “lambda point” (approximately 2.17K in the case of
‘He).

Once below the lambda peint, the coolant 201 becomes superfluid. The superfluid
coolant forms a superfluid film 202 that creeps up the sides of the second evaporation

chamber 107 as shown in Figure 2B.

The flow control aperture 109 significantly limits the rate at which the superfluid film
202 can flow out of the second evaporation chamber 107. This is advantageous
because it increases the length of time that the adsorption refrigerator 100 can operate

in a cooling mode for (known as the “hold time” or “run time”).

Controlling the rate at which the superfluid film 202 can flow out of the second
evaporation chamber 107 improves the hold time because coolant that escapes from
the evaporator as a superfluid typically continues through the fluid flow conduits 103a
103b and into the adsorption pump chamber 104. Typically, during this process the
superfluid evaporates in the fluid flow conduits 103a 103b or in the adsorption pump
chamber 104. This means that the superfluid coolant does not evaporate in the

evaporator and therefore does not contribute to cooling the evaporator. As a result,
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additional coolant would need to be provided in the evaporator to provide a particular

hold time to account for the coolant lost from the evaporator as a superfluid.

The flow control aperture 109 also limits the rate at which evaporated (gaseous)
coolant flows out of the second evaporation pot 107. However, the flow control
aperture 109 is suitably sized and shaped so that the flow rate of evaporated coolant

provides a suitable amount of cooling.

Advantageously, locating the flow control aperture 109 within the evaporator so that it
is away from the entrance of the first fluid flow conduit 103a and second fluid flow
conduit 103b can further improve the performance of the device. This is because
pressure oscillations caused by the high velocity gaseous coolant passing through the
flow control aperture 109 can dissipate within the first evaporation chamber 106. This
reduces pressure oscillations within column of gaseous coolant present in the first fluid
flow conduit 103a and second fluid flow conduit 103b, thereby reducing unwanted heat

transfer between the evaporator and the adsorption pump.

Advantageously, in certain embodiments the flow control aperture 109 can be
positioned so that when the device 100 is in use, it is not vertically aligned with the
entrance of any of the fluid flow conduits. This can further reduce pressure oscillations
in the fluid flow conduits and thereby further improve the performance of the device.

Such an arrangement is shown in Figure 3.

As shown in Figure 2C, the process continues as the amount of liquid coolant that
remains in the second evaporation chamber reduces by the flow of evaporated coolant

and a small amount of superfluid coolant through the flow control aperture.

As shown in Figure 2D, after a period of time, all or a substantial portion of the coolant
has been adsorbed by the adsorbent material such that no coolant remains in the first
or second evaporation chambers. At this point, the cryogenic adsorption refrigerator

100 cannot provide any further cooling until it is regenerated.

The process of regenerating the cryogenic adsorption refrigerator 100 is shown in
Figure 2E.
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The adsorption pump 101 is heated. Typically, the adsorption pump 101 is heated to
approximately 40-50K and held at this temperature for a suitable period of time
(typically at least several minutes). This causes the adsorbent material 105 to desorb

the coolant.

A condensation plate 203 (shown schematically in Figure 2E) is thermally connected
to the first fluid flow conduit 103a and second fluid flow conduit 103b. The
condensation plate 203 is held at a temperature that causes coolant to condense. The
coolant that has desorbed from the adsorbent material condenses on the
condensation plate 203 and drips back down through the first and second fluid flow
conduits 103a 103b into the first evaporation chamber 106 and through the flow control

aperture 109 into the second evaporation chamber 107 by the force of gravity.

When a sufficient amount of coolant has been desorbed from the adsorbent material
105 and is in the evaporator as a liquid, the cryogenic adsorption refrigerator 100 can
be used in a further cooling cycle. The adsorption pump 101 is cooled. As the
temperature of the adsorption pump reduces towards approximately 4K, the rate of
adsorption of gaseous coolant by the adsorptive material increases, which begins the
next cooling cycle. The process of operating the cryogenic adsorption refrigerator 100

in a cooling then regeneration mode is repeated.

Figure 3 is a simplified schematic diagram of an evaporator 300 in accordance with
certain embodiments of the invention. The evaporator 300 substantially corresponds
with the evaporator described in and depicted with reference to Figure 1 except as

otherwise described and depicted.

The evaporator 300 comprises a first evaporation chamber 301 and a second
evaporation chamber 302. The first evaporation chamber 301 and the second
evaporation chamber 302 are fluidly connected via an aperture 303 provided in a wall

304 of the evaporator 300. The aperture 303 acts as a flow control aperture.

The aperture 303 includes a first part on the side closest to the first evaporation

chamber 301 that is tapered such that it decreases in diameter in the direction of the
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second evaporation chamber 302. The aperture 303 includes a second part on the
side closest to the second evaporation chamber 302 that has a substantially constant

diameter.

In certain embodiments, the inner edge of the aperture 303 is burnished. The aperture
303 can be burnished during assembly of the evaporator 300. Advantageously,
burnishing the aperture 303 can remove particulate contamination from the inner edge
of the aperture 303 that accumulates during the fabrication process. Such
contamination can be particularly problematic if the wall 304 that the aperture is formed
in is composed of a material prone to oxidation such as copper. Advantageously, the
tapered portion of the aperture 303 can facilitate burnishing by guiding a suitable tool

into the aperture 303.

The aperture 109 is formed to minimise surface or edge defects, such as oxide, other

chemical or physical deposits, or physical irregularities such as roughness or tears.

It will be understood that in certain embodiments the aperture 303 does not include a

tapered part. That is, the aperture 303 has a substantially constant diameter.

The evaporator 300 is fluidly connected to an adsorption pump via a first fluid flow
conduit 305, a second fluid flow conduit 306 and a third fluid flow conduit 307.

The evaporator 300 operates as part of an adsorption refrigeration system as

described herein.

As shown in Figure 3, the aperture 303 is not vertically aligned with the first fluid flow
conduit 305, second fluid flow conduit 306 or the third fluid flow conduit 307.
Advantageously, this allows pressure oscillations caused by the high velocity flow of
gaseous coolant passing through the aperture 303 to dissipate within the first
evaporation chamber 301. This can improve the overall performance of device by
reducing heat transfer through the column of gaseous coolant present in the fluid flow

conduits.
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Figures 4A-4D show different views of the wall 304 of the evaporator of Figure 3. The
wall 304 can be manufactured as a separate component and inserted and secured
within an evaporator during assembly to create first and second evaporation chambers
within an existing evaporator. For clarity, some reference signs have been omitted in
Figures 4A-4D.

Figure 4A is an isometric view, Figure 4B is a top view, Figure 4C is a cross-section

and Figure 4D is a further cross-section of the wall 304.

As shown in Figure 4A, the wall 304 comprises an aperture 303 that acts as a flow

control aperture. The wall 304 also comprises a central aperture 400.

The central aperture 400 is shaped to fit around a central post which is provided within
the device. The central aperture 400 is hard-soldered to the central post so that no
fluid can flow through it. The central post is used to reinforce the evaporator to prevent
physical deformation of the evaporation chambers when subjected to high pressure

during operation.

It will be understood that the appropriate size of the flow control aperture will depend
on the particular dimensions and operating conditions of the device. However, in
certain embodiments, the flow control aperture can have a diameter of approximately
0.35mm. In certain embodiments, the flow control aperture can have a diameter of

between approximately 0.2mm and 2.5mm.

In embodiments where the aperture includes a first tapered part and a second constant
diameter part, the first tapered part can have a diameter of approximately 2.35mm at
its widest point and can taper to a diameter of approximately 0.35mm. The second

constant diameter part can have a diameter of approximately 0.35mm.

Figure 5 is a simplified diagram of a cryogenic adsorption refrigerator system 500 that
includes the evaporator 300 of Figure 3. The system 500 operates substantially as

described herein.
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The system 500 includes an adsorption pump 501, an evaporator 300, a plurality of
fluid flow conduits 503a 503b 503c 503d 503e fluidly connecting the evaporator 300
and the adsorption pump 501, a further chamber 504, a main plate 505, a heat switch
506 and a heat strap 507.

The fluid flow conduits 503a 503b 503c 503d 503e and adsorption pump 501 are
typically of a type described herein.

The main plate 505 mechanically supports the remainder of the system 500. The main
plate 505 can be composed of a thermally conductive material such as copper. The
main plate 505 can be thermally connected to a suitable cooling device such as a
pulse tube refrigerator to pre-cool the system 500. Typically, the main plate 505 is held

at a temperature of approximately 4K during operation of the device.

The chamber 504 is fluidly connected to an end of the fluid flow conduits 503a 503b
503c that fluidly connect with the evaporator 300, and to an end of the fluid flow
conduits 503d 503e that fluidly connect with the adsorption pump 501. The further
chamber 504 is arranged to intercept the flow of gaseous coolant between the
evaporator 300 and the adsorption pump 501.

The chamber 504 is depicted in more detail in Figure 6, which is a simplified schematic

diagram of the chamber 504.

The chamber 504 defines an annular cavity 600. The chamber 504 is typically
composed of copper. The cavity 600 can be filled with a mesh 601 composed of copper
or another suitable material. The mesh 601 provides a roughened internal surface
within the cavity 600. The mesh 601 can be secured to the inside walls of the cavity

600 by a suitable fixing such as silver solder.

The chamber 504 provides several advantages. It extracts enthalpy from the gaseous

coolant flowing through it. This can improve the thermal performance of the device.



10

16

20

25

30

WO 2023/099892 PCT/GB2022/053037
21

The chamber 504 also encourages the evaporation of superfluid coolant that climbs
into it from the evaporator. The large surface area inside the chamber 504 forces the

superfluid film to spread out which promotes evaporation

The chamber 504 also creates turbulence within the gaseous coolant flowing through
it. This turbulence can interrupt oscillations in the column of gaseous coolant within
the fluid flow conduits 503a 503b 503b that result from the high velocity gaseous
coolant passing through the flow control aperture. Such oscillations can otherwise
result in unwanted heat transfer through the column of gaseous coolant present in the
fluid flow conduits 503a 503b 503c.

As shown in Figure 6, the chamber 504 is connected to the evaporator 300 via three
fluid flow conduits 503a 503b 503c and to the adsorption pump via two fluid flow
conduits 503d 503e. Advantageously, having a different number of inlet and outlet fluid
flow conduits for the chamber 504 can increase turbulence within the chamber 504.
As shown in Figure 6, the fluid flow conduits 503d 503e that fluidly connect the
chamber 504 with the adsorption pump 501 can have a smaller diameter than the fluid
flow conduits 503a 503b 503c that fluidly connect the chamber 504 with the evaporator
300.

Returning to Figure 5, as will be understood by the skilled person, the heat switch 506
and heat strap 507 are used to control the thermal connection between the adsorption
pump 501 and the main plate 505. When turned off, the heat switch 506 thermally
isolates the adsorption pump 501 and the main plate 505. This allows the adsorption
pump 501 to increase in temperature during the regeneration cycle (typically via a
pump heater, not shown). When turned on, the heat switch 506 provides a high level
of thermal conductivity between the adsorption pump 501 and the main plate 505.
Since the main plate is typically maintained at approximately 4K, tuming the heat
switch on allows the temperature of the adsorption pump 501 to be reduced to

approximately 4K.

The system 500 may include further components as will be understood by the skilled
person. For example, the system 500 can be enclosed in an outer vacuum can and

can include a pre-cooling refrigerator.
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It will be understood that the cryogenic adsorption refrigerators described herein can
be operated in low or zero gravity environments such as on spacecraft or satellites. In
such applications, a porous material such as metal sinter can be provided within the
first and second evaporation chamber to ensure coolant remains within the evaporator

during a cooling cycle until it evaporates.

In certain embodiments, the cryogenic adsorption refrigerators described herein can
operate in a different orientation to that described with reference to Figures 1-6. One

such arrangement is shown in Figure 7.

Figure 7 is a simplified schematic diagram of a cryogenic adsorption refrigerator in
accordance with certain embodiments of the invention. The cryogenic adsorption
refrigerator 700 substantially corresponds with the cryogenic adsorption refrigerator

described with reference to Figure 1 except as otherwise described and depicted.

The cryogenic adsorption refrigerator 700 is operated in an inverted orientation relative
to the cryogenic adsorption refrigerator shown in Figure 1. In certain applications it can
be useful to operate a cryogenic adsorption refrigerator in the orientation shown in
Figure 7 because it can make it easier to access parts of the device. For example,
locating the evaporator as the uppermost part of the device makes it easier to secure

and unsecure a thermal load to the device.

The cryogenic adsorption refrigerator 700 comprises an adsorption pump 701, an
evaporator 702, a first fluid flow conduit 703a and a second fluid flow conduit 703b.
The adsorption pump 701 comprises a pump chamber 704. The evaporator 702
comprises two evaporation chambers provided by a first evaporation chamber 706 and
a second evaporation chamber 707. The evaporator 702 comprises a wall 708 that
separates the first evaporation chamber 706 and the second evaporation chamber
707. The first evaporation chamber 706 and the second evaporation chamber 707 are
fluidly connected via an aperture 709. The aperture 709 is a flow control aperture in

that it used to control the flow of coolant between the two chambers.



10

16

20

25

30

WO 2023/099892 PCT/GB2022/053037
23

In contrast with the cryogenic adsorption refrigerator of Figure 1, the wall 708 includes
an annular wall 710 that encloses the aperture 709 and extends into the second
evaporation chamber 707. The annular wall 710 enables liquid coolant to be present
within the second evaporation chamber 707 below the level of the uppermost part of
the annular wall 710 without draining into the first evaporation chamber 706. In certain
embodiments, the inner diameter of the annular wall 710 provides the flow control
aperture 709. Alternatively, in certain embodiments the annular wall provides a fluid
flow conduit that directs coolant towards the flow control aperture 709, which is located
in the wall 708, and the flow control aperture 709 has a smaller diameter than the inner

diameter of the annular wall 710.

Additionally, in contrast with the cryogenic adsorption refrigerator of Figure 1,
respective ends 711 712 of the first fluid flow conduit 703a and second fluid flow
conduit 703b extend into the first evaporation chamber 706. The extended fluid flow
conduits 711 712 enable liquid coolant to be present within the first evaporation
chamber 706 below the uppermost part of the fluid flow conduits without draining into

the pump chamber 704.

In certain embodiments, a porous material 713 such as metal sinter can be provided
within the first and second evaporation chambers 706 707 to further improve the

retention of coolant within the evaporator 702 until it evaporates.

All of the features disclosed in this specification (including any accompanying claims,
abstract and drawings), and/or all of the steps of any method or process so disclosed,
may be combined in any combination, except combinations where at least some of
such features and/or steps are mutually exclusive. Each feature disclosed in this
specification (including any accompanying claims, abstract and drawings) may be
replaced by alternative features serving the same, equivalent or similar purpose,
unless expressly stated otherwise. Thus, unless expressly stated otherwise, each
feature disclosed is one example only of a generic series of equivalent or similar
features. The invention is not restricted to the details of the foregoing embodiment(s).
The invention extends to any novel one, or any novel combination, of the features

disclosed in this specification (including any accompanying claims, abstract and



10

15

20

25

30

WO 2023/099892 PCT/GB2022/053037
24

drawings), or to any novel one, or any novel combination, of the steps of any method

or process so disclosed.

With respect to the use of substantially any plural and/or singular terms herein, those
having skill in the art can translate from the plural to the singular and/or from the
singular to the plural as is appropriate to the context and/or application. The various

singular/plural permutations may be expressly set forth herein for sake of clarity.

It will be understood by those within the art that, in general, terms used herein, and
especially in the appended claims are generally intended as “open” terms (e.g., the
term “including” should be interpreted as “including but not limited to,” the term
“having” should be interpreted as “having at least,” the term “includes” should be
interpreted as “includes but is not limited to,” etc.). It will be further understood by those
within the art that if a specific number of an introduced claim recitation is intended,
such an intent will be explicitly recited in the claim, and in the absence of such
recitation no such intent is present. For example, as an aid to understanding, the
following appended claims may contain usage of the introductory phrases "at least
one" and "one or more" to introduce claim recitations. However, the use of such
phrases should not be construed to imply that the introduction of a claim recitation by
the indefinite articles "a" or "an" limits any particular claim containing such introduced
claim recitation to embodiments containing only one such recitation, even when the
same claim includes the introductory phrases "one or more" or "at least one" and
indefinite articles such as "a" or "an" (e.g., “a@” and/or “an” should be interpreted to
mean “at least one” or “one or more”); the same holds true for the use of definite
articles used to introduce claim recitations. In addition, even if a specific number of an
introduced claim recitation is explicitly recited, those skilled in the art will recognize
that such recitation should be interpreted to mean at least the recited number (e.g.,
the bare recitation of "two recitations," without other modifiers, means at least two

recitations, or two or more recitations).

It will be appreciated that various embodiments of the present disclosure have been
described herein for purposes of illustration, and that various modifications may be
made without departing from the scope of the present disclosure. Accordingly, the

various embodiments disclosed herein are not intended to be limiting, with the true
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CLAIMS
1. A cryogenic adsorption refrigerator for cooling a thermal load, the cryogenic
adsorption refrigerator comprising:

an adsorption pump comprising a chamber containing an adsorbent material;

an evaporator arranged to contain coolant; and

one or more fluid flow conduits;

wherein the evaporator comprises a first evaporation chamber and a second
evaporation chamber; wherein

the first evaporation chamber is fluidly connected with the adsorption pump
via the one or more fluid flow conduits such that gaseous coolant can flow from the
first evaporation chamber to the adsorption pump; and wherein

the first evaporation chamber and the second evaporation chamber are fluidly
connected via a flow control aperture arranged to reduce the flow of superfluid

coolant from the second evaporation chamber to the first evaporation chamber.

2. A cryogenic adsorption refrigerator as claimed in claim 1, wherein the first
evaporation chamber and the second evaporation chamber are separated by a walll,

and the flow control aperture is provided within the wall.

3. A cryogenic adsorption refrigerator as claimed in claim 2, wherein the wall is
provided by a plate positioned within the evaporator between the first evaporation

chamber and the second evaporation chamber.

4, A cryogenic adsorption refrigerator as claimed in claim 2 or claim 3, wherein
the first evaporation chamber has a depth of approximately 3mm between the wall

and at least one of the one or more fluid flow conduits.

5. A cryogenic adsorption refrigerator as claimed in any of claims 2 to 4, wherein
the wall comprises a further annular wall that encloses the flow control aperture and

extends into the second evaporation chamber.

6. A cryogenic adsorption refrigerator as claimed any previous claim, wherein at
least part of the flow control aperture is tapered such that it reduces in diameter in

the direction of the second evaporation chamber.



10

16

20

25

30

WO 2023/099892 PCT/GB2022/053037
27

7. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein
the flow control aperture comprises an inner edge that is electropolished or an

atomically sharp knife-edge.

8. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein
the flow control aperture has a diameter of between approximately 0.2mm and

2.5mm.

9. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein
the flow control aperture is located such that in use it is not vertically aligned with the

one or more fluid flow conduits.

10. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein

the cryogenic adsorption refrigerator comprises two or more fluid flow conduits.

11. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein
in use the first evaporation chamber is an upper evaporation chamber and the

second evaporation chamber is a lower evaporation chamber.

12. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein
the first evaporation chamber, the second evaporation chamber and the flow control
aperture are arranged such that in use during a regeneration cycle liquid coolant falls
by gravity from the first evaporation chamber to the second evaporation chamber via

the flow control aperture.

13. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein
the one or more fluid flow conduits directly fluidly connect the first evaporation

chamber with the adsorption pump.

14. A cryogenic adsorption refrigerator as claimed in any of claims 1 to 12,
wherein the device comprises a further chamber arranged to intercept fluid travelling

between the first evaporation chamber and the adsorption pump, and wherein the
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one or more fluid flow conduits fluidly connect the first evaporation chamber with the

further chamber.

15. A cryogenic adsorption refrigerator as claimed in claim 14, further comprising
one or more further fluid flow conduits fluidly connecting the further chamber with the

adsorption pump.

16. A cryogenic adsorption refrigerator as claimed in claim 14 or 15, wherein the

further chamber defines an annular cavity.

17. A cryogenic adsorption refrigerator as claimed in claim 16, wherein a mesh is

located within the annular cavity.

18. A cryogenic adsorption refrigerator as claimed in any of claims 15t0 17,
wherein the one or more fluid flow conduits that fluidly connect the first evaporation
chamber with the further chamber have a smaller diameter than the one or more

further fluid flow conduits that fluidly connect the further chamber with the adsorption

pump.

19. A cryogenic adsorption refrigerator as claimed in any of claim 15 to 18,
wherein the number of fluid flow conduits fluidly connecting the first evaporation
chamber with the further chamber is different to the number of further fluid flow

conduits fluidly connecting the further chamber with the adsorption pump.

20. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein
a porous material is provided within the first evaporation chamber and the second

evaporation chamber.

21. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein

the one or more fluid flow conduits extend into the first evaporation chamber.

22. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein

the coolant is “He.
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23. A cryogenic adsorption refrigerator as claimed in any previous claim, wherein

the cryogenic adsorption refrigerator is a single-shot refrigerator.



