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(57) Abstract: A regenerator material, a regenerator comprising the material and a low temperature refrigeration system having such
a regenerator are disclosed. The regenerator material comprises a plurality of balls; between 25% and 75% of the balls being formed
of bismuth; and between 75% and 25% of the balls being formed of a tin antimony alloy.
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REGENERATOR MATERIALS, REGENERATORS AND REFRIGERATION
SYSTEMS HAVING REGENERATORS

FIELD OF THE INVENTION

The field of the invention relates to regenerator materials for use in refrigeration

systems such as cryocoolers and to regenerators comprising the material.

BACKGROUND

Regenerator materials are used in closed-cycle refrigeration systems that use

refrigerants such as helium as the working fluid. The regenerator material forms
a matrix through which the working fluid flows. The regenerator material absorbs
heat from the working fluid as the working fluid leaves the compression volume
and flows towards the expansion volume, thereby cooling the working fluid.
Following expansion and cooling of the working fluid, the flow is reversed, and
the regenerator material releases its stored heat to the working fluid flowing past

it, thereby cooling the regenerator material.

It is advantageous if the heat capacity of the regenerator material is high
compared to that of the working fluid. With very low temperature refrigeration
systems such as cryocoolers, many materials have very reduced heat capacities.
At temperatures below 100 K - which is the typical temperature range of a
cryocooler - the heat capacity of non-magnetic or non-superconducting materials
typically decreases considerably as described by the Debye model, ultimately
leading to a vanishing value approaching O K. Lead has one of the highest heat
capacities at these low temperatures and has conventionally been used.
However, lead is toxic and it would be desirable to find an alternative material to

lead.

SUMMARY
A first aspect provides a regenerator material for a low temperature refrigeration

system, said regenerator material being formed of a plurality of balls; between
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25% and 75% of said balls being formed of bismuth; and between 75% and 25%

of said balls being formed of a tin antimony alloy.

With the use of lead as a regenerator material becoming unacceptable, both tin
and bismuth have been considered as replacement materials in low temperature
refrigeration systems. The properties required for a regenerator material are a
large specific heat capacity across the thermodynamic process temperature
range of operation, and where the material is a granular material then the
material should not be too hard or brittle as hard and brittle materials are difficult
to fabricate into a spherical shape and may disintegrate into powder over time.
Low toxicity is also important and the reason that lead is no longer considered

suitable.

Bismuth has many of the desired properties but is relatively expensive. Tin is
also quite suitable and is less expensive but in its elemental form has the
drawback of reverting over time to an allotrope that is not ductile. An alloy of tin

and antimony has been found to address the allotrope problem.

The inventor of the present invention recognised the above problems and found
that a regenerator material formed of a mixture of balls some formed of bismuth
and some of a Sn-Sb alloy provided a particularly effective regenerator material
particular at very low temperature operations such as between 10 and 50K and in

some embodiments down to as low as 8K.

Using a mixture of the two different substances allows the properties of bismuth
which might be more effective at the very low temperatures to be present, while
reducing the costs by interspersing the bismuth balls with the lower cost Sn-Sb
balls which have acceptable properties across much of the range of operational
temperatures and indeed perform better than bismuth at the higher temperatures,
that is above about 35K.
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Furthermore, using a mixture of balls of different materials allows for greater
flexibility when selecting the composition of regenerator material suitable for a
particular regenerator and also provides reduced costs when compared to

forming an alloy of this mixture of materials.

In some embodiments, a mean diameter of said bismuth balls is within 20% of a

mean diameter of said tin antimony balls, preferably within 5%.

Although there are advantages as set out above with using a mixture of balls of
different materials, one significant potential drawback is that where the balls vary
in mean diameter by a significant amount then this can lead to a significant
increase in the resistance to flow and a corresponding reduction in performance.
This can be a particular problem with refrigeration systems using pneumatically
driven displacers. The inventor recognised this potential drawback and designed
a system where the balls were carefully selected such that there was little

difference in the mean diameter of the balls of the different materials.

Where they are used in a layered format in the regenerator then a difference of
up to 20% in size may be acceptable, however, in embodiments, where they are

used as a mixture then a smaller difference of up to 5% is preferred.

In this regard it should be noted that a ball of a substantially spherical shape is
preferred as such a shape provides many points of contact improving heat
conduction between the balls. An aspect ratio of up to 2:1 of the smallest to the

largest diameter of the balls is acceptable.

In some embodiments, said regenerator material comprises between 45 and 55%
of balls formed of bismuth and between 55 and 45% of balls formed of a tin

antimony alloy.

In some cases a regenerator material that has approximately half Sn-Sb and half

bismuth may be effective. In other embodiments a regenerator material with
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more bismuth may be preferred depending on the temperatures of operation of

the regenerator.

In some embodiments, said tin antimony alloy comprises between 80% and 98%

tin by weight, preferably between 90% and 96% by weight.

In some embodiments the purity of the bismuth is 99.5% or higher.

In some embodiments, said balls comprise a mean diameter of between 150 and

300um, preferably between 220 and 270 um.

The size of ball selected affects both heat transfer and flow resistance. Larger
balls have a smaller surface area to volume ratio and thus, reduced heat transfer
properties, while smaller balls provide reduced size gaps between them and flow
resistances rises. The optimum size will depend both on the properties of the
material forming the balls and on the displacer of the refrigeration system that the
regenerator is being used in. It has been found that for a regenerator material
formed of a mixture of bismuth and tin antimony balls then balls of a diameter of
between 150 and 300 um are preferred, where the balls are being used in a
refrigeration system having a pneumatically driven displacer for example then the
resistance to flow is particularly important and larger balls may be preferred,

perhaps in the range 220 to 270 um.

A second aspect provides a regenerator filled with the regenerator material of

the first aspect.

In some embodiments, said regenerator has a cylindrical shape, with a length of

between 70 and 100mm and a diameter of between 15 and 30 mm.

A regenerator of the above size is particularly appropriate for use in a
refrigeration system with a pneumatically operated displacer, where the displacer

iIs mechanical then a regenerator that is larger, perhaps twice as large may be
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used. A larger diameter regenerator may provide for reduced resistance to flow,
an increased heat capacity and a higher mass flow rate. This increase in mass
flow rate needs however, to be carefully controlled as it needs to be supported by

the first stage regenerator and the compressor.

In some embodiments, said bismuth and tin antimony balls are intermingled

within said regenerator to form a mixed regenerator material.

Although there is a technical prejudice against intermingling regenerator
materials mainly due to their differences in physical properties which may lead to
the harder material grinding the softer material for example, it has been found
that with bismuth and antimony, which have a fairly similar hardness and which

are both sufficiently hard to resist pulverisation, this problem is not significant.

In other embodiments, said regenerator comprises two layers a first layer towards
a warmer end comprising said tin antimony balls and a second layer towards a

colder end comprising said bismuth balls.

Although the mixture of balls provided a surprisingly effective regenerator, in
some cases it has been found to be advantageous to layer the regenerator
material, such that bismuth that is more effective at the lower temperatures is
held at the colder end of the regenerator, while the tin-antimony balls are at the

higher temperature end.

In some embodiments, said regenerator comprises between 60% and 70%

bismuth and between 30 and 40% tin-antimony.

It has been found that with a layered regenerator, in some cases and in particular
in embodiments with low temperature operation, a regenerator that comprises

more bismuth than tin-antimony may be preferred.
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A third aspect provides a refrigeration system comprising a first stage regenerator

and a second stage regenerator according to a second aspect.

The regenerator of the second aspect may be used in the second stage of a
cryocooler for example where operation may occur in a temperature range of

between 10 and 50K and in some cases between 8 and 50K.

In some embodiments, said refrigeration system comprises a pneumatically

driven displacer.

A pneumatically driven displacer has the advantages of having fewer parts and
therefore being less expensive to manufacture, more robust and easier to
service. Furthermore, its performance degrades prior to failure making failures
easier to predict and therefore avoid that with a mechanical displacer. A
pneumatically driven displacer does require a regenerator material with not too
high a resistance to flow and thus, the size of balls that is preferred for a

mechanical displacer may be different to those used in a pneumatic displacer.

A fourth aspect provides a cryopump comprising a refrigeration system according

to a third aspect.

Further particular and preferred aspects are set out in the accompanying
independent and dependent claims. Features of the dependent claims may be
combined with features of the independent claims as appropriate, and in

combinations other than those explicitly set out in the claims.

Where an apparatus feature is described as being operable to provide a function,
it will be appreciated that this includes an apparatus feature which provides that

function or which is adapted or configured to provide that function.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be described further, with
reference to the accompanying drawings, in which:

Figure 1 shows a refrigeration system according to an embodiment; and
Figure 2 shows the cooling power of different compositions of regenerator
material across a temperature range of operation of the second stage

regenerator.

DESCRIPTION OF THE EMBODIMENTS

Before discussing the embodiments in any more detail, first an overview will be

provided.

Regenerator materials are used in in refrigeration systems such as cryocoolers
as heat exchange materials for cooling the working fluid on its way from the
compressor, the expanded working fluid then cooling the regenerator material on

its return to the compressor.

These refrigeration systems often operate in two stages, the first stage providing
initial cooling down to perhaps 50K and the second stage cooling to a much lower

temperature perhaps down to 8 K.

The regenerator material of the second stage needs to have a high heat capacity
at the very cold temperatures of operation of the second stage regenerator. It
also should have a form that allows the working fluid to exchange heat with the
material. A granular form may be used, the size of the balls being selected as a
compromise between increased heat transfer and decreased resistance to flow.
A smaller size provides an increased surface area to volume ratio and thereby
improves heat transfer but also provides a more compact form increasing flow

resistance.

Where a mixture of metal materials has been used this has generally been in the

form of an alloy. However, alloys are expensive to make and their composition is
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set. Having a mixture of balls of different material reduces the costs and allows

changes to be made in the composition in a straightforward manner.

Furthermore, as tin-antimony and bismuth are both of a similar and relatively
elevated hardness, then potential problems that may arise with a mixture of balls
of different materials, where one material preferentially wears when in contact

with the other do not arise to any significant extent.

Figure 1 shows a closed loop refrigeration system in this case a Gifford-
McMahon cold head according to an embodiment. Compressor 32 provides high
pressure helium to the refrigeration system. Drive unit 30 controls both the in-
and out-flow of the helium as well as the motion of the displacers 42, 44. \Where
the drive is a pneumatic drive then the control of the motion of the displacers is
performed by the drive unit with the help of a guide socket 40. The displacers 42,
44 are situated in cylinder 45 and they are sealed by seals 50, 52 towards the
cylinder wall to force the helium to pass through the regenerator material. The
movement of the displacers 40, 42 forces the warm high pressure helium to flow
through the first stage regenerator, and subsequently through the second stage
regenerator 10, being cooled as it flows. The cooled helium is then expanded
and absorbs heat from the cold finger which provides the cooling performance.
The displacers 42, 44 are then driven back by the drive unit 30 towards the cold
end and push the helium out of the cylinder through the regenerator material
thereby cooling the regenerator material. The helium returns to the compressor

32 and the cycle starts again.

In general the cylinder 45 of the cold head is mounted within a vacuum chamber
20.

The displacers may be driven mechanically by a motor, or pneumatically by a
separate flow of the compressed helium. A pneumatically driven system has the

advantage of increased reliability and fewer servicing requirements but is more
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sensitive to increased flow resistance, such that an increased ball size in the

regenerator matrix may be preferable with this system.

In this embodiment the second stage part of cylinder 45 has a 20mm diameter D
and a length L of 75mm, and the displacers 42, 45 are pneumatically driven by a
flow of helium (not shown) that is separate from the flow through the

regenerators.

Figure 1 shows the different alternative compositions of the regenerator materials
10a, b, ¢, d, e within the second stage regenerator according to both the prior art

and different embodiments.

The left-hand and right-hand examples 10a and 10e respectively show second
stage regenerators according to the prior art filled with grains of bismuth 10e or a
tin-antimony alloy 10a. The other three regenerators 10b, 10c, 10d are
regenerators according to an embodiment and comprise grains of both bismuth

and a tin antimony alloy.

The second stage regenerator 10b comprise a mixture of balls of tin-antimony
and bismuth with the balls of the different materials being intermingled. In this
embodiment the mean diameter d of the balls is 250um, and the tin-antimony and
bismuth balls are substantially the same size, the mean diameter of the balls
differing by less than 5%. Different sized balls in a mixture can lead to increased
compactness and increased resistance to flow, this can be problematic

particularly where the displacers are driven pneumatically.

The second embodiment 10C has the same composition of regenerator
materials, however, they are layered rather than intermingled, the layers
comprising a bismuth layer at the colder end and a tin-antimony layer at the
warmer end. Bismuth has a higher heat capacity than tin-antimony at the lower

temperatures and thus, performs better than tin-antimony at the lower
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temperatures and it is therefore advantageous for this to be at the colder end.

The layers may be separated by a separating element such as a copper mesh.

The third embodiment 10d has a slightly different composition of materials where

there is more bismuth than tin-antimony, but the materials are still layered.

Figure 2 shows the difference in cooling power for different temperatures of the
second stage cold finger, for the different second stage regenerators shown in

Figure 1

As can be seen a conventional bismuth regenerator performs well down to about
9K, while a conventional tin antimony second stage regenerator does not perform
so well at the low temperatures and in particular, at temperatures around 10K or

lower its performance is very poor.

The regenerators 10b, 10c and 10d having the mixture of regenerator materials
each perform significantly better than the tin antimony regenerator at the lower
temperatures of operation and indeed provide acceptable performance down to
temperatures at or even below 10K, for some of the layered examples acceptable

performance down to about 8K is achievable.

The layered regenerators provide a performance that is very similar to that of
bismuth and significantly better than might be expected, providing a high
performance regenerator for a lower cost than a pure bismuth regenerator and

one that has improved performance at higher temperatures.

The intermingled embodiment of 10b also provides significantly improved
performance at the lower temperatures than the tin-antimony example and
approaches the performance of bismuth at 20K and indeed will exceed the
performance of bismuth at higher temperatures. This regenerator also has the
advantages of ease of construction and ease of adaptation, so that the

composition and ratios of the two materials may be tweaked according to
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particular requirements without requiring any redesign of the regenerator or

refrigeration system.

Although illustrative embodiments of the invention have been disclosed in detail
herein, with reference to the accompanying drawings, it is understood that the
invention is not limited to the precise embodiment and that various changes and
modifications can be effected therein by one skilled in the art without departing
from the scope of the invention as defined by the appended claims and their

equivalents.
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REFERENCE SIGNS
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CLAIMS

1. A regenerator material for a low temperature refrigeration system, said
regenerator material comprising a plurality of balls;
between 25% and 75% of said balls being formed of bismuth; and

between 75% and 25% of said balls being formed of a tin antimony alloy.

2. A regenerator material according to claim 1, wherein a mean diameter of
said bismuth balls is within 20% of a mean diameter of said tin antimony balls,

preferably within 5%.

3. A regenerator material according to claim 1 or 2, wherein said regenerator
material comprises between 45 and 55% of balls formed of bismuth and between

55 and 45% of balls formed of a tin antimony alloy.

4. A regenerator material according to any preceding claim, wherein said tin
antimony alloy comprises between 80% and 98% tin by weight, preferably
between 90% and 96% by weight.

. A regenerator material according to any preceding claim, wherein said
balls comprise a mean diameter of between 150 and 300um, preferably between
220 and 270 um.

6. A regenerator filled with the regenerator material of any preceding claim.
7. A regenerator according to claim 5 or 6, wherein said bismuth and tin
antimony balls are intermingled within said regenerator to form a mixed

regenerator material.

8 A regenerator according to any one of claims 1 to 6, wherein said

regenerator comprises two layers a first layer towards a warmer end comprising
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said tin antimony balls and a second layer towards a colder end comprising said

bismuth balls.

9. A regenerator according to claim 7 or 8, wherein said regenerator material

comprises a regenerator material according to claim 3.

10.  Aregenerator according to claim 8, wherein said regenerator comprises

between 60% and 70% bismuth and between 30 and 40% tin-antimony.

11.  Arrefrigeration system comprising a first stage regenerator and a second

stage regenerator according to any one of claims 6 to 10.

12.  Arrefrigeration system according to claim 11, wherein said refrigeration

system comprises a pneumatically driven displacer.

13. A cryopump comprising a refrigeration system according to claim 12.
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